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INTRODUCTION

Discrete Event (Dynamic) Systems ! (DES) are discrete-state systems whose dynamics
are entirely driven by the occurrence of asynchronous events over discrete time instants
[1, Sec. 1.3.2].

The study of DES is of great interest in analysis, control and estimation of systems that
are often of human design. Examples of DES include computer systems [2], telecommu-
nication networks [3, 4], manufacturing lines and transportation systems. Unlike classical
continuous systems, they usually cannot be described by differential equations because
of the nature of the involved phenomena. These systems are then often represented by
state-transition models: finite state automata and languages [5] which are used to rep-
resent simple deterministic systems; Markov chains for stochastic systems [6]; and Petri
nets for more complex systems that include synchronization, conflict and parallelism [7].

Among the DES, a particular class involving only synchronization and time-delay
phenomena has been the subject of a dedicated algebraic development, generally called
Max-Plus linear algebra [8]. This class of DES can be represented graphically, depicted
by Timed Event Graphs (TEG) and is typical for the modelling of systems arising in
scheduling applications involving allocation of resources.

The fascinating mathematical theory of Max-Plus algebra is due to the fact it provides
techniques for solving nonlinear problems that can be given in the form of linear problems,
when arithmetical addition is replaced by the operation of mazimization (denoted @) and
arithmetical multiplication is replaced by addition (denoted ®). The Max-Plus algebra
setting, which is an idempotent semiring that is properly presented later in this thesis, is
suitable to describe the behavior of TEG thanks to linear state equations which are very
analogous to those found in classical linear system theory, i.e., the behavior of a Max-
Plus Linear system (MPL) can be depicted thanks to matrices defined in this algebra. The
states of MPL systems represent the dates of occurrence of the events in a given event-
horizon and can be simulated using the Max-Plus Toolbox [9] for Scilab and ScicosLab

with built-in property analysis tools that mainly concern periodic behavior regime, i.e.,

1. The term Discrete Event Systems can be also used if we keep in mind that they are dynamic by
definition.

11



Introduction

no verification tool is available.

These linear state equations are useful to deal with performance analysis [10] and
control problems addressed similarly to the classical control theory. Among the problems
solved we can cite the optimal control [11, 12], the model-predictive control [13, 14], the
robust controller design [15, 16] and the control strategies allowing the state to stay in a

specific state subspace or semi-module [17, 18, 19, 16, 20].

These models are also useful to deal with state estimation [21, 22, 23, 24] which is a
fundamental problem to address applications such as fault detection and diagnosis [25]
and state feedback control [26]. However, if the system is with uncertain parameters?,
some alternative methods can be considered in order to take advantage of the knowledge
about the characteristics of this uncertainty [23, 24, 23, 27, 28, 29]. It is worth mentioning
that if we do not take these uncertainties into account, we may observe tracking error
or instability in closed loop control strategies [30]. The nondeterministic MPL systems
(or Stochastic Max-Plus Linear (SMPL) systems if probabilistic information is available)
are defined as MPL systems whose matrix entries are characterized by random variables

31, 32, 30, 33, 34].

Objective of the thesis

In this work, we are interested in stochastic filtering of Uncertain Max-Plus Linear
(uMPL) systems, a subclass of nondeterministic systems, with entries that are mutually
independent bounded random variables with support in a real interval (bounded domain).
The objective of the stochastic filtering is to be able to estimate the state of the system
given a sequence of observations (measurements). Relying on the theory of estimation, it
is well known that all the information for estimating the state of the system is contained in
the posterior probability density function (PDF) of this state. However, as presented later,
the solution of this problem is for linear (or nonlinear with good linear approximations)
systems with Gaussian noise only (this solution is known as Kalman filter), which is not

the case of nondeterministic MPL systems.

2. The noise in MPL systems is Max-Plus multiplicative and appears as uncertainties in the Max-Plus
model parameters. As a result, the system matrices are uncertain.

12
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Preliminary works

To meet probabilistic objectives, we cite some preliminary works which are the basis

of this thesis:

— the conditional reachability analysis (RA) corresponds to the support calculation
of the posterior PDF of the uMPL system states [35, 27, 29]. However, it should be
noted that the conditional (RA) techniques are not stochastic since it does not rely
on any probability measurement. Nevertheless, this approach is useful to improve
the efficiency of Particle filtering algorithms. Particle filters, or Sequential Monte
Carlo methods, are suboptimal Bayesian algorithms based on weighted-particle
approximation of probability densities [36, 37], and in general these approaches
are limited by the numerical difficulties due to the generation of the particles and
by the fact that the lower dimensionality of the measurements with respect to the
state, introduces an imprecise generation of particles in the state-space. Particle
filters applied to MPL systems have been studied in [23, 29];

— in [28], an alternative stochastic filtering algorithm for uMPL systems has been
studied. The algorithm is depicted in a two-fold scheme, as it is the case of the
Bayes filter (basis of Kalman filter): a prediction phase based on the calculation
of the conditional mathematical expectation E[observation|state]; and a correction
phase using available measurements and the prediction into account in order to

compute a state estimate, based on a constraint satisfaction problem [38].

Contributions

In this thesis, the following problems have been analyzed:

— we present a reinterpretation of conditional RA for uMPL systems using Max-
Plus polyhedra [39]. We show that the forward reach set, i.e., the set of all states
that can be reached from a previous set via dynamics, is computed in strongly
polynomial-time and are characterized by a single Max-Plus polyhedron whereas in
[35, 29] the complexity is exponential, and also being characterized as a collection of
Difference-Bound Matrices (DBM) [40, Sec 4.1] to represent the same set (explosion
in the number of DBM as the dimension evolves). Conversely, we show that the
backward reach set, i.e., the set of all states that lead to a measurement point via
observation, is computed with exponential complexity in worst-case scenarios using

either the polyhedral or the DBM approaches. Nevertheless, since the intersection
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of the forward and backward reach sets is the objective of stochastic filtering, then
we claim that we have obtained a significant improvement. Moreover, polyhedral-
sets allow us to promptly verify inclusion by using a procedure with polynomial
complexity in the dimension;

we present conditions to compute (exactly or approximately) the forward and back-
ward reach set using algebraic operations with quadratic complexity;

we introduce a criterion to the alternative stochastic filtering proposed in [28]
that makes it possible to define an improved filtering algorithm. The new proposed
algorithm is based on the minimization of this criterion which allows evaluating the
estimation error of the prediction phase and to adjust the importance to be given
between the prediction estimation and the corrected estimation, as the quadratic
criterion does in Kalman filter for linear continuous time-driven systems.

we extend the stochastic filtering algorithms, that are essentially devoted to TEG
whose places have at least a single token, to systems with token-free places. Briefly,
filtering algorithms assume that the stochastic entries of the system matrices are
independent. However, with token-free places, the entries of system matrices are
sums and/or max of processing times, in which various processing times appear in
multiple entries. Therefore, the entries of the matrices are not independent, and

these procedures are not directly adapted.
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Organization of the document

This work is organized as follows: Chapter 1 recalls the preliminaries on DES, Max-
Plus algebra, Residuation theory over complete dioids and MPL systems. Chapter 2 gives
an overview of the methods for RA analysis of uMPL systems. The main contribution
in this Chapter is related to the use of polyhedral-sets to perform RA instead of using
DBM. Chapter 3 recalls the stochastic filtering of uMPL systems and presents some
contributions: the definition of criteria "a la Kalman"; an extension to TEG with token-

free places; consistency with the support of the posterior PDF.
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CHAPTER 1

PREREQUISITES

This chapter covers a brief introduction to Discrete Event Systems (DES), Max-Plus
algebra, Residuation theory over complete dioids. At the end of this Chapter, we introduce
Max-Plus Linear (MPL) systems.

1.1 Discrete Event Systems

In systems theory, systems that describe physical phenomena are controlled by consid-
ering model-based strategies using, e.g., ordinary differential equations. Some properties

must be satisfied in order to properly use these models:

1. the state-space must be continuous;
2. the presence of time-driven state transition mechanism.

The state-space being continuous means that it can be defined through continuous vari-
ables that can take any arbitrary value within a real (or complex) interval. Some common
physical variables such as position and temperature are examples of time-driven systems.
Hence, any continuous variable, as long as one can naturally define its derivatives, is
suitable to be handled by this class of systems.

The second property is due to the fact that the states generally evolve as a function
of time. Figure 1.1 shows a typical trajectory of such systems.

Furthermore, control engineers are also interested in the control of complex systems,
e.g.,

— manufacturing systems;

— transportation systems;

— telecommunication networks;

To describe the behavior of these systems, the mathematical tools of time-driven sys-

tems are not suitable, hence more relevant theoretical setting are considered, among them

17



Chapter 1 — Prerequisites

dz

ar f(I/t)

Figure 1.1 — Typical trajectory of a time-driven system

the following can be cited: languages and automata, Markov chains and Petri nets. The
reader is invited to consult [1] for an overview.

As it was done for time-driven systems, we state the properties of these systems:
1. the state-space is discrete;

2. the presence of event-driven state transition mechanism.

Definition 1.1 (Discrete Event System (DES) [1]). Discrete Event Systems (DES) are
systems whose dynamics are event-driven, i.e., the state evolution depends entirely on the

occurrence of asynchronous discrete events over time.

Discrete state-spaces are present in several systems, the majority of them having a
technological application. The event-driven property of DES is due to the fact that the
states can only change over time at discrete instants, which physically coincides to the def-
inition of asynchronous occurrences of discrete events. The following implication naturally

arises:

If it is possible to identify any sort of "event" that can trigger a

state transition = time no longer serves to drive such a system.
Example 1.1. A machine has the following set of states that describe its behavior:
x € {ON, OFF, Processing, Idle}

Figure 1.2 depicts an arbitrary trajectory of the states of this machine. In this trajectory,
events are represented by the Greek letters o, B,7v. It can be seen that a same event has

different effects in the state evolution, depending on the state in which it occurs. For

18
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x(t) x(t)
k=4
ON | 41 —
. k=3
rocessing | Y 31
M -
Idle | 2 f
B o k=1
OFF | 11
- - t ‘ ‘ ot
t ta ts ty ti ta t3 ty
Figure 1.2 — Trajectory of the states Figure 1.3 — Typical trajectory of a counter
of the machine of Example 1.1 of Example 1.2

instance, in the figure: if the system is in state OFF and an event o occurs then the
next state will be ON; if o occurs at Processing then the next state will be Idle. The
trajectory can continue indefinitely. Hence, the trajectory is given by the (untimed or
logical) finite list of events {a, 5,7, a, ... }. If the timing information is explicitly included,
then we consider the timed list {(c, t1), (5,t2), (7, t3), (a, t4), ...}, otherwise, we consider

the previous logical list of events.

Example 1.2. Counters are naturally discrete, i.e., v = 1,2,3,... counts, for instance,
the number of products that have been processed by a machine. Figure 1.3 depicts this
behavior. The term k € {1,2,3,4} denotes the numbering of the events that increase the
value of x (monotonic increasing function) while the set {t1,ts,t3,t4} denotes the date of

occurrences of such events.

As already mentioned, it is possible to use different modeling approaches for DES,
without any of them being considered as "universal". Indeed, depending on the system to
be modeled, a specific approach may simplify the modeling and ease, e.g., analysis and
control design. For instance, state machines, a subclass of Petri nets, cannot model syn-
chronization phenomena but are perfectly suitable to handle problems involving conflicts
and/or decisions [41]. Another subclass of Petri nets, called marked graphs or event graphs,
cannot model conflicts but are perfectly adapted to model synchronization phenomena
[42], for instance in a manufacturing system subject to synchronization: the assembly of
a product waits for n resources to become available. In this subclass, timing information
is generally considered in the modelling, and we consider Timed Event Graphs (TEG),
which explicitly contain timing information for the different events. TEG can be described

in terms of state-space equations using mazimization and addition operations to describe
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Chapter 1 — Prerequisites

delay and synchronization phenomena.
In the sequel, we present the basic concepts of Petri nets and Timed Event Graphs
(TEG).

1.1.1 Petri Nets (PN)

Definition 1.2 ([1]). A Petri net (PN) is a bipartite-directed graph given by the following
5-tuple
N=(PT,Aw,x),

composed of:

— Two types of nodes:

1. places p € P, where P is the set of places, are passive nodes depicted by circles,

and refer to conditions or resources;

2. transitions t € T, where T is the set of transitions, are active nodes depicted
by bars and refer to activities, i.e., events that can change the state of the

resources.

— Tokens, indicated as dots or numbers within places p € P, are discrete variable
elements, denoted x(p) € N, which define the state (or marking) of the PN;

— Directed arcs interconnecting places and transitions’ :
1. places p € P exclusively connected to transitions t € T';
2. transitions t € T exclusively connected to places p € P.

The set of arcs is denoted A C (P x T) U (T x P). Furthermore, arcs are inactive
elements and are depicted by arrows. They specify the causal relationships between
transitions and places and indicate how the marking is changed by the firing of a
transition;

— Weight function: each arc is related to an arc weight w : (P x T)U (T x P) — N.
The arc weight defines the number of tokens that are consumed or produced by a

transition.

Example 1.3. Consider the following PN, denoted N = (P,T, A, w, x),

1. Directed arcs connect only nodes of different types (definition of bipartite graph).
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Then the following elements of N are promptly obtained

P:{pl,p2}7 T = {tl}v A= {(p17t1)7(t17p2)}
w(p,t1) =2, w(ty,pz) =1, (!E(pl),x(pg))t = (an)t

Elementary structures

PN are very powerful, because they are capable of representing a large amount of

features, such as:

— Sequence: Figure 1.4a depicts an example of this structure, in which a token in
place py enables the transition t;. The firing of transition #; enables the transition
to, since p; is now marked;

— Fork: Figure 1.4b shows an example of a fork structure. This structure is the basic
feature of the creation of parallel processes;

— Join (synchronization): Figure 1.4c combines two concurrent processes, allowing
that another process continues its execution only after the end of predecessor pro-
cesses (represented by the firing of transition ¢;), i.e., these processes need to
synchronize with each other;

— Choice: Figure 1.4d depicts the process of making choices, i.e., the firing of tran-
sition t; disables the transition ¢ and the firing of ¢, disables #;

— Merging: Figure 1.4e shows a net with two independent transitions ¢; and ¢y that
have an output place ps in common. Therefore, the firing of one of these two

transitions, enables the firing of subsequent transitions since p, becomes marked.

Special modelling features

— Parallel processes: A model for parallel processes may be obtained by composing
the model for each individual process with fork and synchronization structures.
Figure 1.5a depicts an example of a parallel process, where [ and /I represent
parallel activities. Since pg is marked, then transition ¢; is enabled. When transi-

tion t; fires, p! and p!! become marked, representing a concurrency, i.e., internal
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(b) Fork (c) Join (d) Choice (e) Merging

(a) Sequence

Figure 1.4 — Elementary PN structures

transitions in I are independent of /7. The firing of ¢, depends on p! and p!!,
implying that both process [ and I[ are finished and p, is once again marked,
ready to restart the process by enabling the firing of ¢;;

— Mutual exclusion: The modelling of resource sharing is addressed in a mutual ex-
clusive way. Figure 1.5b depicts a single resource (token) in place R. This place is
seen as a pre-condition for sub-systems S; and Sy that need such resource. After
the use of this resource by S; or Ss, then it must be released and ready to be used

again.

Dynamic evolution in PN with initial marking

Definition 1.3 ([1]). A transitiont; € T in a PN is said to be enabled if v(p;) > w(p;, t;)
for all p; € 1(t;) = {p; € P | (pi,t;) € A} (the set of all input places for transition t;).

Remark 1.1. If there is no arc from place p; € P to transition t; € T, then w(p;,t;) = 0.

Similarly, if there is no arc from t; to p;, then w(t;,p;) = 0.

Definition 1.4 (Transition equation). The map f : NIl x T'— NIPI of the PN given by
N = (P, T,A,w,x) is defined by the transition t; € T if and only if

pi ©s enabled Vp; € I(t;).
Then the following equation defines f((x(p1),...,z(pp)))" t)):

' (pi) = x(pi) —wpi, ty) +w(ty,pi), i=1,2,....n
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Figure 1.5 — Special PN modelling features

where (x(p1), ..., x(pp))" and (x'(p1), ..., 2" (pp|))" represent the numbers of tokens in all
pi € P before and after the firing of t;, respectively.

In this way, the next marking (state), explicitly depends on the input and output places
of a transition and the weights of the arcs that connect these places to the transition. It
should be noted that the number of tokens does not necessarily need to be conserved after
the firing of a transition in a PN. In general, it is possible that after several transition
firings, the resulting state is (z(p1),...,z(pp))" = (0,...,0)", or that the number of

tokens in one or more places is arbitrarily large.

Remark 1.2. If a PN has transitions with choice structure, then we say that they are in

conflict. In this thesis, however, the focus is on non-conflicting PN.

Definition 1.5 (Event graph). A non-conflicting PN is called an event graph, if each
place has exactly one upstream and one downstream transition and if all arcs have weight

1. Event graphs are perfectly suitable to model synchronization phenomenon.

Example 1.4. Let N = (P, T, A,w,x) be an event graph, with initial marking depicted

23



Chapter 1 — Prerequisites

by Figure 1.6a. Then the following elements of N are promptly obtained,

P ={p1,p2, 03}, T ={t1,ta,t3}, A={(t1,p1),(p1,t2), (p3,t2), (t2,p2), (D2,t3), (t3,p3)}

z(p1) 0
w(ty,p1) = w(pr, ta) = w(ps, t2) = w(ty, p2) = w(ps, ts) = w(ts,ps) =1, |z(p2) | = |0

Below we list the cyclic behavior of N:

1. Figure 1.6a: t; is the only transition that is enabled since there is no precedence

condition. The firing of t1 inserts a token in place py, since

"(p) =0 —wp,ty) +wty,p) =0—0+1=1
"(p2) = 0 — w(pa, t1) + w(ty,p2) =0—0+0=0
"(p3) =1 —w(ps,t1) + w(t,p3) =1—-0+0=0

8

8

8

2. Figure 1.6b: t1 and ty are enabled because:
— ty: there is no precedence condition;
— ty: for the set I(t2) = {p1,ps} we have x(p1) =1 > w(p1,t2) = 1 and x(ps3) =
1> w(ps, ta) = 1.

Two options are possible:
(a) The firing of t inserts again a token in place py;
(b) The firing of to inserts a token in py and eliminates a token in p; and another

m ps3, since

2(p1) =1 —w(py,ts) + wlte,p) =1—14+0=0
2 (p) =0 — w(pa, ta) + w(ta,ps) =0—0+1=1
' (p3) =1 —w(ps, ta) + w(ta,ps) =1—14+0=0

We choose the second option;

3. Figure 1.6c: t1 and t3 are enabled because:
— t1: there is no precedence condition;
— ty: for the set I(t3) = {pa} we have x(ps) =1 > w(py, t3) = 1. Two options are

possible:

(a) The firing of t, inserts again a token in place p;;
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Figure 1.6 — Dynamic evolution of the markings of the PN of Example 1.4

(b) The firing of ts inserts a token in ps and eliminates a token in po, since

"(p) =0 — w(py,t3) +wlts,p) =0—0+0=0
"(p2) =1 — w(ps, ts) + wlts, po) =1—1+0=0
"(p3) = 0 — w(ps, t3) + w(ts,ps) =0—0+1=1

8

8

8

We choose the second option;

4. Note that after the considered firings, the PN is back to its initial condition. Anal-

ogously, a new cycle can be started, through the firing of transition t,.

1.1.2 Timed PN and Timed Event Graphs (TEG)

In a standard PN, the quantification of time does not appear. Indeed, it only models the
possible ordering of firings of transitions, but not the actual firing times, since all actions
are assumed to be instantaneous. In order to take into account the timing information,
there are two approaches, precisely:

— T-time PN: The timing information is associated with the transitions of a PN.
When the transition is activated, the triggering is not immediate, being triggered
only after its delay (transition delay). When the transition delay is equal to zero,
the transition will fire as soon as the transition is enabled.

— P-time PN: The timing information is associated with the places of a PN. After

being inserted in a timed place, a token is not available to activate a next transition
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4
t1 to 1 3 t4
[~©O=3-O—-~0O—1
Figure 1.7 — Example of a TEG

until the minimum time (holding time) required by the corresponding place has

elapsed.

Definition 1.6 (Timed event graph (TEG)). An event graph equipped with either tran-
sition delays or holding times as timing information defines Timed Event Graph (TEG).

Remark 1.3 ([7]). If every transition in a TEG, associated with a transition delay, has
at least one input place, then the transition delays can always be converted into holding
times (by simply shifting each transition delay to all input places of the corresponding
transition). However, in general, it is not possible to convert every TEG with holding
times into a TEG with transition delays. Therefore, we will only consider TEG with
timing information in the places, i.e., for each place p € P we associate a holding time

0(p) € Ry, where Ry is the set of the non-negative real numbers.

Figure 1.7 is an example of a TEG, and we have three distinguished transitions that
appear in any TEG:

1. input transitions that are not affected by the firing of other transitions (t);

2. output transitions that do not affect the firing of other transitions (¢4);

3. and internal transitions that are neither input nor output transitions (s, t3).

Temporal behavior of TEG

The dynamic behavior of a TEG can algebraically be represented in different ways.
On top of this, we know that TEG is a subclass of timed PN, and then it is possible to
consider the evolution of the marking of the places as the state recursion (see Definition
1.4). Nevertheless, in order to be able to discuss the performance of the TEG, i.e., to
determine its transient regime and/or its steady state, then a suitable modeling is to not

consider the state of the marking but the dates of occurrence of the transitions (events).
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In the following, we will detail how to obtain the mathematical description of the
dynamics of a TEG. First, we associate each transition with a dater x4 (k) : N — Ry,
where x, (k) is an increasing map that denotes the date at which the firing of number k& € N
of the transition ¢; occurs. By convention, the transition firings will be numbered from
0, i.e., firing number 0 is the first firing of a transition. Moreover, z;, (k) = +o0o0 means,
by convention, that the events numbered greater than or equal k, never took place. It is
also assumed that the tokens have been present in the TEG since the beginning of time,
i.e., since the date —oo, and that at an initial instant (which can be taken equal to 0),
no transition has been fired.

Roughly speaking, the dynamic evolution of a TEG is associated to the following
general synchronization structure (join structure of the PN of Figure 1.4c) depicted in
Figure 1.8 for two input places, being simple to extend to multiple input places, one input
place being trivial. In this example, we have three transitions ¢;,f, and t3 and two places
p1 and py with corresponding holding times 6(p;) and 6(p2). In Figure 1.8a, no token is
initially present in places p; and po, hence, the earliest date of the k-th firing of transition
t3 is conditioned by the dates of the k-th firings of ¢; and o, shifted by 6(p;) and 6(p2),
respectively. Mathematically,

w3(k) > w1(k) +0(p1) and  x3(k) > 22(k) + 0(p2)
< wx3(k) > max (1(k) + 0(p1), z2(k) + 0(p2))

Hence, the maximization operation is responsible by the synchronization, i.e., for instance,
if z1(k) + 0(p1) > xo(k) + O(p2) then t3 is triggered at earliest at z1(k) + 0(p1).

Figure 1.8b represents a more general situation where the initial marking is with tokens
for some places. In this case, the reasoning is as follows: the k-th firing of the transition
t3 is conditioned by

— (k — M(py))-th firing of the transition ¢; since p; has initially M (p;) tokens;

— (k — M(py))-th firing of the transition ¢, since p; has initially M (ps) tokens;
Thus

z3(k) = x1(k — M(p1)) +0(p1) and  w5(k) = z2(k — M(p2)) + 6(p2)
— $3(l€) > max (1'1(k - M(pl)) + 9(171), 952(k - M<p2)) + 9(172))

By applying this procedure, the fundamental principle of each dater x;, of the corre-
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Figure 1.8 — General synchronization structure for two input places of a TEG

sponding transition t; of a TEG is given in the sequel.

Fundamental principle of TEG

w(k) 2 max (v, (b = M(p)) +60(py)) , €T

where k& € N is the event-number, ¢; is the output transition, ¢; is

the input transition,
pj € P\{p:} and p; € P

are the output places immediately after ¢; and the output places

immediately after t;, respectively. Additionally,
M(p;) €N

is the number of tokens in p; and 6(p;) the holding time  of p;.

a. If there is no arc between t; and p; then 6(p;) = —oo and thus x =
(Z'tl, Sar ,.’I}tn)t S (R U {—OO})n

Example 1.5. Consider the TEG of Figure 1.7. By applying the fundamental principle
of TEG, we obtain the following system of inequalities:

xy, (k) is a control input

zy, (k) > max(xy, (k — 1),z (K — 2) + 4)
xy, (k) > zy, (k) +1

1, (k) > s (k)
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Another possible way to describe TEG is by considering the so-
called counters denoted x(7) € N. Counters determine the number
of events that have occurred up to time ¢, for instance, x;(7) refers to
the number of occurrences of transition ¢ up to time 7. It is assumed

that time is discrete in this representation, i.e., 7 € N — x(7) € N.

Example 1.6. Consider again the TEG of Figure 1.7. The time-
domain model of this TEG is given by the following system of in-

equalities:
x, (T)  is a control input
Ty, (T) < min(1 + x4, (7), 4, (7 — 4) + 2)
Liq (T) S Ty, (T - 1)
Ty (T) S Lig (T)

Consequently, it is possible to model the dynamic behavior of a
TEG either in the event-domain (daters) or in the time-domain
(counters). In this work, we consider the model dynamics in the

event-domain only.

Remark 1.4. Considering the earliest firing rule, i.e., every internal and output transi-
tion fires as soon as it is enabled, the system of inequalities > of Fxample 1.5 becomes a

system of equations =.

In view of the recursive equations for the transition firing times of Example 1.5, it
is easy to recognize that addition and the maximization operations are necessary to de-
termine the desired timetable. Due to the maximization operation, these equations are
nonlinear in conventional algebra. Nevertheless, in the sequel we introduce a suitable

mathematical framework to properly deal with these systems.

1.2 Max-Plus algebra: an idempotent semiring

The Max-Plus algebra has been an important area of study since the 1970s, with
special attention to the modeling and control of DES involving allocation of resources. In
the sequel, we shall use [43] and [10].
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1.2.1 Basic concepts

Let us begin with some notations. Let Ry def (RU{e},®,®) be the union of the

set of all real numbers with ¢ = —oo. This set is an idempotent semiring or dioid ?, (i.e.,

Va € Ryax, a®a = a), endowed with max as the addition operator @ and + as the product

operator ®. These notations are consistent with respect to the usual properties:
Associativity of & and ®:

Va,b,c € Ryax, (a®b)®c = a@ (b®c)
Va,b,c € Rpax, (a®@b)®c = a® (b®c)

Commutativity & and &:

Va,b € Rpax, a®b = bda
Va,b € Rpax, a®@b = b®a

Distributivity of ® over ®:
Va,b,¢ € Rpax, (a®b)®@c = (a®c)® (b®c)
Neutral element for & and the absorbing element for &:

Va € Rpax, a e = ePBa=a
Va € Rpax, a®e = e®a=¢

Neutral element for :

Va € Rpax, a®e=ec®a=c¢e, withe=0

Hereafter, as it is done in usual algebra, the operator ® will usually

be omitted in expressions whenever it is clear.

The n-th power of a € Ry« is naturally introduced in Max-Plus algebra, by using the

associative property as shown below

a®" = a®a® - -Qa

n times

2. Dioid is an algebraic structure that has all properties of a ring except the additive inverse.
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for all n € N\ {0}. For n = 0, we have a®® = e. Furthermore, if a € R, then a®~! stands

for —a.

Proposition 1.1. The inequality x > ax & b of Ryax has & = a*b as smallest solution,
where a* (Kleene star) is defined by:

Moreover, T satisfies the implicit equation x = ax @ b.

1.2.2 Matrices and Vectors in Max-Plus algebra

The previous results are extended to matrices and vectors. The set of matrices of

shape n x m is denoted R}X". An entry of the matrix A € R*™" is denoted as a;; for all

max max

ie{l,...,n}and j€{l,...,m}.

The sum of matrices A, B € R} is defined as

(A® B);j = a;j @ b, forallie {1,...,n} and j € {1,...,m}.

Furthermore, the commutativity property holds for the sum of A, B € R}, i.e., A®B =
Bao A.

Example 1.7.

65@—511_6@—55@11 (e 11
3 2 1 ) \3@1 2¢c) \3 2/

The product of a matrix A € R} by a scalar a € Ryax is defined as

(a®A); =a®ay, forallie{l,...,n} and j € {1,...,m}.

The product of matrices A € R?X! and B € R is defined similarly to the usual

max max

algebra, by replacing + by & and x by ®. Formally
!
(A® B),,, = @ a;; @by, foralli e {1,...,n} and k € {1,...,m}.
j=1
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Example 1.8.

Cs)@(ﬁlﬁ:(@®—®®@®n(%MD@@@@):(%lj
3 2 1 ¢ Be-5H)o2®]l) Bell)®(2®e) 3 14

Furthermore, the commutativity property does not hold for the product of A € R?X!
and B € RX™ je., AQ B# B® A.

The operations & and ® of matrices have neutral elements similar to the neutral
elements of scalars. Let £ be the zero matrix, i.e., a rectangular matrix whose entries
are €. Let diag(ay,...,aq) be the diagonal matrix, i.e., a square matrix with its di-
agonal elements aq,...,aq € Ryax and its off diagonal entries . A trivial example of
a diagonal matrix is the Max-Plus algebraic identity matrix of appropriate dimension
I = diag(e,...,e). The following properties are easily verified:

VAeR" AGE = EGA=A

max ?

VAeRT ARE = EQRA=E

max ?

VAeRY>" AR = I®A=A

max ?

The transpose of A € R, denoted A*, is defined as the usual way, i.e., (A");; = a;

forallie {1,...,n}and j € {1,...,m}.
The k-th power of A € R"*" is defined as

max

A  — AR AR ---® A

k times
where A%0 = [.
The set R, = R} refers to the n-th fold Cartesian product of Ry.y. Its elements

can be thought of as points of an affine space, or as vectors. They are denoted by bold
symbols, for instance x = (z1,... ,xn)t. The unit vector is denoted u = (e, ..., e)t and
Va € Ry, a® u denotes a vector whose entries are «. Furthermore, the j-th column of
the identity matrix [ is called the j-th basis of R

max*

Example 1.9. The vectors vi = (e,e)" and v = (g,€)" are at the same time the columns

of
, (e g)
€ e

and the basis of R The latter statement is due to the fact that any v € R%__ may be

max* max
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uniquely written as

V= q1V] D ayVs.

2

Any other pair of linearly independent vectors of RZ ., such as vi = (5,¢)" and vy =
2

max

(,3)", forms also a basis of R

Equation x = Ax ® b of R

max

Let A € RIX" be a square matrix, and let b € R and x € R be

two vectors. According to Proposition 1.1, the equation x = Ax@b

admits x = A*b as smallest solution, where

Ar = P A%k
keN
If A is a lower triangular matrix, i.e., a;; = ¢ for all 7 < j with
i,j € {1,...,n}, then A®* = & for a sufficient large k (not greater

than the matrix dimension).

1.2.3 Completion of R, and residuation theory over complete
dioids
In a dioid (D,®,®) with € and e their zero and unit elements, respectively, the fol-

lowing equivalence is considered
Va,beD, a=a®b < dceD,a=bdc.
This equivalence defines the natural order relation > as follows:

a=b <<= a=adb. (1.1)

The set Ryax is linearly ordered with respect to ¢ and the order >

in this set coincides with the usual linear order >.

This order relation makes D to be a partially ordered set such that each pair of
elements (a,b) admits the lowest upper bound sup{a, b}, usually denoted a V b, which

coincides with a @ b. Hence, a dioid is in particular a sup-semilattice.
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The sum and the left and right products preserve this relation:

a®cr=bdc, (sum)
Va,b,c€D, a=b = Ja®c=b®ec, (left product)
c®ar»c®b, (right product)

Definition 1.7 (Complete dioid). A dioid D is complete if it is closed for infinite sums
and the left and right distributivity of the product extend to infinite sums.

For a complete dioid D, the top element, denoted T, exists and is equal to the sum of

all elements of D, i.e., T = @ a. This element respects the absorbing rule, i.e., e® T = ¢
a€D

and T®e=¢

Complete dioid R,y

The dioid Ry,ax is not complete but it can be completed by adding
a top element T = +o00. Hereafter, rather than using R,., we use
R (Rmax U {T}, &, ®) because we are able to perform compu-

tations with infinite values without a careful handling.

For a complete dioid, an inner operation representing the lower bound of the operands,
denoted by A, automatically exists. The partial order relation presented in Equation (1.1)
can be expressed as

arb <<= a=adb < b=aAb. (1.2)

where a A b = inf{a, b} is the greatest lower bound of (a,b).

In Ryax, the operation a A b for the scalars a,b € Ry coincides

with min(a, b).

For matrices with entries in D, the order > on D induces a (partial) order on the set

Drxm e, for any A, B € D™ the following equivalence holds:
A> B < a;; = by, forallie {1,...,n}and j € {1,...,m}.
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Remark 1.5. The dioid D" " is complete whenever D is complete because the sum of

matrices simply involves the sum of similar entries. Notice that for two matrices A, B €
D™ the following holds:

A>B < A=A®B < B=ANAB,

where
(A A B)ZJ = Qjj AN bij; fOT’ all Z,] S {1, R ,n},

is consistent, as it is for scalars in D.

Regarding the order structure of dioids, we are interested in system of equations of
form f(x) =y where f is an isotone mapping. However, in dioids, the absence of additive
inverses increases the difficulty of finding the solutions of systems of linear equations.
Hence, we must weaken the notion of solution, denoting that a sub-solution of f(z) =y
is a = which satisfies f(z) < y. Nevertheless, as in usual algebra the solution of f(z) =1y
does not always exist and if it does, it is not necessary unique.

Below, we present the greatest solution of f(z) < y using residuation theory.

Definition 1.8 (Residual and residuated mapping). Let D and C be two complete dioids
and f : D — C be an isotone mapping, i.e., order preserving. Then, f is residuable if, for
all y € C, there exists the greatest x to f(x) =<y, hereafter denoted f*(y). The monotone
mapping f*: C — D,y — @{x € D | f(z) X y} is called residual of f. Moreover, f* is
the unique mapping that verifies the following statements f o f* < Ide et ffo f = Idp
where Idp and Ide are the identity mappings on D and C, respectively.

Example 1.10. Mappings L, : D — D,x — ax and R, : D — D,z > xa for any a € D
are both residuated. Their residuals are isotone mappings, denoted L? : D — D,y — aky
("left residuation by a") and R: : D — D,y > ypa ("right residuation by a"), respectively.

Hence, the greatest solutions of ax = b and xa < b are axb and bfa, respectively.

In Appendix A.1, we collect some useful properties of left and right multiplication and

their residuals.

In Ryax, the product is commutative, hence za = ar < y admits
xr = ayy = yfa as greatest solution where operators § and ¢ are the
classical subtraction —, i.e., x+ = y — a with the convention that

—00 + 00 = +00.
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One can extend the residuation computation to matrices of dioids. Matrix inequalities

of form f(X) =< Y, with X a rectangular matrix of any arbitrary dimension, are also

residuable. Then
Ly :DPm — D> X AX

Re : DVP — D™ X — XC

with A € D™*P and C' € DP*™ are both residuated and their residuals are given by

LY - DV — DPXm Y s ANY
Ry D™ DVPY 5 YHC.

Hence, the greatest solutions of AX < B and XC < B, where B € D™*™, are AYB and
B#C, respectively. Computationally,

n

(AAB);; = )\ arikbyj,for all i € {1,...,p} and j € {1,...,m}
k=1

and

(B#C)i; = N bugcji,for alli € {1,...,n} and j € {1,...,p}
k=1

In Ryax, A3B = —A'®'B = —(A'®(—B)) and B§C = BQ/(—C") =
—((—B) ® C*) where A, B and C are matrices of appropriate di-
mension and ®’ is the ®-product of matrices but by replacing & by

min %.

a. The max and min operations are dual, 4.e., for 2,y € Ryay, the following
equalities hold: min(z,y) = — max(—z, —y) and max(z,y) = — min(—z, —y).

The following example deals with the solution of inequalities of form f(x) <y, which

is a specific case of the previous calculations that are useful in the sequel of this work.

Example 1.11. Given A € D"P, the mapping Lo : D — D", x +— Ax is residu-
able. For all'y € D", the residual of La is L'(y) = A\y which is given by (Axy); =
A a;iXy;, for alli € {1,...,p} where a;Ry; is the greatest solution of aj;x = y;. Further-
j=1

more, due to isotonicity, Ax <y implies A(Axy) =<'y, and it follows immediately that
Ax = b has solution if and only if A(Axb) = b.
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n

In Ruyax, Ax <y, with Ac R’ xeR, _andyeR

max’

admits

max’

ARy as its greatest solution, where

(Ayy); = min (—aj; +y;)forallie {1,...,p}. (1.3)

1<j<n
: 2 ¢ €
Example 1.12. Given A = (T 3) and 'y = (1) then

x = Ayy =
min(—2+¢,—T + 1) =min(e,e) |\ [ ¢
min(—T +¢,—341) =min(T,-2)] -2

which is the greatest vector x such that Ax <'y. Furthermore, in

this case Ax =y holds.

Theorem 1.1. Let D and C be two complete dioids and f : D — C be a residuated
mapping. Then
fofﬁof:f Cmdfﬁofofﬁ:fﬁ.

Proposition 1.2. Let D and C be two complete dioids and f,g : D — C be two residuated
mappings. The greatest solution of f(x) = g(x) is equal to the greatest fized-point of the
isotone mapping 11 : D — D, I(x) = z A ¢*(f(x)) A f*(g(z)).

Proof. The following equivalences hold:

Hence, the greatest fixed-point of I1(z) = z A ¢*(f(x)) A f*(g(x)) is the greatest solution
of f(x) = g(x). Moreover, f, f* g and ¢* are isotone mappings, and thus the mapping II

is also isotone. O

As a consequence of the previous Proposition 1.2, if the greatest solution of f(z) = g(x)

exists, then it can be obtained by solving x = II(xy_1) with convergence (i.e., x) = z5_1)
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in a finite number of iterations k. Thus, starting from an arbitrary zy, we obtain xj less

than or equal to xy because z, < xp_q for all k.

Remark 1.6. In [/4], it is shown that the complexity of computing this problem is pseudo-
polynomial if it converges (it exists a finite solution), i.e., the convergence rate is polyno-
mial according to the distance between the greatest fized-point xy and the initial value .
Nevertheless, if x = Il(x_1) is not solvable, i.e., f(x) = g(x) does not possess a finite
solution, then xy, = Il(xy_1) s likely to run infinitely and some other techniques shall be

considered in order to avoid this bad behavior.

Fixed-point of mappings in dioids of matrices are a natural extension of Proposition
1.2 for scalars. Hence, it is possible to compute the greatest solution x € D™ of the vertical
concatenation of s > 1 two-sided equations of form a'x = b'x, where a,b € D", as shown

below.

n

On the two-sided equation Ax = Bx in R

max

DPXN

Consider the matrices A, B € R then

Proposition 1.2 implies that the greatest solution of Ax = Bx is

—n
max and the vector x € R ..,

obtained by considering the greatest fixed-point of the mapping

II(x) = x A Ay(Bx) A By(Ax) (1.4)

Previously, it has been shown how residuation theory can be applied to determine the
greatest solution of inequalities f(z) < y in complete dioids, denoted f¥(y). Dually, it is
of course also possible to determine the least solution x of inequalities such as y < f(x),
denoted f*(y). Hence, f°(y) is called the dual residual of f.

Example 1.13. The mapping T,(x) : D — D,z — = ® a, is dually residuated, and its
residual is denoted by T’(y) : D — D : y vy e a. It is worth to mention that

Yyea=c¢c &< a=y.

Definition 1.9 ([45]). A matriz in a dioid D™*? is said to be row (column) G-astic if it

has at least one non-c element in each row (column). Formally, for A € D"*P we have
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that )
A is row G-astic cif DayFe, i =1,2,...,n
j=1

A is column G-astic : if é a; #¢, 7=12,...,p.
i=1

Furthermore, A is said to be doubly G-astic if it is, at the same time, row and column

G-astic [40].

Proposition 1.3. In Ry, ¥ < Ax with A€ R x e R’ and

y € R admits a finite least solution if and only A is doubly G-

astic with only one element different of € per row and column.

Proof. First, if A is doubly G-astic with only one element different
of € per row and column, then (Ax); = a;j;) ® ;) with j(i) €

{1,...,p} for i = 1,2,...,n such that j(1) # j(2) # ... # j(n).
Thus,

Yi < (Ax); = ¥ < a46) @ Ty = Tje) = Gij(i)RYi

which is the element-wise finite least solution of y < Ax. O]

A general solution for this problem is given in Appendix B.2.

1.3 Modelling of TEG in R,,,: the Max-Plus Linear
(MPL) systems

1.3.1 Motivating example

Example 1.14 ([1]). Imagine a railway network consisting of two stations (Angers = x;
and Paris = x) and three lines: one inner loop with two rail tracks each (one for x1 — x4
and other for xo — x1); two outer loops with one rail track each. The basic structure of this
railway network is depicted in Figure 1.9a. It is assumed that the train company operates
one train on each track initially; the travel times are fixed as indicated on the arcs; trains
scheduled to depart must wait for all arriving trains before departing because passengers
are able to change line at the stations (to change from the inner to an outer loop or vice

versa); and departures occur as soon as possible (refer to Remark 1.4). As mentioned
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(b) TEG model

(a) Precedence graph

Figure 1.9 — Railway network model

before, TEG are suitable to model synchronization phenomena. Figure 1.9b depicts this

model and the following equations are obtained:

ri(k) \ [ max(2+z1(k —1),5+ z2(k — 1))
zo(k) |\ max(3+4 zy(k—1),3 4 zo(k — 1))

where (x1(0),72(0))" € R? is supposed to be known. For instance, for (x1(0),15(0))" =

(0,0)%, the following timetable can be achieved

such that calculating the differences between adjacent elements of the timetable, i.e.,
Vk, x(k+1) — x(k) we obtain

)

i.e., on average a train leaves station xy or xo at every 4 unit of time, but the simulated
timetable is considered to be 2-periodic, since it is not hard to see that Vk > 0, x(k+2) =
8 +x(k).

Furthermore, this system is nonlinear in the conventional algebra, however it can be
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expressed as the following linear system in ﬁfnax:

k) ] \3@z(k—1)®3@x(k—1) )] \3 3 zo(k — 1)
This motivating example suggests that a TEG appears to have a state-space charac-

terization similar to the one found in classical time-driven systems.

1.3.2 State-space equations

Example 1.15. The TEG of Figure 1.10 models a simple manufacturing system. The lin-
ear dynamical system in Maxz-Plus algebra, with x;(k), u;(k), z(k) being the time instants

that the transitions x;, u; and z fire at k, is

ri(k) > 1@x(k—2)®5@u(k—1)
za(k) > w1(k) B3 @ x3(k—3)

z3(k) > 5®us(k)

(k) > 2®@ux9(k) ®3®@x3(k —1)

Rewriting the system in matriz form, one obtains

{ x(k) > Aox(k)® Aix(k — 1) & Asx(k — 2) @ Asx(k — 3) @ Bou(k) @ Byu(k — 1),
>

z(k) Cox(k) & C1x(k — 1),
E € € e 1 ¢ E € € € €
with Ay = e € €|, A4y =&, Ay = |e ¢ |, A3 = |e € 3|, Bo = |e <],
€ € € € € ¢ € € ¢ 5 €
5 €
B, = 55,(70:(5 25>and01:<553).
€ €

Generally speaking, for any TEG (cf. Definition 1.6), one obtains the following in-

equalities:

Ax(k —1i) ® @ Bu(k — j), (1.5a)

Cix(k = 1), (1.5b)
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@

|

n<>5n ®/

U2

Figure 1.10 - TEG of a simple manufacturing system

zeR?

max’

ueR’

max’

where M is the maximal initial marking, x € R},.__, Ao, Aq,...,Ap €

R By, Bi,...,By €RLand Cy,Cy,...,Coy € RE

max ?’ max*

Inequality (1.5) is rewritten as

x(k) > Aox(k) ® (EB Ax(k—i) ® @ Bju(k — J)) ;

i=1 j=0

and according to Proposition 1.1 its smallest solution is

M M
=P AsAx(k — i) & P A;Bju(k — j).

=0

Furthermore, X(k) is also the smallest solution of the implicit equation

x(k) = Aox(k) ® (6_9 Aix(k—1i) ® 6_9 Bju(k — ])) ) (1.6)

and thus
M M B
x(k) = P 4, @ —j), with A; = AjA; and B; = A3B;,  (1.7a)
i=1 =0
M
z(k) = P Cx(k - 1), (1.7b)

represents the behavior of the associated TEG without implicit terms.

The non-null entries of Ay correspond to holding times of the token-free places in
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the initial marking. In practice, TEG are assumed to be live (otherwise some transitions
would be frozen), this implies that there is an appropriate permutation of the transitions
numbering such that Ay can be written in strictly lower triangular form, i.e., the infinite

sum that defines A becomes finite.

Remark 1.7. Rather than using A§, the implicit part of Equation (1.6) can also be elim-
inated by successive substitutions of scalar variables, with careful attention to the order of

these substitutions.

Eliminating the implicit part of Inequality (1.5) supposes the earli-
est firing rule (see Remark 1.4), but also that the tokens of the ini-
tial marking are immediately available ¢, i.e., the initial conditions
{x(k)}r<o took place on date —oo. Other nonzero initial conditions

can be circumvented using input transitions of the TEG.

a. It is for this reason that in the state representation, inequalities (signs
>) become equations (signs =) (see Remark 1.4).

We can transform any M-order system to a first order system by considering an
augmented version of the state-space. For the TEG this means:
— any place between two internal transitions must contain exactly one token, i.e., for
7 # 1 the matrices A; must be null;
— any place between an input transition and an internal transition must be without
token, i.e., for 7 > 0 the matrices B; must be null;
— any place between an internal transition and an output transition must be without

token, i.e., for [ > 0 the matrices C; must be null.

Max-Plus Linear (MPL) system

Hence, from the implicit Equation (1.7), it is always possible to

obtain the following canonical form:

—
Jal
=

I
i
Ly
N

|
N
S
Sy
=
=
—_
0.
2

where x, u, z, A, B and C are of appropriate dimension.
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By analogy with the theory of time-driven linear systems, Equation (1.8a) is the state
equation and represents the internal dynamics, Equation (1.8b) is the observation (or
output) equation, x is the state vector, u is the input or control vector and z is the

output or observation vector.

Nevertheless, a generic MPL system equation is represented by:
y(k) = Ax(k — 1), (1.9)
where A € ﬁzlzi, y and x are vectors of appropriate dimension.

Remark 1.8. Equation (1.9) is generic because it can represent either an autonomous
MPL system (i.e., Bu(k) =€) or a non-autonomous MPL system (i.e., Bu(k) # €), both
given by Equation (1.8a). It can also represent Equation (1.8b).

Example 1.16. Consider the non-autonomous MPL system given by Equation (1.8):

3 2 2 e €
x(k) = e 1 3|x(k=1)® [e e|u(k),
2 1 e e €

where x(k) € ﬁilax and u(k) € R,... The equivalent generic system is given by (see
Equation (1.9)):
3 2 2 e ¢
x(k) = e 1 3 ¢ e|x(k—-1),

2 1 e € e
with %(k — 1) = (x*(k — 1), ut(k)) € R.,..

Example 1.17. We recall Example 1.15. In order to obtain a representation of the TEG
of Figure 1.10, we consider the following steps:
e € €
1. Compute Aj: A5 =1e e ¢

€ € e
2. Compute A = AFA,, Ay = AFA,, Ay = A5 As, By = A;By and B, = A§By -
e 1 € E € € € € 5 €
1211:5,12122 e 1 5,1213: € € 3,B0: € € andBlz 5 ¢
E € € E € € 5 € E €
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. O—]—0O
1 <—|:|<—®
G Eps o4y & E :
ﬂ&i@é’i u T Qlu

5 L /"z
or=—-0—" e S

(a) Step 2 H*O?’ﬂ%@"”i

(b) Step 3

Figure 1.11 — Canonical form of the TEG of Example 1.17

Alternative to 2. Substitute x1(k) into xo(k)

ri(k) = 1@ax(k—2)®5u(k—1)
zo(k) = z1(k) @3 ®x3(k—3)
= 1®z(k—2)®3x0x3(k—3)®d@us(k—1)
s(k) = 5@ ua(k)
2(k) = 2®ux(k) ®3®@ax3(k—1)

Sy

T

This step is represented by Figure 1.11a.

3. Introduce new variables &, &, . .., & such that:
(k) = 10&Ek-1) @50 &(k—1)
za(k) = 1@&Gk-1)@30&k—-1)ad®&(k—1)
x3(k) = 5H®us(k)
&i(k) = w(k)
&a(k) za(k — 1)
&(k) = x(k—1)
§a(k) = w3(k—1)
f5(k) = &(k—1)
(k) = x3(k—1)
(k) = 2@ z(k) ®3® (k)

which is clearly a first order system that is depicted by Figure 1.11b and charac-
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terized by Equation (1.8), i.e.,

x1(k) e e€eblee e ¢ z1(k—1) £ €
zo(k) e eebHele 3¢ zo(k — 1) £ ¢
z3(k) E € € € € € € € € z3(k —1) e b
& (k) € € € € € € € € ¢ &(k—1) e €
& (k) = |e e e e e e e ¢ ¢ Ek—=1) [D|e ¢ ( wi(k)
&3(k) € e € € € € € € ¢€ &(k—1) e € ua (k)
E4(k) E € € € € € € € ¢ E4(k—1) £ €
&5 (k) € € € € € € € € ¢€ &(k—1) e €
(k) E € e € € € € € € &k —1) e €
1 (k)
2 (k)
3(k)
& (k)
z(k) = (5 2 £ e € ¢€ ¢ ¢ 3) & (k)
&s(k)
Ea(k)
& (k)
&6 (k)

It is also possible to consider a different approach to eliminate the implicit part of
Inequality (1.5). First, suppose also that the corresponding TEG is under the earliest
fire rule, then > becomes =. Considering an augmented version of the state-space, the

M-order system can be rewritten as

x(k) = Aox(k) ® A1x(k — 1) @ Bu(k), (1.10a)
z(k) = Cx(k), (1.10b)

where x, u, z, Ay, Ay, B and C are of appropriate dimension. Since the TEG is considered

to be live, then
x(k) = AfA1x(k — 1) @ AgBu(k), (1.11a)
z(k) = Ox(k), (1.11Db)
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Triangular form of Equation

Alternatively, Equation (1.10) can be rewritten as:

xl(k) - yl(k - ]-)a

za(k) = afx1(k) @ ya(k — 1),

3(k) : az21(k) © agywa(k — 1) & ys(k — 1), (1.12)
(k) = (D15 apui(k)) ® yn(k — 1),

z(k) = Cx(k),

where y(k — 1) = Aix(k — 1) ® Bu(k) and af; € A for all 4, €
{1,...,n}.

1.3.3 MPL systems as Piece-Wise Affine (PWA) systems

MPL systems are linear over Ry.x. Nevertheless, in [47], it has been shown that it
was always possible to represent the nonlinear dynamics of MPL systems in R U {—o0c}
as linear Piece-Wise Affine (PWA) systems, i.e., as the union of affine partitions of the

nonlinear dynamics.

Equation (1.9) represents a generic MPL system, which is also represented by

yl(k) = max(aij—l—xj(k—l)), 1= 1,2,...,71, (113)
1<i<p

where y;, a;j, x; € RU{—o0}.

Foreachi € {1,...,n},3g; € {1,...,p} such that a;,, +x,,(k—1) > a;;+z;(k—1) and
then y;(k) = a;y, +x4,(k—1). Summing up, Vi we define g = (g1, 92,...,9,) € {1,...,p}",
and then

y(k) = Pex(k — 1)+ Eg, for x(k—1) € Ry (1.14)

where ¥(i,7) € {1,...,n} x {1,...,p} we have pJ € P, € {0,1}"*?, as defined below

" 1 ifj =g,
Ly
pg -
0 otherwise,

47



Chapter 1 — Prerequisites

the vector of constants Eg is given by

—
=
e

t
g — (algl A2gy - - angn)

and each one of the p” affine dynamics is strictly valid in the region Rg, which is defined
by

Re= (1 () {x € RU{=o0})" | 2, — 1, < iy, — i} (1.15)

where x = x(k — 1) for the evaluation of x(k — 1) € Rg.
In [48, Sec. 2.2], the authors have shown that it is possible to reinterpret Equation

(1.15), leading to a recursive computation. First, define the partial region

k
R(Ql,---,gk) = ﬂ n {X S (R U {_OO}>p | Tj— Tg < Qig, — aij}’ (1'16)

where Vk € {1,....,n}, (g1,...,gx) are its partial coefficients. Note that, for k¥ > 1, the

partial regions (1.16) can be computed as

p
R(Ql:--ﬂk) = R(glw--,gkfl) A ﬂ {X € (R U {_OO})p ‘ Tj— Tg, < Qhgy, — akj}» (1'17)
=1
Jgigi
i.e., if for some & > 1 the partial region R, . g, is empty, then, we label these coefficients

as (¢%, ..., ¢!) and the regions Rg,,...g,) are also empty if and only if Vi € {1,... ,k} g, = q°.

Remark 1.9. A procedure, with worst-case complexity O (p™(np + p*)), is described in
[48, Alg. 1] and creates a PWA system from a generic MPL system?®. Furthermore, it is
worth to mention that a more efficient procedure (with the same worst-case complexity),

using the algebraic operations @ and & in the Ryax, is described in [49, Alg. 1].

Example 1.18. Consider the generic MPL system given by (see Equation (1.9)):

y(k) =

— &~ 0o

5
3| @ x(k). (1.18)
2

3. In [48], it is shown that each row of A has 0 < p; < p finite elements, and then the number of
regions is at most N such that N < I ,p, < p", i.e., the sparsity of A increases the performance of the
procedure in the worst-case scenario.
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Following Equation (1.16), we compute R4,y Vg1 € {1,2}, as
Ry = {X € RU{—00})? |2y —z1 < 3}, Ry = {x € (RU{—oc})? |21 — 20 < _3}-

Now, since k > 1, we use Equation (1.17) to compute the subsequent partial regions. Thus,
to compute Ry, g,y V(g1,92) € {1,2}* ={(1,1),(1,2),(2,1),(2,2)} we use Ry, previously

calculated as follows

IN

I} ={x|2y—a1 <1},

< -1} ={x|1< 2y — 2 <3},
Ry = Ry N{x |2y —2; < -1} =90,

Rogy = Ry N{x |2 — 2 < =1} = {x | 21 — 2o < =3},

Ruy =Ry Nn{x|zs—x

A\

R = Ry N{x |21 — 22

now,

v(gh g2, 93) S {17 2}3 =
R(Qﬁl):(b

={(1,1,1),(1,1,2),(1,2,1),(1,2,2),(2,1,1),(2,1,2),(2,2,1),(2,2,2) },

and we finally compute Rg—(g, g,.5) uSing the nonempty partial regions Ry, g,y previously

calculated as follows

IN

—1} ={x|2y -2 < -1},
Raap = Roy N{x |z —2 <1} ={x| -1 <2y — 2 <1},
Ra21) = RagN {x |2y —2, < -1} =0,

Rugg = RagyNi{x |z —22 <1} = {x €| 1 <2y — 2y < 3},

Ra11y=RapnN {x|x2— 11

IN

Rii1) = R =0  because Rpqy =0,
1) =0,
1}:{X|$1—I2§ —3},

IN

R221) = Ry N{x | 22 — 21

A

Ri29) = RN {x |z —xo

Thus, according to Equation (1.14), the corresponding PWA system that encodes Equation
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Figure 1.12 — PWA system that encodes the MPL system of Example 1.18

(1.18) is given by:

1 0 8
1 0|x(k—1)+ |4 if x(k—1)¢€ Ry,
10 1
1 0 8
1 0|x(k—=1)4+[4]| i x(k—1)€ Ra9),
01 2

y(k) =4 ), 0 3
0 1|x(k—=1)+ 3| if x(k—1)€ Ry,
01 2
0 1 5
0 1|x(k—=1)+ 3| if x(k—1)€ Rpgpay).
01 2

Figure 1.12 depicts the PWA system generated by matriz A, where, for the sake of brevity,
ri(k—=1) =z, 2e(k — 1) =25 and y(k) = y.
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1.3.4 Some notions on spectral theory of matrices in R,

We briefly recall the elementary facts from spectral theory of matrices in R..... We
shall use [43] and [50].

Example 1.19. Recall Example 1.1/4. The timetable of the railway network simulation for
the initial state x(0) = (e, e)* highlights that the associated model dynamics is 2-periodic,
however it is possible to determine x(0) to ensure that the system evolves in a 1-periodic

manner, i.e.,
(k) —zi(k—1)=X ANER, k=0,1,2,..., i € {1,2},

interpreted in the classical algebra.

Example 1.19 presents a requirement that is rewritten in matrix form as follows:
x(k)=Xx(k—1), k=0,1,2,... (1.19)

with x € ﬁﬁla and A € Ryax. This yields the Max-Plus eigenproblem as stated in the

X

sequel.

Problem 1.1. Let
x(k) = Ax(k — 1) = A%"x(0),
AeR"

where x € R, N

max’

and k € N, be an autonomous MPL system, i.e., Bu(k) = €.
We consider the problem of existence of eigenvalues X\ € Rpax and eigenvectors &€ € ﬁzlax
such that:

A€ = \E.

For the evolution of the state of the system, if X is the eigenvalue of A and if x(0) is an
eigenvector of A then
x(k) = Mx(k — 1) = \*x(0),

or equivalently in the classical algebra as
x(k) =A+x(k—1) = kX +x(0),

i.e., all state variables are incremented by A as k evolves and the steady state is reached,
without going through a transient state phase. This behavior is called 1-periodic with a

period length of .
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Theorem 1.2. An irreducible* matriz A € ﬁzzn admits a unique eigenvalue N\ € Ryax

X

equal to

A= (trace(A@’j))@l/j : (1.20)

Jj=1

where trace(A®?) denotes the trace of A%, i.e., the ®-sum of its diagonal elements, and

Remark 1.10. Non-irreducible (or reducible) matrices may have more than one eigen-
value whereas, as given by Theorem 1.2, irreducible matrices have a unique eigenvalue

but may possess several linearly independent eigenvectors, i.e., the set of all eigenvectors

| Ax = Ax}.

n

corresponding to the eigenvalue \ is the eigenspace E(A) = {x € R

max

Remark 1.11. The simplest method to obtain X consists in evaluating Equation (1.20).
Nevertheless, there are several algorithms to more efficiently solve the Maz-Plus eigen-

problem. For more details, the reader is invited to refer to [50].

Theorem 1.3. Let A € RL" be an irreducible matriz with eigenvalue N\ € Ruay, then it
exists K,c € N\ {0} such that

Vk > K, AFte = )\®cA®F
and c is called the cyclicity of A.

Theorem 1.3 means that after a transient state phase of length K, the system reaches

a periodic behavior with cyclicity c, i.e.,
rik+c)=x;k)+ech, i=1,2,...,n,
interpreted in the classical algebra.
Example 1.20. Recall Example 1.14. For x(0) = (2, e)*, we obtain the following timetable
2 5 10 13 18 21
()G ()

4. A matrix A € ﬁ;ﬁ: is said to be irreducible if a;; # € Vi,j € {1,...,n}, i.e., there exists an arc

from place i to place j in the corresponding TEG.

ot
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1.8. Modelling of TEG in Rpax: the Maz-Plus Linear (MPL) systems

which is 2-periodic (ciclicity ¢ = 2) and Yk > 1 x(k +2) = 8 + x(k). On the other hand,
for x(0) = (1,e)" we obtain the following timetable

(0 C)-02)-(2)(3)

which is 1-periodic (ciclicity c =1) and Vk > 0 x(k + 1) = 4 +x(k) with 4 an eigenvalue
of A because x(k) = 4k +x(0). Hence, x(0) = (1,e)" is an eigenvector of A.

23






CHAPTER 2

NONDETERMINISTIC SYSTEMS:
SET-MEMBERSHIP ESTIMATION

Recall the generic MPL system Equation (1.9), precisely y(k) = Ax(k). Clearly, this
system is deterministic because the output y is exactly predicted if one knows the values
of the system matrix entries a;; and the state x. Conversely, if each a;; assumes a different
value at each k, then the system is called nondeterministic because y cannot be exactly
predicted.

In this work, each a;; is assumed to be subject to bounded noise, i.e., disturbances
and/or modelling errors, which should be taken into account in order to avoid tracking
error or closed-loop instability [51, 52]. In general, these perturbations are Max-Plus
multiplicative and appear as uncertainties in each a,;. Stochastic MPL (SMPL) systems
[53, 54, 55, 52, 22, 28] are defined as MPL systems, in which each a;; is an independent-
distributed random variable, and its probability density function (PDF) is supposed to be
known. In this Chapter, the only probabilistic aspect of the uncertainties that are taken
into account is the support of PDF, i.e., the random variables a;; are supported on a
bounded real interval /domain (closed or open). For instance, a;; ~ U(a;;, @;;), means that

a;; is uniformly distributed between its lower and upper bounds g;; and @;;, respectively.

2.1 Uncertain MPL (uMPL) systems: a bounded rep-

resentation

Uncertain MPL (uMPL) systems are assumed to have each a;; independently dis-
tributed within a closed specified range (bounded random variable). Thus, an autonomous

uMPL system equation is given by
x(k) = A(k)x(k — 1), Vk A < A(k) < A4, (2.1)
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AT N
u&<04/\J

Figure 2.1 — TEG model of the uMPL system representing a railway network

where A(k) € Rl" and x € R\,,.. Then, the entries of A(k) are within a closed range for
each k, i.e., a;; < a;;(k) <@y forall i,j € {1,...,n}, i.e., A and A are, respectively, the

lower and upper bounds of the domain of A.

Remark 2.1. The system in Equation 2.1 is assumed to be FIFO (first in, first out). In
view of this assumption, it is always true that x(k) > x(k — 1), such that the elements of

the main diagonal of A(k) can be assumed to be greater or equal to e at each k.

Example 2.1. Recall Example 1.14. The travelling times were assumed to be fized. How-
ever, in practice, these times are uncertain and are bounded within a range, as depicted

in Figure 2.1. Hence, the travelling times (states) of the system are represented by:

x(k) € {x | Ax(k —1) <x < Ax(k - 1)},

3
Supposing that only the initial state is known, for instance x(0) = (1,e)*, then the

2 5\ — 3 6
where A = (3 ), A= (4 4) and x(k — 1) are supposed to be known at each k.

following bounds for the timetable can be achieved:

X(k):(1)’(5)7(9)’(13)’<17>’<21>7...7 k’:O’l’...’
e 4 8 12 16 20
and

e 5 10 15 20 25

Clearly, A and A share the eigenvector (1,e)* and the system is 1-periodic with A\ = 4 and
X =5 (refer to Section 1.3.4), i.e., x(k+1) =4+ x(k) and X(k + 1) =5+ x(k).
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2.2. Notions on interval analysis

2.2 Notions on interval analysis

Interval arithmetic is presented in [56] and extended to Ry, in [57, 58, 15, 59].

2.2.1 Basic concepts

Definition 2.1 (Closed interval over Ry.y). A closed interval, denoted [x] = [z,7], is a

subset of Ruax, 4.¢., [¥] C Ruax satisfying
[z] = {xEﬁmax|£§x§T}7

where £, T € Ry (x < T) are the lower and upper bounds of [x], respectively.

We denote IRy, the set of intervals of Ryax, as IRyax = {[L Z| |z <T z,TE€E ﬁmax}

such that [z] € IRyax is equivalent to [#] C Ryax.

Definition 2.2. The width of an interval [x] € IRyax is defined, using conventional alge-

bra, as w([z]) =7 — x.

Remark 2.2 (Empty interval). From the Definitions 2.1 and 2.2 above, an interval |x]
is empty if x > T, i.e., if w([z]) <O0.

Definition 2.3 (Midpoint of intervals). The midpoint of an interval [x] € IRy is defined,

z+7T

using conventional algebra, as mid([z]) = 5~.

Remark 2.3 (Deprecated interval). If an interval [x] has its bounds such that z = T, i.e.,
w([z]) =0, then, [x] is said to be deprecated. Deprecated intervals are suitable to represent

elements without uncertainties, i.e., deterministic points. In this case [x] = [z, x] = .

The @ and ® operations of scalars in Ry, are naturally extended to intervals in Ry

wloy = {zoy|oel] amdye )=z
wo] = {(zoylzel]andye )} =[x

Z]@y] = [4@3,8®5 =48]
Fl®y] = [4®583] =911
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Chapter 2 — Nondeterministic systems: set-membership estimation

Remark 2.4 (Order relation of intervals in Ruax). The @ induces an order relation over

intervals, similar to Equation (1.1) defined for scalars in Ryay:
@yl =y <= []<ly <= z<yadz <7,

As an immediate consequence of the previous Remark 2.4, the following equality of
intervals is defined
] =y <= z=yandT=7. (2.2)

Below, we collect two important set-theoretic operations to properly handle intervals.
First, let [x] = [z, 7] and [y] = [y, 7] be two non-disjoint intervals, then their intersection is
nonempty and is defined as the set Z = {2 € Ryax | 2 € [2] and 2z € [y]}, which coincides
with [z] = [z] N [y], i.e., Z = [z], where

(2] = [max(z, y), min(Z,7)]. (2.3)

Secondly, let [x] = [z,7| and [y| = [y, 7] be two intervals, then their union is defined as the
set [z] U [y] = {# € Ruax | z € [7] or 2 € [y|} which is a subset of Ry, but not necessarily
an interval . Hence, in order to make the set of intervals be closed with respect to this

operation, we define the interval union, i.e., the interval hull? of [x] U [y] as:
[2] = [2] U [y] = [min(z, y), max(z,7)] 2 [z] U [y]. (2.4)

Example 2.3. Consider the intervals [z] = [e, 4], [y] = [2,5] and [z] = [5,7]. Then,

[z]N[y] = [max(e,2), min(4,5)] = [2,4],
[z]N[z] = [max(e,5), min(4,7)] = [5,4] =0,
[y N[z] = [max(2,5),min(5,7)] = [5,5].

Since [x] N [y] and [y] N [z

—

are not empty we have that:

U [y] = [min(ea 2), max(4, 5)] = [67 5] = [ZE] U [y]a
Ulz] = [min(2,5), max(5,7)] =[2,7] = [z] U [y].

1. The union of two intervals is an interval if and only if they are non-disjoint.
2. The interval hull of a set X C R is the smallest interval [X] such that X C [X].
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Note that the intersection of [x] and [z] is empty, and therefore [x] U [z] is the smallest

interval that encloses the disjoint union between these intervals, formally
[x] U [z] = [min(e,5), max(4,7)] =[e,7] D [z] U [y] ={w | w € [e,4] or w € [5,7]}.

Remark 2.5. Any $ € {®,®,N,U} operation over two intervals is also extended to a

finite number of intervals, for instance for { = @ we have

Dloi = { D |0 € o]} = | D D] 25

2.2.2 DMatrices and Vectors

For the vector-valued case, an interval vector (also called interval box) is denoted as the

Cartesian product of scalar intervals or more simplify according to the stacked notation

(x| = [wa] x - X [zn] = ([, )

where the set of axis-aligned interval vectors in R, is denoted as IR, _.

Remark 2.6. The notation [A] denotes an interval matriz, i.e., a matriz with its entries

composed of intervals. Formally

Remark 2.7. Any matriz A € R..."

X

(Al € IRIP in which a;; =y forallie{1,...,n} and j € {1,...,p}.

max’

can be represented by a deprecated interval matrix

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 ¢)-dimensional interval matrices, then

((Ale [B]),; = [fzij] @ [biy] = [ay @;szﬁz‘j @ by,
([Al®[C]),; = g_a[az-k] ® [exg] = g_a {lain ® ey T @ Ty }
= Leal {Qik ® ij} 792 {ax ® ij}] .
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Thus, the k-th power and the Kleene star operation of a matrix of intervals are given by:
AP = [A%H A7) and [A]" = (474,

Furthermore, the N (or L) operation of two interval matrices can be computed as the

element-wise N (or U) operation of the corresponding entries.

2
Example 2.4. Given [A] = ({4’;

([xl]) _ ([(2 Re)®(URe),(TRe)® (53 1)]) _ ([4, 7]) |
)] \[dee)e@oe), 6oe)a6a1)])  \[4,7

2.2.3 Mappings and inverse mappings of points

[A][v] is given

N——
=)
3
S
<
Il
—
)
= ®
=
N————
~
>
D
S
=
|

=m
Rmax’

Let f:R., — x — Ax be a linear mapping and

F(x) = [Alx = {y € R | Ax <y < Ax}, (2.7)

be a set, where A € [A] = [A, 4] € IR, and x € R},

In other words, VA € [A] we have that f(x) = Ax € F(x) = [A]x.

Remark 2.8. In Lemma C.1 of Appendix C, it is demonstrated that given X, y and
[A] = [A, 4] such that Ax <y < Ax, then JA € [A] such that Ax =y.

Example 2.5. Givenx = (e,e)" andy € ([1,4] [2,3]) x then y € [2,4]. Suppose that we
take mid([2,4]) = 3 to be a point g in [2,4]. Thus, thanks to Remark 2.8, it exists a matriz
Ain [A Al = ([1,4] [2,3}) such that 3 = A ® (e,e)'. This matriz is given by Lemma
C.1 of Appendiz C and is equal to A = (j¢x) N A = (3 3) A (4 3) = (3 3), which is
promptly verified by @-multiplying it by X.

=5m
Rmax’

Let f:R. . — x — Ax be a linear mapping and

T=mMXn =y

be aset, where A € [A] = [A,A] € IR.." x € R andy € R, . Then,x € F~!(y) <=
Ax <y < Ax, and thus

F7H(y) = {x € Rpay | Ax <y < Ax}. (2.8)
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In other words, F~!(y) is the set in x of all y = Ax, given y and with A € [A].

In view of Ax <y < Ax, given y, there is a unique greatest x given by Equation (1.3)
such that Ax < y holds, but not a unique least x such that Ax > y also holds. Hence,
we split F~!(y) into two sets L and U such that F~!(y) = LN U. In details,

L={xeRl,|y<Ax} (29) U={xeRl,|Ax<y}, (210)

Proposition 2.1 ([29]). The sets L and U of Equations (2.9) and (2.10), respectively,

are equivalent to:
L=|J setl, and U ={x € R, | x < Ay},
geGi=1

where
G:{la-"7n}m7g€ Gvg: (917927"'7gm)agi S {Lan}
and

i _
Set; = (m {X € Rmax | T < azk&?h}) N {X S Rmax | Ty > aljx{yl}
k=1

Proof. The proof for U is straightforwardly done by using residuation theory, while the
proof for L follows the proof given in Section B.2 of Appendix B. O]

Thus,
Fly)=LnU= | Nset, | NU = |J SET®, with SET® = () set;, NU, (2.11)
geq i=1 geG i=1

which is a set composed of at most n™ pairwise disjoint sets (see Lemma B.1 and Remark

B.2 of Appendix B for more details).

Example 2.6. Consider the first event of an autonomous uMPL system, described by
[1,4] [2,3]
[1,2] [e,4]
x(1) € [A]x(0) given by Equation (2.7) is calculated below

L4 230 fe) _ gy (24
xme(&ﬂkﬂ)ﬁ)—um (u&’
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and depicted in Figure 2.2. If one takes a point in [x]|(1), for instance X(1) = mid([x](1)) =
(3,2.5)%, then thanks to Equation (2.11) it is possible to compute the set of all x(0) that
®-multiplied by a matriz A € [A] yield x(1). This computation is performed by expressing
sets L and U according to Proposition 2.1. Then,

U={x|x<Ax(1)}, where Axx(1) = (1 i) § (2:‘35) = <1i5> .

Calculating L is done by defining first set’ for all (i,7) € {1,2} x {1,2}, as follows:

set] = {x|z1 >a\i =43 =—1} = {x |2 > —1}
sety = {x|my>@AT =33 =e}N{x |1 <@ \T =443 = —1}
= {x|x1 <—-1,29 > ¢}
set? = {x |1 > Ay = 2¢2.5 = 0.5} = {x | 7 > 0.5}
set? = x| @y > Goohis = 4625 = —1.5} N {x | 71 < Gu\F» = 242.5 = 0.5}
= {x|z; <05z, >—1.5}.

Now, we compute LNU as Ugeq SET® = (i, sety, \U, with G = {(1,1),(1,2),(2,1),(2,2)}

as shown below:

SETWY = 8615;1:1 N setfp:l NnU
= {x|x;>-1}n{x]z; >05}N{x |z <1525 <1}
= {x]0.5<2 <152y <1},
SET1? = setélzl N 361532:2 NnU
= {x|x;>-1}n{x|x; <0520 > —1.5}N{x |23 <1.5,29 <1}
= {x|-1<z <05 -15<zy <1}

SET®Y = set;1:2 N 86t§2:1 NnU
= {x|zy<-Laz>eln{x|z; >05}N{x|x; <15z, <1}
= 0,

SET®?? — set}hzz N 86t32:2 NnU

= {x|x<—-lLxe>e}nN{x |z <0520 > —-15}N{x| 2z <15z, <1}

= {x|x; <—-1le<zy <1},
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such that

LNU={x]05<z <1he<z<1}U{x|-1<z<05-15<x, <1}
U )

as depicted in Figure 2.2.

O = N W e Ot
b
o=
N—

il
e

5-4-3-2-10 1 2 3 4 5
T

Figure 2.2 — [x](1) as the set of all x(1) € [A]x(0) (in gray), X(1) as the middle point of
[x](1) (black dot) and set L N U (union of red, green and blue boxes) of Example 2.6

2.3 Models of uMPL systems

2.3.1 Implicit and explicit forms of uMPL systems

The following equation defines the model of an uMPL system with implicit part

x(k) = Ao(k)x(k) @ A, (k)x(k — 1) @& B(k)u(k), (2.12a)
2(k) = C(k)x(k), (2.12b)

where Ag(k) € [Ag] € IRr, Ai(k) € [A] € IRI." B(k) € [B] € IRI.P. C(k) € [C] €

max? max? max?’

IR and x, u, z are vectors of appropriate dimension (refer to Equation (1.10)).

Since [Ap] is considered to be written in strictly lower triangular form (the associated
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TEG is live) then

(k) = (H a?l(k)a:l(k)> Sulk—1), i=1,2...n (2.13a)
2(k) = C(k)x(k), (2.13b)

where
y(k —1) = Ay(k)x(k — 1) & B(k)u(k)
and ag;(k) € [ag;(k)] = [af;(k), a);(k)] for all i,5 € {1,...,n}.
Alternatively, using Kleene star operation, we may address Equation (2.12) as the

following explicit form
x(k) = A(k)x(k — 1) @ B(k)u(k), (2.14a)
z(k) = C(k)x(k), (2.14Db)
where A(k) € [A5][Ad], B(k) € [AF][B] and [Af] = [A7, Ag].
Remark 2.9. The entries of matrices A(k) = A§(k)AL (k) and B(k) = Aj(k)B(k) in
FEquation (2.14a) are coupled, even though the entries of Ao(k), A1(k) and B(k) being
considered mutually independent (refer to Equation (2.1)). Thus, Equation (2.14a) is a

conservative (over-approrimation) representation for the real system given by Equation

(2.12a), and it may lead to unfeasible states (false-positive states).

Example 2.7. Consider the autonomous uMPL system (B(k)u(k) = €) with implicit
part as given by Equation (2.12a), with

Ao(k) € [Ao] = <[152] i) Ay (k) € [A)] = (Eﬂ {375])

It is possible to obtain x(1) = (5,9)" using Equation (2.14a). In details,

mnzﬁi)aﬂzmmmz(ﬁgiﬂ)

and x(0) = (1,e)" yield x(1) = A(1)x(0) = (5,9)". However, this state is unfeasible if one
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considers Equation (2.13):

21(1) € [4,6]21(0) @ [3,5)22(0) =4 5 € [5,7),

x2(2) € [1,2]z1(1) @ ([3, 7]x1(0) & [4, 5]x2(0))

1 (1):5&(;):(1,6)t

9¢ [5,8].

Hence, this Chapter will be focused on uMPL systems modeled exclusively by Equation
(2.14) with
A(k) € [A1], B(k) € [B] and C(k) € [C],

i.e., systems without implicit parts.

2.3.2 Partitioned uMPL systems: PWA-uMPL systems

In this Section, we shall use the results of [35, 27].

Equation (2.14a) can be rewritten as the following uMPL system equation (refer to
Equation (1.9)):
y(k) = A(k)x(k — 1), (2.15)

where A € [A] € IR..Y y €R... and x € R,. Thus,

yz(l{?> = Imax (CLZJ(/{Z> -+ ZL’j(/{Z — 1)), CL@‘(]C) € [CLW(]C)] = [Qij,aij], = ]., 2, e, (216)

1<j<p
with y;, z; € RU{—o00} and [a;;(k)] C RU{—00}, represents the dynamics in the conven-

tional algebra. Furthermore,

i) € [y:(0)] = | mmax (g + 5k = 1), v (i + 5k = 1)
= yi(k) € {yi | max (a; +a;(k = 1) <y < max (@, + z;(k - 1))}
— vyi(k) € {?Ji | 112?;‘;(@@ +xz(k—1)) < yi} N {yz |y < llgdg)(aij + zj(k — 1))}

Regarding the lower bound we have

ayq +x1(k—1) <y
a, + (k= 1) <y
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and thus

p
{yi | fg?%}(gij + xj(k’ -1)) < yz} = ﬂ{yz | a;; + l‘j(k —1) <y}

Jj=1

On the other hand, regarding the upper bound we have (refer to Section B.2 of Appendix

B for more details):

p
{y@- | 4 < max (ai; + z;(k — 1))} = U{yi |y <@y + (k- 1)}
<ig e

Hence,

yi(k) € ﬁ{yz‘ | @y +x;(k—1) <y} N O{yz |y < @ij +a;(k — 1)},

J=1 J=1

i.e., dg; € {1,...,p} forall i € {1,...,n}, such that

yi(k) € ﬁ{yi | a; +xi(k = 1) <y} OV {yi | yi < @iy, +24,(k— 1)} (2.17)

j=1

> yi(k) € Lrg%(aij +xj(k = 1)), Qg + x4, (k — 1) |,

with g, + J)gb(kﬁ — 1) > Q4 + fL'](k’ — 1) < ZL'](]C — 1) — Xy, < g, — Gij,Vj.
Given g = (g1,92,---,9n) € {1,...,p}", the affine dynamics of Equation (2.15) are

therefore given by

x(k—1) € Ry = yi(k) € {%%(awxj(k— D)@y + 2, k-1, i=1,2,....n,
(2.18)

where
n p
Ry = ﬂ m {x€ (RU{~o00})"| Tj— Ty, < gy, _aij}a (2.19)
i=1 j=1
|79

with the notation x = x(k — 1) for the evaluation of x(k — 1) € R,.

Remark 2.10. The procedure for generating a PWA system from an uMPL system has
the same complexity as the one presented in Remark 1.9. As it was considered for MPL
systems (refer to Equation (1.16)) it is possible to compute Equation (2.19) in a recursive

way.
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Example 2.8. Consider the following uMPL system
4,6] [3,5
x(k) = A(k)x(k — 1), A(k) € ([ 6] [4 5}) . (2.20)
In order to compute its partitioned representation, first, compute each Ry, with g €
{121 = {(1,1), (1,2), (2,1), (2.2)}, as given by:

Ray = {xe(RU{-o0})? |z —a1 <1}N{x € (RU{—0})?| s — 1z <2}
= {xe€ (RU{-0})?|zy — 2y <1}
Rag = {xe(RU{-00})? |z — a1 <1}N{x€ (RU{—0})? |z —x2 < -2}

= 0,

Rey = {xe(RU{—o0})?|z1 —2 < —1}N{x e (RU{—0})?|zs — 1z <2}
= {xe (RU{-0})?|1<zy—1 <2},

Rps = {xe€(RU{-oo})? |z —22 < —1}N{x € (RU{—00})? |z — 2y < —2}
= {xe€ (RU{-0})?|z; — a9 < —2}.

Thus, from Equation (2.18), the PWA system that represents the corresponding uMPL

system, is given by

[max(4 + l’l(k — 1),3 + l’g(k — 1)),6 + .Tl(k — 1)]) Zf X(k’ _ 1) c R(Ll)
max(3 + x1(k —1),4+22(k — 1)), 7+ 21(k — 1)])
max(4+z1(k —1),34+ 2z2(k —1)),5 +x2(k—1)])\ .

V€N a3+ a (b — 1,4+ oo (b — 1)), T+ m(k — 1))y ) T XF 7D € Hew
[max(4+:[1(k — 1),3 +£L’2(l€ — 1)),5 +fl§'2(l€ — 1)]) ’Lf X(/{j _ 1) c R(ZQ)
max(3 4+ x1(k —1),4 + x9(k —1)),5 + x1(k — 1)])

Figure 2.3 depicts the PWA system generated by the interval matriz [A]. Notation: X, =
max(4+z1(k—1),34+x2(k— 1)), Xo =max(3+z1(k—1),4+ x9(k — 1)), x(k) = x" and
x(k—1)=x.

Equation (2.17) is simply expressed Vi € {1,...,n} as the following
subset of (RU {—o0})™

(k) € () (1 | gt (1) < gV | s < T b, (b))
- . (2.21)
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Figure 2.3 — PWA system that encodes the uMPL system of Example 2.8

2.3.3 Difference-Bound Matrices (DBM) representation of PWA-
uMPL systems

Difference-Bound Matrices (DBM)

Difference-Bound Matrices (DBM) are used to represent regions (or zones as initially
mentioned in [60]) in the state-space defined by a finite number of linear inequalities (or
difference constraints) in an efficient and concise way. For instance, in [61, 62], DBM were
used on timed automata. It is also important to mention the use of DBM for the analysis

of computer programs, as presented in [63, 64].

Definition 2.4 (Difference-Bound Matrices (DBM)). Let X = {xy,2z9,...,2,} be a set
of states in a given state-space and X = X U {zo} be its augmented form, where xy = 0.
A DBM is a square matriz D with its rows and columns labeled by X (i.e., of dimension
(n+1) x (n+1)) such that its entries d;; are in RU{+oo} and represent for all z;, x; € X
the difference constraints® (linear inequalities) x; — x; < d;; with i,j € {1,...,n+ 1}.
Moreover: the artificial state xo allows expressing x; < dio and —x; < do;; if an entry d;;

is equal to 400, then x; — x; is not upper bounded, i.e., v; — x; < +o0o; the difference

3. DBM allow expressing strict and non-strict difference constraints, for instance x; — z; < ¢ and
x; —x; < ¢, respectively. However, in general, we are interested on non-strict constraints.
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constraint x; — x; > c with ¢ € RU{+o0} is reinterpreted as x; —x; < d;; = —c; the main

diagonal elements d;;, are equal to +0 since x; — x; = 0 < d;; = +0.

In the sequel, we use the notation R(D) to represent the set of solutions of the system

of inequalities (intersection of inequalities) encoded by a DBM D.

Remark 2.11 (Canonical form and emptiness verification). In general, the same region
can be represented by different DBM, for instance Dy and Ds. Nevertheless, each DBM
admits a single representation in its canonical form, denoted for instance for Dy and Do
as cf(Dy) = cf(Ds) (see [61, Th.2]). The algorithm of Floyd-Warshall, with complexity
O(n®), is responsible for computing c£(Dy) and cf(Dy). Moreover, as presented in [35,
Alg. 2.1], this algorithm allows signalizing if the corresponding DBM represents an empty

region, and it stops if this is the case.

Example 2.9. Let X; = {(z1,22)" € R? | 21 > 3,20 < 5,01 — 2 < 4} and X, =
{(x1,22)" € R? | @y > 11,29 < 5,01 — 29 < 4} be two subsets of R?, representing two
different zones. These sets are represented by the DBM Dy and Dy of (RU {+00})3, as

given below:

i I )

zof +0 =3 +oo T >3 <= z9g—x1 < -3
Di =z +00 +0 4 <= T9<H <= x9—29<5H
ro\ 5 +oo +40 T — T < 4
and
To T1 o
o[ +0 —11 +oo r1 > 11 ro—x < —11

= <
Dy =21 +00 40 4 = Ty <5H <= a9 — 129 <
<

T2 5) +o0o0  +0 1 — T

Computing their canonical forms using [35, Alg. 2.1], we obtain®.

To T1 T
To[+0 =3 1

D=z 9 40 4 | = R(Dy)#0 and R(Dy) = 0.
zo\ D 2 40

4. R(D3) = 0 is also easily verified by considering that o <5 = z; < 9 when intersecting with
21 — T2 < 4 and thus there is no z; that satisfies both inequalities 1 < 9 and z; > 13.
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Figure 2.4 below depicts these regions.

X2
ot
.

Figure 2.4 — Representation of region R(D;) and inequality z; > 11 of Example 2.9

Remark 2.12 (Orthogonal projection of DBM). Let D be a DBM, in its canonical form,
that represents the region R(D) generated by the variables x; € X = {xo,x1,29,...,2,}
and their differences x; — x;,¥i # j and i,j € {0,...,n}. Given X = {@iy, ... 7, } € X,
then the orthogonal projection of D onto 5(\, denoted D[, is obtained by deleting the
rows and columns corresponding to X\X, i.e., the variables x; ¢ X (see [61, Sec. 4.1]).

Furthermore, the region represented by D is given by
R(DI')’(\) = {([Eil, e ,l’ip)t € RP ‘ (5(30, T1,X2,... ,In)t S R(D)}

Remark 2.13 (Cartesian product of DBM). Let DX et DY be two DBM of dimensions
(p+1)x(p+1) and (n+ 1) x (n+ 1), respectively. Then, the Cartesian product of their
regions R(D™) and R(DY) is computed as

R(D*) x R(DY) = {(x',y")' € RPT" | x € R(DY),y € R(D")}.

Alternatively, it is possible to compute DX*Y = DX x DY as an augmented DBM of
dimension (p+n+1) x (p+n+ 1) such that

R (DY) =R (D¥) xR (D).
Computationally, calculating D**Y is done with complezity O(max(p?, n?)).
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Example 2.10. Let

Zo X1 T2

To Y1
ol +0 +o0 +o0
D™ =zl +0 +0 oo |and D' =
n\1 +0

To\+oo +oo +0

be the DBM that represents R? and an arbitrary DBM, respectively. Then, DR*xX g given
by
Zo I T2 Y1
zof +0 +oo0 400 0
1| +o00 +0 H4oo 400
To| +00 400 +0 +4oo
n\ 1 +oo +oo +0

DRQXX — DR2 % DX —

Clearly, DR**X s in its canonical form, i.e., cf(DRQXX) — DR**X_ As proof of correctness,
the orthogonal projection of c£(DR**X) over R? is c£ (DR *X)[ge= DR and the orthogonal
projection of c£(DR>X) over X is c£ (DR *X)[x= DX.

Remark 2.14 (Representing interval vectors as DBM). An interval vector [x] € IR is

such that xog — x; < —z; and x; —x9 < T; fori =1,2,...,n in the conventional algebra.
Hence,
Lo Ty T
2o (40 =@y oo —z,
P
: Id, )

where 1d, is a matriz of dimension nxn with +0 on the main diagonal and +o0o elsewhere,
is the DBM representation of [x].

Remark 2.15 (Partial order on DBM). Let D and E be two DBM of same dimension
n x n. The partial order on D and E is defined as: D = E <= d;; < e;; where d;; € D
and e;; € E for alli,j € {1,...,n}. Then,

D = E implies that R(D) C R(E).
Remark 2.16 (Set-theoretic operations of DBM). Let D and E be two DBM of same
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dimension n X n such that their region representations R(D) and R(E) are non-empty.

Thus, min(D, E), computed element-wise, is such that
R(D)NR(E) = R(min(D, E)).
Similarly, max(D, E), also computed element-wise, is such that

R(D)UR(E) C R(max(D, E)).

Example 2.11. Given two interval vectors

~([LA4] _([2,5]
x] = ([173]) and [y] = ([274]) ,

then their DBM representations (see Remark 2.14) is given below

Ty X1 To Tog 1 o)
xo[+0 -1 -1 ro(+0 -2 =2

DB — x| 4 +0 ool and DV = x| 5 +0 H4ool.
2\ 3 4oo 40 2\ 4 +oo 40

Computing

can alternatively be done by considering min(DX D) :

0 -1 -1\ (0 -2 =2 min(0,0) min(—1,—-2) min(—1, —2)
min| {4 0 oo|,[5 0 oo |=|min(4,5) min(0,0) min(co,0)
3 o 0 4 oo 0 min(3,4) min(oo, c0) min(0, 0)
0 -2 -2
=14 0 o0
3 oo 0
Similarly
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can alternatively be done by considering max (DX, DM):

0 -1 -1\ (0 -2 -2 max(0,0) max(—1,—2) max(—1,—2)
max |4 0 3 |,[5 0 oo = | max(4,5) max(0,0) max (00, 00)
3 2 0 4 oo 0 max(3,4) max(oco,00)  max(0,0)
0 -1 -1
=15 0 o0
4 oo 0
Furthermore,

min(D¥, D¥) < max(DX, DV) — R(min(D¥, D)) C R(max(DX, D)),

Figure 2.5 shows these computations.

)
w

£

1,, R

X1

Figure 2.5 — Representations of [x] (or R(DM)), [y] (or R(DM)), [x] N [y] (or
R(min(DX, D) and [x] U [y] (or R(max(DX, D)) of Example 2.11

PWA-uMPL systems represented by DBM

In [48], the authors proposed a method to represent partitioned MPL systems as DBM
(refer to Section 1.3.3). Algorithmically, it receives as input the matrix of the MPL system,
and it returns as output the collection of DBM, in which each DBM represents an affine

dynamics and its corresponding active region. Thus, the main advantage of using DBM to
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represent partitioned MPL systems is the existence of powerful and efficient manipulation
procedures (Cartesian product, orthogonal projection, canonical form, inclusion test and
set-theoretic operations). Nevertheless, it is worth to be mentioned that this representation
substantially increases the dimension of the problem, i.e., instead of having a compact
state-space equation, we obtain finitely many DBM.

Straightforwardly, in [35, 27|, this representation was extended to uMPL systems and
for in-depth information, please refer to these works. Briefly, recall that Equation (2.15)
is alternatively expressed by Equation (2.21) and is valid for x(k — 1) in an active region
Ry given by Equation (2.19). After trivial algebraic manipulations in the conventional
algebra, y(k) € L N U8, where

"lower" dynamics

L= () Ny € RU{=))" [, = 0 < -a) (222
U= = (1 € RU{=0ch" |31 = 2, < ), 2.2

"upper" dynamics

for x = x(k—1) € Rg, which is clearly the intersection of n x (p+1) difference constraints.

Hence, it is possible to write all these inequalities using a single DBM, as shown below

zo  yu(k)--- - yn(k) xi(k—1)----- wp(k —1)

zof +0 © +00------- +00 OO0 +00
i s

2 B 1d, U® from Eq (2.23)

D= y(k)| 400 , (2.24)

B

: .. Lfrom Eq (2.22) : Ry from Eq (2.19)

2k — 1)\ o0 :

which is a matrix of dimension (n +p+1) X (n+p+ 1).

Definition 2.5 (Subsystem of a PWA-uMPL system). A subsystem of a PWA-uMPL
system is represented by the DBM D% with g € {1,...,p}".

Example 2.12. Let us recall Example 2.8. It was obtained 3 regions, precisely R 1y,

4
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R(271) and R(2’2). For

Ry = {x(k—1) [za(k —1) —a1(k—1) < 1,

1,1
gy

the active dynamics is given by Equations (2.22) and (2.23), as follows

x(k) e L

NSx(k) | z1(k) —x1(k—1) <6 pNIx(k) | xo(k) —x1(k—1) < T3,

1,1 1,1
dyy dyy

where

L=<x(k)|xi(k—1)—a1(k) < —4rnNix(k) | zo(k —1) — z1(k) < =3

1,1 (1,1)
de ) dgo

A x(k) [ 21 (k — 1) — 2o(k) < =3 ¥ N4 x(k) | wa(k — 1) — 2o(k) < —4

(1,1) (1,1)
dys ds3

and thus

zo  x1(k) xo(k) x(k—1) zo(k—1)

Tof 40 400 +o0 400 +o00

z1(k)| +o00 +0 +o0 6 +o0

DYDY = gy(k)| 400 4o 40 7 +00
ri(k—=1)[4+00 -4 -3 +0 +00

wo(k— D\ +o0 -3 4 1 +0
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Now, for

Rony={x(k—1) |1 <23k —1) —a1(k—1) <2}

=¢x(k=1)|z(k—1)—z2(k—1) < —=1pNex(k—1) | z2(k—1) —ay(k—1) <2

?

dg’l) d(si,m
we have the following active dynamics

x(k) € L

N4 x(k) [ 21(k) — 2ok — 1) <55 N Ax(k) | wa(k) — a1 (k—1) < T,

1) (2,1)
d25 d34

and thus

ro  x1(k) xo(k) x(k—1) 29k —1)

o[ 40 400 +o0 400 400

ri(k)[ 400 +0 +4oo +00 5

D®Y = gy(k)| 400 4o 40 7 +00
ri(k—1)[ 400 -4 -3 +0 -1
To(k — 1)\ 400 -3 —4 2 +0

Following the same procedure, for R0 = {x(k —1) | x1(k — 1) —xa(k — 1) < =2} we

obtain

Zo l‘l(k?) IQ(kZ) J]l(k’ — 1) l‘g(k? — 1)

o[ +0 400 400 400 ~+00

z1(k)[+00 +0 +4o0 +00

D32 — zo(k)| o0 400 40 +00
ri(k—1)|+00 -4 =3 +0 -2
za(k —1)\+00 -3 —4 +00 +0
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2.4 The set-estimation problem: conditional reacha-
bility analysis (RA) techniques

In stochastic estimation approach, the uncertain state vector x is characterized by
probability density functions (PDF). Conversely, in set-membership estimation (or set-
estimation for short) approach, x is characterized by a set X such that x € X. Both
approaches are related by the fact that X represents the support of the PDF that represent
X.

Handling sets is easier than computing PDF (more details will be presented in the
next Chapter), however PDF provide more accuracy rather than simply obtaining their
support. Hence, set-membership estimation is considered to be conservative.

In this section, we consider the model of Equation (2.14) with Ag(k) = & for all
1 <k < N. We also consider that the measurement vector z(k) is included in a subset of

the measurement-space, precisely z(k) € Z(k) C R?

max"*

Definition 2.6 (Conditional reach set). Let Xy C Rl be a set of initial conditions such
that x(0) € Xo. Given that z(k), from event 1 up to N, is included in Z(k), then Xy
corresponds to the conditional reach set from Xy, (assuming that Xojo = Xo) obtained
by Equation (2.14a), which leads to Z (k) via Equation (2.14b).

The interpretation of Definition 2.6 is the following two-fold procedure:

~—~— ~—— ~—~—
posterior estimation prior estimation set-inversion problem

where
— for the non-autonomous case: X1 = {(A B)y(k 1) |yk—=1) € Xp_qp—1 X
Ui A €[4, B € [B]}, Uy = {u(k)}
— for the autonomous case: Xy,—1 = {Ax(k —1) | x(k — 1) € Xj_qp1, A € [A]};
— for z(k) € Z(k), where Z(k) is not a singleton: Xy, = {x(k) | 3C € [C],Cx(k) €
2(0)}: ~
— for z(k) € Z(k), where Z(k) = {z(k)}, i.e., Z(k) is a singleton: Xy, = {x(k) |
aC € [C],Cx(k) = z(k)}.
Characterizing Xk‘k corresponds to a set-inversion problem [38] in the general case and
to the inverse mapping of a point problem if Z(k) is a singleton (refer to Section 2.2.3).
Hence, Xy; is the set of all states x(k) that may lead to z(k) € Z(k).
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€9 To
YX'€ Xyt : 3% € Xp_jpr, A € [4], such that x'= Ax
/_\\ Jx’'e Xjjp—1 that generates Z(k)
Xi—1[k-1 )\( 2
D e klk—1
xry ) €1
- N
P K s Xk
) . Vx'€ Xyy: 3C € [C), such that Cx'¢c Z(k)
V/_\-\ H .
] :
2 .
Xk
21 o €

Figure 2.6 — Graphical scheme of the two-fold computation of Xj: from Xj_;,_; we
compute Xp,_1; it exists a x(k) € Xpp—1 that generates Z(k) which in turn generates

Xip; finally, Xpp = Xyt N Xy

Remark 2.17. If X 141 = {x(k — 1)} for any k then Xyi_1 is easily computed by
Equation (2.7) as x(k) € Xyp—1 = {x | Aix(k — 1) < x < Aix(k — 1)}, for autonomous
systems. The same is considered for non-autonomous systems by considering that A;x(k—
D@ Bu(k) < x(k) < le(k;—l)@gu(k). This computation (matriz-vector multiplication)
has bilinear complexity O(n(n+p)) for non-autonomous systems and quadratic complezity

O(n?) for autonomous systems.

The Figure 2.6 depicts an example of the steps necessary to compute Xy

2.4.1 DBM-RA

In [35, 27, 29], the computation of Xy, is addressed using forward and backward
reachability analysis (RA), as an extension of the results found in [65, 66, 48].

Remark 2.18. The image and the inverse image of a set represented by a DBM with
respect to a subsystem (cf. Definition 2.5) of a PWA-uMPL system is a set that can be
represented by a DBM (see [35, Prop. 5.1]).

Remark 2.19. The image and the inverse image of a set represented by the union of
finitely many DBM with respect to a PWA-uMPL system can be represented by the union
of finitely many DBM (see [35, Cor. 5.2]).
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In the sequel, we consider Remarks 2.18 and 2.19 to compute X, and XMk.

Prior estimation

First, we aim at computing

Xk|k—1 = {Fy | yc Xk—l\k;—l X Uk,F S [F]}, (226)

with [F] = ([A4] [B]) and Uy, = {u(k)}.

It is assumed that the set Xj_;x_; is represented by the union/collection of a finite
number of DBM. Furthermore, x(k) = F(k)y(k) with F(k) € [F] and y(k) = (x*(k —
1),u’(k))" is also represented by the union of a finite number of DBM (see Section 2.3.3).

Image of a DBM with respect to a subsystem of a PWA-uMPL system

Let D& € (RU {+oo})mtmtixntmtl he the DBM representation
of a subsystem of a PWA-uMPL system. Given DY+ = DXr-1 x
DY € (R U {4o0})™*m*l representing the region R (Dyk) =
Y = X1 x Uy € (RU{400})™, then its image with respect to
D# is given below:
1. Compute the Cartesian product between DR" and DY,
mathematically DR"*Yr = DR" x DY+ (see Remark 2.13);

2. Compute the intersection of DR"*Ys with D8 mathemati-
cally DXt = min(DR"*¥s D#) (see Remark 2.16);

3. Compute the canonical form of D)?’C, mathematically, Dé’“ =
cf(D**) (see Remark 2.11);
X

4. Compute the orthogonal projection of D} over x(k), math-

ematically DX+ = Dé’“ [{21(k),....on(k)} (se€ Remark 2.12);
5. D*¥ is the image of DY,
The complexity of this procedure depends essentially on the canon-
ical form computation (step 3), which is cubic in the dimension
of DX*. The term m refers to an autonomous (m = n) or non-

autonomous system (m = n + p).
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If Xy 1jk—1 X Uy is represented as the union of N DBM then its image is computed with
worst-case complexity O(Nm™(n 4+ m)?) where m = n + p if [B] # & in [F] = ([A4] [B))
(i.e., Uy # () or m = n otherwise. The term m™ refers to the worst-case number of
subsystems of the PWA-uMPL system, and the term (m + n)? refers to the complexity
of computing the image of a single DBM with respect to a subsystem of the PWA-uMPL
system. Assuming m = n, then the worst-case becomes O(Nn""3), i.e., exponential in

dimension n, which is clearly cumbersome if we want to handle large systems.

Example 2.13. Recall Example 2.8, which is represented by 3 subsystems of the PWA-
uMPL system that represents a uMPL system. Precisely, in Example 2.12 we have com-
puted D = {DWY DY DRIV g5 its subsystems. Given

zo x1(0) x2(0)

o (10 0 -1

Xojo={x(0) [0 <2:(0) 1,1 <a5(0) <3}, DM =2(0)[ 1 40 +o0
z2(0)\ 3 +oo 40

which is an interval vector in IR, represented by the corresponding DBM DXo0 | then

max’

Xio 45 the collection of the images of Xojo with respect to each D € D.

Following the procedure, we compute

+o00 +oo  +0 4o

(1)

DR*Xoo — DR 5 DXoo — z5(1)| 400 00 40 400 +oo
(0)

2(0)\ 3 400 +oo 4oo +0

Then, for DY we compute

DXue=a) — min(DRQXXO\o,D(Ll))
0 o0 oo 0 -1 0 0o o© oo o 0 0o oo 0 -1
o 0 oo oo ™ o 0 oo 6 oo o 0 oo 6 ™
=min||oco 0o 0 o0 ©]|,|]coc 0o 0 7 o0 =]l oo 0 7 oo,
1 oo oo 0 o0 x —4 -3 0 o 1 -4 -3 0
3 00 o0 oo 0 o -3 —4 1 40 3 =3 41 0
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and thus, the canonical form of DXve=0.1)

(
xo(+0 —4 -5 0 -1
R ()| 7 40 2 6 6
DY — ce(DXs0n) = 4p(1)| 8 3 40 7 ,
z1(0)] 1 —4 -4 40
z2(0)\ 2 =3 —4 1 +0
and finally the orthogonal projection of Dj;l'g:“’l) over x(k)

~

Xig=(1,
DXue=00 = D EODT0 0) ay

2o z1(1) 22(1) z1(0) 22(0) [
xo(+0 -4 =5 —1 xo 1(1) x2(1)
a7 +0 2 5 5 20 (+0 -4 =5
= x9(1)] 8 3 +0 T T =z ()| 7 +0 2 |,
21(0) 1 4 4—o W\ 8 3 40
22(0) \-2 3 4 HO
{21 (1)22(1)}

which corresponds to

R (D¥e=00) = Xijg—qa)
={x(1) [4<21(1) 7,5 < a5(1) <8, -2 < my(1) — m(1) < 3}

Repeating the procedure for DV and D®?)  we obtain

ro x1(1) x2(1) ro x1(1) x2(1)

xo(+0 —4 =5 2o[+0 -5 -6

DX¥ue=cn = (1) 8 40 1 and DXe=c2 = 2,(1)| 8  +0 1
zo(1)\ 8 3 +0 zo(1)\ 8 2 +0

Hence, Xy is represented by

DX — {DXug:u,l), DXug=c1) DXug:m)} ,
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Xp="R (Dxllg;{1,1)> UR (D¥ie=c2)

’

X2

’
’

1
. .
’ .

Xojo

O R N W s O 1 o ©

-1

10 1 2 3 45 6 7 8 9
g

Figure 2.7 — Computation of X;|q of Example 2.13

Notice that D¥1s=¢2 < D¥is=c0 then R (D¥1s=c2) C R (D¥iie=0) (cf. Remark 2.15)

and then we have simply
DX1o — {DXug:(m), DX1|g:<2,1)},
which corresponds to

Xi0=TR (Dxug:um) UR (DXug:(z,l))
U{x(1) |4 <z(1) <85 <x9(1) <8,—1 < a9(1) —21(1) < 3}

Figure 2.7 represents Xojo and Xy)o.

Set-inversion estimation

We aim at computing
Xy = {x(k) | 3C € [C],Cx(k) € Z(k)}. (2.27)

It is assumed that Z(k) is represented by the union of a finite number of DBM.
Similarly to the prediction phase, the observer z(k) = C'(k)x (k) is also represented by the

union of a finite number of DBM.
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Inverse image of a DBM with respect to a subsystem of a PWA-uMPL observer

Let D& € (R U {+oc})etntixetntl he the DBM representation
of a subsystem of a PWA-uMPL observer. Given D?*) ¢ (RU
{+00})?T1*eFL representing the region R (DZ(’“)> = Z(k) C (RU
{+00})?, then its image with respect to D# is given below:
1. Compute the Cartesian product between D?*) and DR",
mathematically DZ*)*R* = DZ(k) x DR" (see Remark 2.13);

2. Compute the intersection of DZ*)*R" with D& mathemati-
cally DX = min(D?®)*R" Dg) (see Remark 2.16);

3. Compute the canonical form of D)?k, mathematically, Dgfﬁ =
cf(D**) (see Remark 2.11);
X

4. Compute the orthogonal projection of D7} over x(k), math-

5. DX* is the inverse image of DZ(*),
The complexity of this procedure depends essentially on the canon-

ical form computation (step 3), which is cubic in the dimension of
DXx,

If Z(k) is represented as the union of N_; DBM then its inverse image is computed
with worst-case complexity O(N_1n%(q + n)?), which is also exponential in dimension n
for ¢ = n. The term n? refers to the worst-case number of subsystems of the PWA-uMPL
observer, and the term (q+n)?3 refers to the complexity of computing the image of a single
DBM with respect to a subsystem of the PWA-uMPL observer.

Example 2.14. Consider the observer z(k) = C(k)x(k), with C(k) € ([1,3] [e,2]> for
all k. This observer is also represented as a PWA-uMPL system, depicted by the collection
of DBM D = {DW, D@} given by Equation (2.24), where

xg  z(k) z(k) wza(k) xo z(k) (k) x2(k)

o[ +0 400 400 400 o[ +0 4+o0 400 40

PO _ z(k)| 400 +0 3 +o0 nd DO — z(k)| +00 40 o0 2
ri(k)[ 400 -1 40 +o0o ry(k)[ 400 -1 40 -1
xo(k)\+o00 0 1 +0 za(k)\+00 0 +oo +0
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Suppose that x(1) = (5,7)" originates a subset of the measurement-space, denoted Z(1),

which is, in this case, an interval vector, mathematically

2(1) € 2(1) = [2](1) = [7.9] € Runu

which is represented by the following DBM

o 2(1)
DZ(l) _ To +0 -7 .
z2(H)\' 9 40
Then, Xlll is the collection of the inverse images of Z(1) with respect to each D € D.

Following the procedure, we compute

zo  z(1) x1(1) z9(1)

o[ +0 =7 +oo Ho00
()| 9 40 +oo +o0
z1(1)| 400 +o0 +0 oo
ra(1)\+o00 +o0o +oo +0

DZ(1)><R2 _ DZ) DR2 _

Then, for DU we compute

DXile=0) — min(DZ(l)XRQ,D(I))

0 -7 o o© 00
0

= min

»—lowg

00

00

00
0

¥ 8 o o
|

0
9 0 o0 oof |@
o oo 0 ool |oo —1
o oo oo 0 o 0

and thus, the canonical form of DXuis=)

ro 2(1) a1(1) z2(1)
To[+0 -7 —4 4o
19 +0 3 +o0
M8 -1 40 +oo
(1)
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and finally the orthogonal projection of Dg;”g:(” over x(k)

X1 jge
DXllg:(U = Dcfl‘g @ [{x1(1)7$2(1)}

xo 2(1) x1(1) xo(1)

xo x1(1) x2(1)

To[+0 —4 +oo
=z 8 +0 Hoo |,

O\ 1 40

{z1(1),z2(1)}

which corresponds to

R (DXie=) = Xujgq
={x(1) |4 <x1(1) <8 —00 < x5(1) <9,29(1) — 21(1) < 1}.

Repeating the procedure for D, we obtain

xo x1(1) x2(1)

To[+0 400 =5
DYie= =z (1) 8 +0 —1 |,
za(H)\ 9  +oo 40

which corresponds to

R (D% = Xijg—iz)
={x(1) | —oo < x1(1) < 8,5 <x9(1) < 9,1 <mo(1) —x1(1)}.

Hence,

X =R (DXug:u)) UR (DXug:@))
={x(1) |4 <x:(1) <8 —00 < x9(1) <9,29(1) — 21(1) < 1}
U{x(1) ]| —oo <21(1) < 8,5 <x9(1) 9,1 < a9(1) — z1(1)}.

Figure 2.8 depicts R (DX1|E:<1)>, R (DXllg:@)) and Xl\l'
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10 &
9
8 | x(1)
7l R (DXug=<2>) o
6 1
5

S 41 R =

3| - L
2 | ot 2
S R b
0f . Q2

9 ;

210123456 78 910
g

Figure 2.8 — Computation of Xlll of Example 2.14

Correction phase

In the correction phase, we correct the prior estimation set Xj;_; with the set XW,
obtained thanks to the observation, leading to the posterior estimation set X (see
Equation (2.25)).

Remark 2.20. The intersection of two sets represented by the union of finitely many
DBM is again a union of finitely many DBM.

Let N1 and N; be the number of DBM to represent Xj,_; and Xk|k, respectively.
Then, Xj, is the collection of the canonical form representation of the intersection of
each DBM that represents Xy ,_; with each DBM that represents X klk- Thus, the overall
complexity of computing Xy is O(N1Non?), where n® corresponds to canonical form

computation (Floyd-Warshall algorithm).

Example 2.15. Recall the uMPL system of FExamples 2.8 and 2.13. Let us consider that
the associated observer is given by Example 2.14. The point x(1) = (5,6)" is in X9 and
it generates Z(1) that was used to compute X1 (see Ezamples 2.13 and 2.14), hence
Xip = XqpoN Xm is expected to be non-empty. Figure 2.9 depicts X1 = Xy)o.

Z(k) = {z(k)} - set-inversion problem becomes an inverse mapping problem

In the vast majority of cases, more particularly in stochastic filtering problems, z(k) €

Z(k) = {=z(k)}, i.e., a sequence of measurements {z(1),...,z(k)} is obtained via the
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10 4
I R e e e e R 5
8| I
71 X’m > 2(”/1/7 ,:&110;:
4 S |
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3 : :
21 : :
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—1 | [
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-2-101 2 3 45 6 7 8 910
I

Figure 2.9 — Computation of X;; of Example 2.15

observer Equation (2.14b). Then, Equation (2.27) is alternatively replaced by
Xp = {x(k) | 3C € [C], Cx(k) = z(k)}, (2.28)

which is equivalent to
{x(k) | Cx(k) < (k) < Ox},

with the solution given by Proposition 2.1. Hence, let us consider®

q
Xije = U SET®NU, with SET® = (] set) and U = {x(k) | x(k) <X},
g=(91,.-,9¢)€{L,....n}7 i=1

(2.29)

sty = (]ﬂ {x(k) | 2w (k) < zi(k) — cik}) N{x(k) | —z;(k) <y — zi(k)}.

w=1

The sets U and set’ are clearly represented by DBM with strictness sign >a € {<, <},

5. X = CXz(k) converted in conventional algebra.
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in contrast with Definition 2.4, precisely

o ai(k) e (k)

(2.30)
)\ (X <)

where Id)" is a matrix of dimension n x n with (40, <) on the main diagonal and (400, <)

elsewhere and

Dset; —

)\ (oo, <)

(2.31)

where ng) = Zz(l{?) — éij'

Remark 2.21 (Partial order on DBM with strictness sign). Let (a',><') and (a”,><") be

two typical entries of DBM with strictness sign where b<', <" € {<,<} and a’,a"” € RU

{+o00}. These pairs are ordered, i.e., (a',><') < (a”,>") ifa’ < a”" or®a’ = a” and =<' <",
(see [29, Sec. II]). Furthermore, this partial order is also applied to the element-wise op-

erations max and min between two DBM, which are fundamental operations in order to

handle intersection and union of DBM (see Remark 2.16).

6. The symbols < and < are assumed to be partially ordered with < strictly less than <, i.e., < < <.
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Then, SET® is represented as

R (DSPT®) - ﬁR (D) =R (I{ﬁ{l (Dsetf]i)> ’ (2.32)
i=1 =
and the set SET® N U is represented as
R (DFT*V) = R (DSFT*) AR (DY) = R (min (D™, DV)). (2.33)

Remark 2.22 (Easy emptiness check). Let D be a DBM with strictness sign of dimension
(n+1) x (n+1). If all entries different of (+0, <) or (400, <) are in its first row/column,
then x; — xg > ¢ and xg — x; <" " where >, " € {<, <} and ¢, € RU {+o0}
foralli € {1,...,n}. Hence, rather than checking for emptiness of D using the canonical
form computation, which has cubic complexity in dimension n (see Remark 2.11), it is
alternatively possible to verify if it exists an empty interval {z; | —c”" <" x; ' '} (note
that this definition of interval differs from Definition 2.1), which is done for D with

worst-case linear complexity in dimension n, i.e., O(n).

It is worth to be mentioned that DS#T*"V is computed with complexity O(q), however
it is likely that this DBM is empty for some g (see Remark 2.22), hence the overall

DSETgﬂU

complexity of computing amounts to O(gn) in the worst-case scenario.

Finally, X K|k 1S represented as

Xy = U R (DSFT*OV), (2.34)

g=(g1,-.-,9¢)€{1,....,n}7

with cardinality n? in worst-case scenarios. Thus, computing X K|k is done with worst-case
complexity O(qn?™t) [29, Alg. 1], whereas using the set-inversion estimation procedure,
the worst-case complexity is O(n?(q + n)?). Hence, the performance” of computing XWC
is improved. As another advantage, X K|k is represented by Equation (2.34) as a disjoint
union of DBM, while it is also represented using the set-inversion procedure, but probably

with overlapping DBM (see Example 2.13).

Remark 2.23 (Reinterpretation of Xj,—; as a collection of DBM with strictness sign).

In order to compute Xy, using the improved computation of ka of Equation (2.34), it is

7. If ¢ = n then X’k‘k is computed with complexities O(n"*2) and O(n"*3), using inverse mapping of
Equation (2.34) and using set-inversion procedure, respectively.
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necessary to reinterpret the collection of DBM that represent Xy,—1. Basically: +0 entries
are replaced by (40, <); 400 entries are replaced by (+00,<); other entries ¢ € R\{+0}
are replaced by (¢, <).

The complexity of computing Xy, with the new representation of
X K|k given by Equation (2.34) and the reinterpretation of Xpj,_; is
still O(Ny Non?) where Ny and Ny are the number of DBM necessary
to represent Xy ,—; and X K|k, Tespectively. Furthermore, it is neces-
sary to compute the canonical form representation of the intersec-
tion of each DBM that represents Xy ;1 with each DBM that rep-
resents X K|k, With a sligth modified version of the Floyd-Warshall
algorithm, by considering the strictness signs of the involved DBM
[67, VeriSiMPL]. It is also worth to note that if Xj,_; is given by
{x(k) | x(k|k — 1) < x(k) < X(k|k — 1)} (see Remark 2.17), then
Xy is computed with complexity O(Nyn?) since its calculation
does not use the Floyd-Warshall algorithm, but the Remark 2.22.

Example 2.16. Let us recall the uMPL system of Examples 2.8 and 2.13. Now, consider

that the associated observer is the same given by Example 2.14 but with

2(1) = C(1)x(1) € Z(1) = {z(1)},
where C(1) = (1 1) and x(1) = (5,7), yielding z(1) = 8, which is represented by the

following DBM
xo  2(1)

Dz(l) _ ZTo +0 —8 ‘
z2(H)\ 8 40
Following the same procedure used in Fxample 2.14 we compute

Xip={x|5<a1(1) <7,—00 < a5(1) < 8,mp(1) — (1) < 1}

However, let us consider the procedure of Equation (2.34) to alternatively compute Xl\l-
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First, we compute DY using Equation (2.30) as

Zo x1(1) xo(1)
zo ((+0,<) (+00,<) (400,<)
DY =z (1)| (7.€)  (40,2)  (+00,<)
za(1)\ (8,<) (+00,<) (40, <)

Then, for g = (g1) € {1,2} we compute D% for i =1 using Equation (2.31) as

xo z1(1) zo(1)
(+0,<)  (=5,%) (+00,<)
D*tn=1 = 2, (1) | (+00,<)  (4+0,<) (+00,<)

2a(1) \(+00, <) (+00,<)  (+0,<)

X

o

and
To x1(1) xo(1)
o (+0,<)  (+00,<) (—6,<)
D= — ()| (5,<)  (+0,<) (+00,<)
:L‘Q(l) (+OO, <) (+OO, <) (+07 S)

Thus, using Equation 2.32 we obtain that

DSETg:(l) _ Dsetél:l and DSETg:(Q) _ D86t5111=2

and using Equation (2.33) we finally obtain

o ZL’l(l) iL’Q(l)

2o ((+0,<) (=5,<) (+00,<)
DSET=O0 — ()| (7,9)  (+0,<)  (+00,<)
za(1)\ (8,<) (400, <) (4+0,<)

and
T x1(1) xo(1)
o[ (+40,<) (400,<) (—6,<)
DSETEP0U — o ()| (5,<)  (40,<) (400, <)
(8,<) (400,<) (40,<)

~—

513'2(1

~—
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(a) Computation using set-inversion procedure (b) Computation using inverse mapping

Figure 2.10 — Both representations of X 1)1 of Example 2.16

Hence,

X1|1 - R (DSETg:u)mU) UR (DSETg:(z)ﬂU)

={x[5<x;(1) <7,—00 < x9(1) <8t U{x | —00 < x1(1) < 5,6 < x5(1) < 8}.

Both representations of Xlll are depicted in Figure 2.10. Finally, the computation of
Xip=Xqp0N Xl\l is represented in Figure 2.11.

2.4.2 Polyhedral-RA

In this Section, we tackle the set-estimation problem given by the Equation (2.25) and
presented in the Definition 2.6 by using Max-Plus polyhedral-sets, which will be defined
in the sequel. We shall use [68, 69] to recall the results concerning Max-Plus polyhedra,
which allow us to solve the set-estimation problem with algebraic operations in Ryayx only,

i.e., without using any kind of affine partition of the state-space.

Max-Plus polyhedra

Conventional convex polyhedra and (convex) Max-Plus (or Tropical) polyhedra admit
external descriptions, in terms of half spaces (affine constraints), and internal descriptions,
in terms of convex hulls of generators (vertices and rays). Nevertheless, the underlying
algebras used by the two kinds of polyhedra are different, therefore the mathematical

tools and definitions are also different.
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Figure 2.11 — Computation of X;j; of Example 2.16

n
max

Definition 2.7 (Max-Plus line segment). A subset Ly of R

ment if it is given by

is a Max-Plus line seg-

Lo = AV@ uw | A @ = ¢}

for some vectors v,w € R..._. Furthermore, v and w are the endpoints of L with (A =

e,pp=¢) and (\ = e, u = e), respectively.

Remark 2.24. Contrary to conventional line segments, there are no positivity constraints
on \ and pu for Max-Plus analogues because for all scalars a € Ry.x, we have that a >

£ = —00, i.e., being "positive” by construction, which is omitted.

n

Remark 2.25. Maaz-Plus line segments of R
most n conventional closed line segments Ly, = {tx+ (1 —t)y | 0 <t < 1} of slope 0,1

max 07€ depicted as the concatenation of at
or +o00, with endpoints x andy.

n

Definition 2.8 (Max-Plus convex sets). A subset C of R
any v and w in C, the Max-Plus line segment connecting v and w also lies in C, i.e.,
L,we€C.

is Max-Plus convez if, for

max

In general, Max-Plus convex sets are not convex in the conventional sense. Figure
2.12a depicts an example of a convex set in ﬁfnax and it can be seen that it contains all
Max-Plus line segments between two points in itself (there are 6 kinds of Max-Plus line
segments in ﬁfna as represented by the red lines in this figure) but it does not contain

X

the conventional line (in blue).
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(a) Convexity through Max-Plus line segments (b) Intersection of half spaces

Figure 2.12 — An example of a Max-Plus convex set in ﬁfnax

Definition 2.9. A Max-Plus half space is similar to a classical half space, and is defined

as the set of points x € R..._ satisfying

ax

Daojez|ob=> Do, | ad
j=1 j=1
where a;j, b, cj,d € Ryax.

n

Definition 2.10. A Maz-Plus polyhedron of R
tion of finitely many Maa-Plus half spaces, i.e., as the set of points x € R satisfying

is (externally) defined as the intersec-

max
s > 1 inequalities as given in Definition 2.9. This can be summarized as

P={x|Ax&b>Cxad},

_SXn

where A,C €R." andb,d €R, .

The convex set depicted in Figure 2.12a can be defined as the intersection of 4 Max-

Plus half spaces, as precisely depicted in Figure 2.12b.

Definition 2.11. The homogenization of a Max-Plus polyhedron P = {x | Ax®b > Cx®
d} CR.., is defined as P C ﬁfn:i, which is (externally) expressed as P = {z | Ez > Fz}
where E = (Ab), F = (Cd). Whenx € R, and a € Rpax, the term (xt, a)* refers to the

=n+1
vectorz € R,

X

whose first n coordinates coincide with x and the latter is o (refers to the
affine component in P ). Furthermore, thanks to Equation (1.2), the following equivalent
definition holds: P = {z | (E ® F)z = Ez}.
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By considering the Max-Plus Minkowski-Weyl Theorem [70, Th 1], in the sequel we
recall the internal representation of Max-Plus polyhedra. First, we consider the following

sets.

Definition 2.12. Given a subset W = {w',..., w™} C R...., the Maz-Plus cone gener-

ated by W is defined as cone(W) = {G}ﬁl AWl whe W\ € ﬁmax}.

This definition coincides with the span of W. Furthermore, a Max-Plus cone generated

by a non-null vector is a ray. Such a vector is a representative of the ray that it generates.

n

Definition 2.13. Given a subset V = {v' ... v’} CR ., the Max-Plus convex hull of
V' is denoted co(V') and is cone(V') with the additional constraint @%_, \; = e.

Theorem 2.1. A Maz-Plus polyhedron P C R, is (internally) expressed as

X

P = co(V) @ cone(W), (Minkowski sum,)
={vaw]|veco(V),we cone(W)},

for the finite subsets V,W C R (see [46]).

The subsets V' and W represent the generators of P, i.e., are sets of vertices and rays,

respectively.

Corollary 2.1. Let P = co(V) @ cone(W) C R, be a Maz-Plus polyhedron, then its

homogenization yields PC R

max’

which is (internally) defined as

P = cone(VUW),
V=Vx{e={"e)l|veV} W=Wx{e}={we)|weW}

Thus, the internal representation of the homogenous Max-Plus polyhedron of Defini-
tion 2.11 is given by the Max-Plus cone of Corollary 2.1. Therefore, the representation of

Max-Plus polyhedra is reduced to represent finitely generated Max-Plus cones.

Remark 2.26. IfW = () in VUW, that defines P = cone(‘A/UI//[\/), then P does not possess
non-null rays according to Definitions 2.12 and 2.13. Hence, P is the homogenous form
of P = co(V) @ cone({e}) which is equivalently equal to P = co(V) @ cone(()) = co(V),
where V= {v | (v*,e)' € V}. This Maa-Plus polyhedron is called compact and will be

referred to as c-Polyhedron in the sequel.
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Double description

In the literature, we find some methods to convert Max-Plus cones

from their external representation (cf. Definition 2.11) to their in-
ternal representation [46, 39, 69], i.e., to find its generating set. It
has been proved that the generating set is finitely generated [46]
and is equivalent to mean payoff games [71], which are known to
be in NP N coNP [72], i.e., the existence of a strongly polynomial
procedure for solving it remains an open problem. The double de-
scription method [69] is practically efficient and simple to be used
in Polymake [73] that implements TPLib [74] (even if its complex-
ity is exponential in worst-case scenarios, as precisely described in
Remark 2.27), and can be used to translate an external description

into an internal description and vice-versa.

Remark 2.27 (Complexity of external-to-internal procedure). For a Maz-Plus cone of
R ... generated by the intersection of s half spaces, the time complexity to translate its
external description into its internal description is O(N?s*n). The term G is related to
the maximal number of generators of the s intermediate half spaces, and the calculation of
its bounds falls back on a combinatorial problem that is hard to be determined beforehand
[75]. Nevertheless, in [15, Th. 1], the authors use McMullen-type bounds to show that G
is always upper bounded, but a general formula (i.e., for any s and n) for the lower bound
is still an open problem. Precisely (see [76, Sec. 5.5.4] for more details):

— N<O ((s + n)L%J),'

— N>0((s—2n)2"?%) ifs>2n; N>0O (anqu) if n>2s+ 1.

Hence, its upper bound is tight when n — +oo for a fixed s. In many practical applica-

tions, the exact value is much smaller than this upper bound, i.e., N is a non-exponential
function in the dimension n (i.e., the number of generators of the s intermediate half

spaces is also non-exponential).

Although costly, the double description is suitable to easily handle

set-theoretic operations of union and intersection.
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Example 2.17. In Figure 2.12b, 4 half spaces generated a Max-Plus convex set, precisely

x1 — 4 > max(xe — 7,0), 4 ¢ c e 7 e
0 > max(z; — 8,29 — 8), o e € i . e > -8 =8| [z o €
Ty —5>0, e = \a € e € T2 e
max(zy — 6,0) >z — 7, e =6 € -7 € c

Hence, it is possible to obtain a Max-Plus polyhedron P, externally represented as the

intersection of these half spaces or internally as

{5V ()

depicted by black dots in Figure 2.12b.

Membership to Max-Plus cones

Let G = {g',...,g"} be a finite subset of R, , C = cone(G) C
R .. be a Max-Plus cone and v € R}, be a vector. In [77], it has
been proven that testing whether v € C is equivalent to compute

the following test, with complexity O(nk):

k n .
vel — iszlargIJn:l{l(—g;—l—vj) ={1,...,n}, (2.35)
with g% the j-th component of the vector g’. Thus, if the test holds
then 3\, @ --- @ Ay = e such that v = @F , \ig’.

Remark 2.28 (Partial order on Max-Plus cones). Given two finite subsets of R... . pre-
cisely G = {g'}k_ | = {g',...,g"} and H = {hi}*, = {h' ... h"} then a partial or-
der can be defined on G = cone(G) C R, and H = cone(H) C R

HCG < Vh'e H h' € G. The complexity of this test is O(nwk).

" as follows:

max’

Example 2.18. Consider the internal representation of the Max-Plus polyhedron P given
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in Fxample 2.17. Its homogenization yields

8 4

P = cone 71,1 51,1 8 |,] 5 ,
e e e e
g! g? g3 gt

which is a Maz-Plus cone. Let v* = (8,5)" and v* = (6,7)" be two vectors. Using Equation
(2.35) we obtain®:

— for vl = (8,5,¢)':

(mm(—s 18, T 45,04 0)) U (mm(—7 +8,-5+5,0+ 0))

idx idx
U (min(—5 +8,—8+5,0+ 0)) U (min(—4 +8,-5+5,0+ 0)) =1{2,3} #{1,2,3}

idx idx

— forv* = (6,7¢)":

(rrbin(—S +6,-7T+7,0+ 0)> U (n&}n(—? +6,-5+7,0+ O))

U <min(—5+6, 84 7,0+0)> U <min(—4+6,—5 + 7,0+0)> _{1,2,3) = {1,2,3}

idx idx

and thus, V' ¢ P <= v' ¢ P and

6 8 7 5 4
VeP = ?=|7|==2|7|e-1|5|e-1]| 8 |®c]| 5
e (& (& (& (&

e I I}

Definition 2.14. A vector v € ﬁzm
cone C C ﬁzlax if v.€ C and if the following property is satisfied

. 15 said to be an extreme generator of a Max-Plus

v=y®z y,z6€C = V=Y orv=az,

8. The operator min;q, returns the index into the operating dimension that corresponds to the mini-
mum value.
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i.e., v cannot be written as the &-sum of two vectors of C that are both different from it.

Remark 2.29. If v is an extreme generator of C, then the points in {\v | X € Ruax}

form an extremal ray of C, i.e., are also extreme generators of C.

It follows that a Max-Plus cone C = cone(G) C R,

generating set G = {g',...,g"} C R} satisfies its external representation of Definition

. is finitely generated and its
2.11. Thus, it is possible that some elements of G are redundant, i.e., linearly dependent
on the other ones, and in order to represent G as a non-redundant, also unique up to nor-
malization, generating set, one must select a representative in each extreme ray of C (refer
to [78]). Hence, C admits a minimal representation (or canonical form), denoted c£(C),
which is generated by Ges = {gl,...,g"} C R, where k¥ < k and whose elements
form a minimal basis of G, i.e., c£(C) = cf(cone(G)) = cone(G.¢). The computation of

(s is done with complexity O(nk?), as summarized in the following algorithm.

Algorithm 2.1: Removing redundant generators of Max-Plus cones

Data: a finite set G = {g',...,g"} C R, assuming its elements are not proportional
to each other;

Result: a set Gor = {g!,..., g1}, with | 7| < k.

/* Goal: Eliminate the elements of G which are a linear combination of
the other ones */

1 foreach i € {1,...,k} do

2 T 0, v gl and H < {g'}icq1,. k)

3 if v € cone(H) (i.e., v is redundant cf. Equation (2.35)) then

4 | gl«e

5 else

6 VASIVASEF)

7 end

Ges = {g'}jer

9 end

o]

10 return Gt = {g',...,gl7l}

Clearly, the operator cf(C) is idempotent, i.e., cf(cf(C)) = c£(C) for an arbitrary

Max-Plus cone C.

Remark 2.30. Algorithm 2.1 is exclusively for cones of the form C = cone(G) C R
with G = {g',...,gF} CR.,, such that

X

n
max

k
vx €C < x=PNg"

=1
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Conwversely, C' = co(G) C R,

— max

with the same G of C has the following that holds

k k
Vx €C = x=PANg’, st. P =e,
i=1 i=1
which is different of C and is not taken into account by this algorithm. According to
Corollary 2.1, C' is a Maz-Plus polyhedron, i.e., co(G) @ cone(f)) = co(G) C R...., and
its homogenous cone is given by C' = cone(G) C ﬁﬁ;}{, where G = G x {e}, which is
a c-Polyhedron according to Remark 2.26. Summarizing, computing cf(C') is done by

considering ct(C") with complexity O((n + 1)k?), resulting in set Ges and thus in set

Gcf_{gif (ng)EécfalgiSk}-
€

The external-to-internal translation algorithm (compute_ext_rays
of TPLib [74]) of the double description method computes a min-
imal generating set of a polyhedral (cone) set, which is externally
represented by its homogenous form. Briefly, given a polyhedral set
defined by a system of s half spaces in homogenous form, it com-

putes by induction on k = 1,2,...,s a generating set G C R

of the intermediate homogenous cone (cf. Corollary 2.1) defined by
the first k£ half spaces. Passing from the set G to the set Gy
relies on: given a homogenous cone C and a homogenous half space
H ={z|a'z > bz} C ﬁ:;:i, allows building a (minimal) generat-

ing set G’ of C N'H from a generating set G of C. The initial step is

: ;_ ontl
with €' € R::r a vector

Bn+1
R ax

max?

with Gy = {€'},_,.,,,1 representing
whose i-th coordinate is equal to e, and the others to . At the end,

k = s and cf(cone(G;)) = cone(G;) (idempotence property).

Remark 2.31 (Replacing the initial generating set: intersection). Based on the external-
to-internal translation algorithm of the double description method, it is assumed that Gy =
{€'}, .., represents R’ ... However, considering that Gy represents an arbitrary Max-Plus
cone,_h; its internal form allows computing the intersection of Gog with another Maz-Plus

. . i~
cone, in its external form, also of R

max

Summing-up, replacing Gy by an arbitrary cone
in the initial step of the procedure, exactly yields a minimal system of generators of this

intersection.
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As mentioned previously, the external representation of Max-Plus cones encodes a
single half space in each row. Consequently, the intersection between two Max-Plus cones
can be performed simply by concatenating the rows of them, as precisely described in the

sequel.

Remark 2.32 (Intersection of Max-Plus cones). Let P = {z | Az > Bz} and P’ = {z |

Cz > Dz} be two Maz-Plus cones of ﬁ;ﬁi where A, B,C, D € ﬁ;ﬁiﬁl). Then,

~ =, A B 5 S/
PﬂP:{z|( )zz( )Z}E{z|z€73andz€73}.
C D

As already pointed out, translating external representations of Max-Plus cones to
internal representation and vice-versa is cumbersome, and it would be interesting to ef-
ficiently compute the intersection of these cones when they are internally represented by
generating sets. Thus, we propose the following intersection of c-Polyhedra in internal
form (see Remark 2.26), adapted from [76, Sec. 8.2.1].

Remark 2.33 (Finite subsets as matrices). A finite subset V. = {v',... . vF} of R,

admits a reinterpretation as a matrix

mat(V) = (v},...,v¥) e R

max?

i.e., as an "array" of column vectors, with the same expressiveness.

Proposition 2.2 (Intersection of c-Polyhedra). Let G = co(G) and H = co(H) be
two c—Polyhedra of R, . where G = {g',...,g"%} and H = {h',... h"#} are finite
subsets of R\ . Then T = G N H is represented by the Max-Plus cone 7= cone([)
where the elements of its generating set I are the columns of the matrix émat(f‘) where

I'={v|Gy=H~}, G=(mat(G x {e}) £), H = (£ mat(H x {e})) and v = (\', B*)".
Proof. First, thanks to Remark 2.26 we have

~

VWeZl < (vhe) el

( Z ) =mat(G X {e})A =mat(H X {e})B = mat(G x {e})\ = mat(H x {e})B

Thus, in order to obtain a two-sided equation in the same variable, we consider I' =

{7 @’y —H ~}. Hence, the elements of the generating set I of 7 are the columns of the
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matrix @mat(F). Moreover, it is particularly interesting to compute the minimal canonical
representation of Z, i.e., c£(Z) = cf(cone(I)) = cone(I.:)). O

Rather than considering this costly computation, for instance using the function
mpsolve that implements, in the Max-Plus toolbox [9] of Scilab and ScicosLab, the
elimination method (refined in [39]), with worst-case complexity that is exponential in di-
mension ng + ny, we define the following fixed-point equation problem in order to check

if this intersection is non-empty.

Procedure 2.1. Let é’y = f-f\'y be the two-sided equation raised in Proposition 2.2. Then,
define
II(y) = HY(Gv) A GR(H~) Ay (2.36)

as a fized-point equation problem (see Equation (1.4)) with vy = e since @7 7o, = e.

If the greatest solution ~ of G”y = ﬁ’y exists, then it is given by the fized-point equation
F v =(v-1) (with convergence), which is smaller than or equal to .

Remark 2.34. Clearly, @'y = ﬁ’y is solvable if and only if the fized-point equation
problem ~; = T(v,_1) converges, and in this case T = G N H # (). Nevertheless, if the
former problem is not solvable, i.e., C:"y = fl\'y does not possess a finite solution, then it is
likely to run infinitely, with v, converging to € (refer to Remark 1.6). In order to avoid this
bad behavior, we consider the following stop condition to the fixed-point procedure: evaluate
at each iteration | if at least one element of ~; is equal to e, i.e., if @RS v, = e is
respected, and if this statement holds then the procedure keeps running, else it stops and
T =10 (see [44] for more details).

In the following, we consider the join operation between two Max-Plus polyhedra
in their homogeneous forms, which yields the smallest over-approximation polyhedron
of their exact union. As a matter of fact, neither the Max-Plus polyhedra nor DBM
are generally able to calculate exactly the union of the regions they represent. However,
we observe, in practice, that the over-approximation using polyhedra has lower risk of
introducing false-positive points than using DBM [79, Cor. 2], i.e., approximations using
Max-Plus polyhedra are tighter than DBM approximations as it is illustrated in Figure
2.13. In the sequel, we provide the technical details concerning this operation using Max-

Plus cones.

Remark 2.35 (Join operation of Max-Plus cones). Given two finite subsets of R,

max’

precisely G = {g',...,g"} and H = {h',... h"} then the join operation (or abstract
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n

union) U between G = cone(G) C R, and H = cone(H) C R, is given by

GUH = cf(cone(GUH)),
which has complezity O(n(k + w)?). Furthermore,
GUH={v|veGorveH} CGUH.

Figure 2.13 shows an interpretation of the tightness in the over-approximation of the
union of two regions using DBM and Max-Plus polyhedra. Note that, in this case, the

join operation using Max-Plus polyhedra yields the exact union.

T2
i)

a1 T

(a) Using DBM (b) Using Max-Plus polyhedra

Figure 2.13 — Over-approximation of the union of two regions using DBM and Max-Plus
polyhedra

Polytropes: a special subclass of c-Polyhedra

Definition 2.15. A polytrope® is a c-Polyhedron P = co(V)@cone(()) = co(V) C R,
(see Remark 2.26), with the finite subset V C R,

Sense.

being also convexr in the ordinary

max’

Remark 2.36. Polytropes of ﬁzlax are externally defined by the intersection of a finite
number of classical half spaces of the form x; — x; < ¢;; for alli,j € {0,...,n} where
T, 5, ¢; € Rand xy = 0, i.e., as DBM. Hence, the external representation of polytrope

is similar to the one used in DBM with non-strict constraints (see Remark 2.36), and we

9. A polytope is the convex hull of a nonempty finite set. A polytrope is the Max-Plus analogue of a
polytope.

103



Chapter 2 — Nondeterministic systems: set-membership estimation

can always represent these DBM by using Maz-Plus convex polyhedral sets [80, 81, 82].
Furthermore, it is worth to be mentioned that a single DBM can only represent Mazx-
Plus polyhedral sets that are also convex in the classical context (cf. Definition 2.15),
i.e., polytrope, otherwise a collection of DBM must be considered. Hence, a Maz-Plus

polyhedron is represented by a collection of DBM.

Example 2.19. Figure 2.12b depicts a Maz-Plus polyhedron. This polyhedron is also

represented by
=G
X:{X|4§[L‘1§7,5§$2§8,—2§$2—[E1§3}

U{x[4<21<85<1y<8 —1<uzy—a <3},

=H

a collection DBM as given in Ezxample 2.13. The sets G and H are equivalent to the

external representation of the polytropes

e € € e € 4

€ € 7 e € €

€ e T € £ € T 5
G=<x| @ > - :

€ € Ty 8 e e To €

€ e € -2 € €

3 ¢ € e e €

e € € e € 4

€ € 8 e ¢ €

€ e T € £ € T 5
H=1x| @ > ® ,

€ € Ty 8 € e Ty €

€ e € -1 ¢ €

3 ¢ € e e €

which also admit the internal representations

o= ({(2)(2)(2)})
s[4 (2)))
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such that (see Remark 2.35)

so=a(w({() () (1))
=QCE)EE)

which is equivalent to the Max-Plus polyhedron computed in Example 2.17. Moreover, in
this case GUH =G UH.

Remark 2.37. It is known that a n-dimensional polytrope is the Max-Plus convexr hull
of at most n + 1 points or equivalently as the intersection of n + 1 Max-Plus half spaces

in R (refer to [68, Th 8.2] for further details and proofs).

Proposition 2.3. The polytrope expressed by Py = co(H) C R, with

max’

n

H = {h, vi ... ,V”} CR where v = (hy, hoy ..oy hiy hiiqy - ooy By, (2.37)

max’

represents the non-empty Maz-Plus hypercube defined as [h] = [h,h] = {h | h < h <
h} CR],. (see Definition 2.1).

Proof. A simple sketch of the proof is given by considering that [h] is also represented by
the following set [h] = S; N Sy, where

S = {h|h;>h} = ({h|h;' ®h; >e} and
j=1

Jj=1

n o n 1
So=({h|h; <h;} =({h|h; ®@h;<e}
j=1 7=1
Thus, [h] is the intersection of 2n conventional half spaces. Nevertheless, Sy is also equiv-
alent to
So={h|@Ph, ®h;<ey,
j=1

representing a single Max-Plus half space. Hence, we can conclude that [h] = SN S,, i.e.,
[h] is the intersection of n + 1 Max-Plus half spaces '°. For instance, Figure 2.14 depicts
these Max-Plus half spaces in ﬁfnax. Note that all Max-Plus half spaces in 57 intersect

10. It is worth to recall that every conventional half space is a Max-Plus half space, but the converse
does not hold.
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0 Z IilaX(—hl == hl, —hg = hg)

Biy feememe- poesmeoneenee )
S :
& A [h] :
< 5

By pomm--- S EEEEEEEEEY o
C o hy>hy !
hy h

hy

Figure 2.14 — [h] and its polytrope representation Py = co(H) in ﬁfmax with H =
b\ () (b
hy )7\ by )7\ ho

at h, i.e., being a common point (black dot); each Max-Plus half space in S5 is oriented
toward a direction j and intersects with the single Max-Plus half space in S, at a point
v (green dots) whose i-th coordinate is equal to h; for all : € {1,...,n}\j, and the j-th
coordinate is equal to h;. At the end, we have n 4+ 1 unique points of intersection which
coincide with the elements of H, and thus Remark 2.37 holds. O

Furthermore, this result is also verifiable by considering Remark 2.30, 7.e., by checking

that the following equality holds: cf(Pp)) = P (idempotence property).

Corollary 2.2. The polytrope P of Proposition 2.3 is externally represented by

O MR ISGREANT)

and its homogenous form 73[11] is finitely generated by H=H x {e}, with H given by
Equation (2.37). In other words, all elements in H are vertices (i.e., their (n + 1)-th

coordinate is e).

Proof. Let us suppose that 73[}1] is generated by a ray (i.e., its (n + 1)-th coordinate is ¢),
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then the following inequality must be respected

() ( ; ) > (B7) <) ( " ) — c= (0 )'h,

which is not the case. Hence, 73[}1] is only generated by vertices. O]

The following equivalences always hold true:

n+1 n+1
Vh € [h] < hEP[h]:co(H):{@ﬁjhj|hj€H,@BJ~:e}

g=il 7j=1
n+1 ; n+1
<~ h.:ZEE)ﬁ%}ﬂ, S.t. GE)t% = €.
=1 j=1

Set-estimation using Polyhedral-RA: Prior estimation

This Section presents an approach to compute the image of a c-Polyhedron Py_; =
co(Gir-1) S Ripaxs With Grie—1 = {8415 - 8k_1} S Ripaxs i-€., Tepresenting x(k) €
Xjjk—1 of Equation (2.26). Furthermore, it is assumed that Xo is known and is represented
by Pojo = co(Gojo) C Ry With Gojo = {00, - - 8o} S R ..

In order to take the control input u(k) into account, we define the following extended
polyhedron

Pt = Proappo1 X {u(k)} = co(Gr_1p1) x {u(k)} = co(Gr_1j5_1) C Rous?, (2.38)

max’

where G‘k,” k-1 = Grop—1 x {u(k)} C RY? Clearly, this extended polyhedron represents

max*

the set Xj_1j4—1 x Uy of Equation (2.26).

Definition 2.16 (Bounded linear maps). Let f : R... — R.._ be a linear map, such
that f < f < f, and we denote [f] = [f, f], then [f](v) = [f(v), F(Vv)] and the following

equivalences hold

1. alf](v) = [fl(av) <= af(v) = flav), V[ € [f]
2. fIv) @ [flw) = [flvew) < fv)& f(w)=flvow), Vfelf]

107



Chapter 2 — Nondeterministic systems: set-membership estimation

n

for any a € Ruyax and v, w € R\ Let V.= {v', ..., vP} be a finite subset of R.... The
image of V under [f] is given by
AWV)={[A) [V eV1<i<p SR,
which is interpreted as
{AY, - A}
The following linear map depicts the uMPL dynamics

f i R = R ¢ ¥(k) = Fy(k), (2.39)
where f < f < f, F = (A, B) € [F] = ([4] [B]) and y(k) = (x'(k — 1), ut(k))".
Lemma 2.1. Let f : R, — R... be a lincar map, where f € [f] = [f, f], as pro-

posed in Definition 2.16 and P = co(V) = {@F_, v |V € V@) Ny =e} CR.. bea
c-Polyhedron for the finite subset V = {v' ... v} C ﬁzax. Then, the direct image of
P with respect to all f € [f], denoted

xs(P)={f(P) | f €[]},

is equivalently expressed as

Xf(P> = CO(CO<{H17 BRI Hp}>7

where H; C R is the generating set of the polytrope that represents each [f](v') € [f](V)
(cf. Definition 2.16).
Proof. First,
p ‘ P
Vx € P <— x= @/\ivz, s.t. @/\i =e.

i=1 i=1

Then, Vf € [f], we have

fx)e f(P) < f(x)=f (é)\ivl), s.t. é)\i =e.

with

F( @) = brow) - dasw

i=1
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where f(v') € [f](v'). The term [f](v') is a Max-Plus hypercube represented by the
polytrope co(H;) C R with H; C R, given by Equation (2.37) of Proposition 2.3.
Hence, Vf € [f], we have

fO) € [fIV') <= f(V') € co(H;) = {% Bih] | hi € Hza%ﬁl = e}

j=1
) n+1 n+1
= f(v')=PBN, st. @5Z_e
j=1

and thus, with regard to @_; A\, f(v'), we have

p n+1 p(n+1)
BNfV)=PNP BN = P aug”,
=1 =1 j=1 w=1

where g% € G = {Hy, ..., H,} and @7 o, = e with o, = Aif}. Finally, Vf € [f] we
have f(P) = co(co(G)), which represents x;(P) = {f(P) | f € [f]} = co(co(G)). O

The image of 75k_1|k_1, denoted by Prx—1 = [f] (75k_1|k—1)7 is given thanks to Lemma
2.1. Thus, consider the generating set H; of the polytrope that represents each [f] (g;’Hl 1) =
([A] [B])g;_l‘k_l, for all ¢ € {1,..., N}. We recall that H; is given by Equation (2.37).
Then,

Pk“ﬂfl - [f](ﬁkfﬂkfl) = CO(Gk“{,l), Wlth Gk|k71 = {Hl, ey HN} (240)

Furthermore, |Gyp—1| = N(n + 1).

In order to obtain cf(Pgx—_1), i.e., the canonical form of the c-Polyhedron Prik—1,
one must consider its homogenous form (see Remark 2.30). The homogenization of Prjp—1
where ék\kq = Gpr—1 x {e}. Then,
) is computed thanks to Algorithm 2.1 (note that the elements

is expressed as 73;6‘;9,1 = cone(ék‘k,l) C R
cf(ﬁk‘k_l) = cone(G
of @k|k_1 are not proportional to each other and line 1 of this algorithm is satisfied), and

Cf(,Pk‘kfl) = CO(G

max’

cfrk—1

kalkfl) where

. 8oty A A
GCka*l = {ngklk_l | ( FE € GCfHk*l’ 1 S 1 S |Gka|k71| .

e
The procedure is summarized by Algorithm 2.2.
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Algorithm 2.2: Computing the generating set of the image of the c-Polyhedron
Pr—1jk—1

Data: a finite set @k,”k,l = Gi—1jp—1 ¥ {u(k)} C ﬁ’;ﬂ;ﬁ and a linear map

f-ﬁnﬂj

max

— ﬁﬁlax as given by Equation (2.39);
Result: t G —Jgl JNGety |
esult: a se ka:\k—l — gcfk‘kil, ey ngk\k—l .

/* Goal: Compute the minimal generating set of the image of the
c-Polyhedron 75k,1|k,1 */

1 foreach i € {1,...,N} do

2 Compute the hypercube [f](g},_;;_;) < ([A] [B])&}_1)4_1

3 Compute H; thanks to Equation (2.37) over ([A] [B])g;’efll,ﬁl

4 end

5 Define Gk|k—1 — {Hl, .. .,HN} and Gk|k—1 = Gk|kz—1 X {6}

6 Compute Geg,,_, using Algorithm 2.1
i g 5 A

7 Deﬁne Gkalk,I = {ngklk_l | ( kaelk_l > 6 Gka‘k*l’ 1 S ? S |Gka|k1‘}
. NGty |

8 return Ger, |, , = {g}:fk\k—l’ cel cfk\:i 1

The complexity to calculate Ger,,_, amounts to O(n3N?), since
Gijk_1 is a subset of R with cardinality ¢ = N(n + 1), and
it takes rc® steps to compute C:’cfklk_l using Algorithm 2.1. Thus,
ré? = (n+1)(N(n+1))2 = (n+1)3N2If f = f = f, i.e., the uMPL
system matrices are deprecated (representing a MPL system), then
the complexity is O(nN?) since the cardinality of ék|k_1 is, in this

case, equal to N.

Example 2.20. Recall the autonomous system of Example 2.8, precisely

[4,6] [3,5]
13,7] [4,5]

o= {()-()-()

be the initial c-Polyhedron, such that x(0) € Pop. It is straightforward to see that this
polyhedral set is a polytrope, more specifically a Maz-Plus hypercube [x](0) = ([e, 1], [1, 3])*,

x(1) = A(1)x(0) where A(1) € [A] = ( ) , for k=1

Let Pojg = co(Glojo) with
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9 i A 9
3 [f] (g‘cif” \$)_ff[?]_g_?f“\” 8
1 H(3)'
7 T 7
6 {1f1(8sy) = [Alge,, ¢ HID R 6
5 D 5
§ 4 gﬁfuo s 4 ggfw XU)EPHO:CO(G“HO)

3 3
2 x(0) € Pojo = co(Getyyq) 2 x(0) € Pojo = co(Getyyy)
1 1 1 1
0 gcf()m 0 ngmo

-1 —1
-10 1 2 3 4 5 6 7 8 9 -10 1 2 3 4 5 6 7 8 9

T Z1

Figure 2.15 — Prior estimation set X;|g represented by the c-Polyhedron Py of Example
2.20, which is computed as the minimal generating set resulting from the concatenation
of HV, H®? and H®)

such that Vx(0) € [x](0) <= x(0) € Pyo. We define P1jg as the image of Poo with
respect to the linear map f : x(0) — A(1)x(0), with f < f =< f. Following the procedure
of Algorithm 2.2, for each gg, of Gop with i € {1,2,3} we compute [f](gh0) = [Algo;
which is a Maz-Plus hypercube represented by the polytrope co(H;), where

(00O -6 0.6}

Then, Gyyp = {HD, H® H®} and Py = cone(Gy) where Gy = Gy x {e}. Thus,
ct(Pyjo) yields cone(écfno) where

(see Algorithm 2.1). Finally, Pyjo = co(Ges,,) where

car={(6)-6) () ))

such that its columns are denoted by dots in Figure 2.15. As a matter of correctness, this

region representation of Xijo is equivalent to the DBM representation of Example 2.15.
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Set-estimation using Polyhedral-RA: Set-inversion estimation

This Section is taken from [83], and we present more details concerning the technical-
ities. We reinterpret, using a polyhedral approach, the computation of the inverse image
of a given point (measurement), depicted by vector z(k), which is represented by set X Kk

as proposed in Equation (2.28). First, let us recall that

x(k) € Xy = Cx(k) < z(k) < Cx(k),

where [C] = [C, C] € IRL:". Thus,

max*

Xk = LN U, (cf. Equation (2.8)), (2.41)

where L is defined in Equation (2.9) and is equal to N{_, L;, with

L= {x | (k) < @00} = Ufx | 25 > ehah)} (2.42)

=1

and
U={x|x<Ckz(k)}, (2.43)

also defined in Equation (2.10). Then,

q q
XW:LHU:(ﬂLi)ﬂU:ﬂLiﬂU
=1

=1

Lemma 2.2. The following Max-Plus half space directly encodes L; of Equation (2.42)

with the same expressiveness
Li={x|(z7'®¢1,...,2; ' ®¢n)x > e} (2.44)

Proof. ®-multiply both sides of z; < (Cx); by z; *, which yields (z; '®¢y, .. ., 2, '®Cipn )X >
e. The proof is complete. O

Lemma 2.3. The following Max-Plus half space directly encodes U with the same expres-

SIVENESS

U={x|e>((Cka(k));",....(Chz(k)),")x}. (2.45)
Proof. Tt follows from {x | x < CXz(k)} = Nj_{x | z; < (Ckz(k));}, that by ®-
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multiplying both sides of ; < (Ckz(k)); by (Cyz(k)); " yields
ﬁl{x | (Cha(k)); @ z; < e} = {x | ((Cka(k)); .. ... (Chz(k)), )x < e}

The proof is complete. 0

Proposition 2.4. Let 75k|k - ﬁzlax be a Maz-Plus polyhedron that represents Xklk' Then,

75k|k, in its external form, is given by

_ diag(z~'(k))C € & e
Prjp = {X | ( ot ) X &b (e) > (((C’&z(k:))l)t> x® (5) } , (2.46)

(representing s = q + 1 single half spaces).

Proof. The proof is straightforward mixing Lemma 2.2 for : = 1,2,...,q and Lemma 2.3

and does not require further details. O
Lemma 2.4. 75k|k of Proposition 2.4 is a c-Polyhedron.

Proof. The proof follows the same insight used in Corollary 2.2. First, we consider the
homogenous form of 75k|k7 which is finitely generated by G. Supposing that an element of

G is a ray, then its (n + 1)-th coordinate equal to ¢ and hence
(e o) ( " ) > ((Cha(k) )" <) ( " ) — > ((Cyalk) )

which is an absurd. As a consequence, all elements of G are vertices, i.e., their (n+1)-th

coordinate is equal to e and the proof is complete. O

The external-to-internal translation of 75;6‘ k is done with complexity
O(N?s?n) where s = g+1land N < O ((s - n)LnT_lJ) is the maximal
number of generators of the s intermediate Max-Plus cones. If ¢ = n
and n > 0 is an even integer, then the internal representation of
75k| r is computed with worst-case complexity O(n""3). In many
applications, ¢ < n and then the tightness condition of Remark
2.27 (precisely n > 2s+1) is likely to occur and thus, it is preferable

to use the external representation of 75k|k for large systems.
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[1,4] [2,3]

Example 2.21. Considerz(1) = (5,4)" and [C] = ([1 2] [e.4]
) 6,

) . Thus, 751|1 is internally

e 3 e 2 ¢
obtained by using the double description method over the following matrixz inequality

_ 3 1 2
represented (refer to Proposition 2.4) by co(S) C an where S = [ ° © ) is

-1 -2 € € € e
-2 e |[x()@|el>=]l e e |x()d|e
15 € e -3 -3 €

The reader is invited to verify the consistency that ¥x(1) € Py we have Cx(1) < z(1) <

Cx(1), as it is shown in Figure 2.16.

4 ,
3
2
1 {max(—2 4 z1,22) >0
)

(R EEEEEEEEEEEEELEEE .

—11 . 751‘1

max(—1+x1, -2+ x9) >0

9 '

-3 ‘ ‘ ‘ !
-3 -2 -1 0 1 2 3 4

€

Figure 2.16 — 751‘1 of Example 2.21

Set-estimation using Polyhedral-RA: Correction phase estimation

The set Xy, of Equation (2.25) is alternatively represented by the intersection of
the Max-Plus polyhedra Py, (exclusively in its internal form) and 75k|k (exclusively in
its external form), denoted by the c-Polyhedron ! Prir that must be represented in its

internal form to be used in the subsequent computation of Py, (back-shift operation:

11. The intersection of two c-Polyhedra is a c-Polyhedron.
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Pr-1jk—1 < Px in the event-domain). Hence,
x(k) € X x(k) € Prjk = Prjp—1 N 75;.3‘;.3, (2.47)
is computed using Remark 2.31.

The external representation of Pp,—;1 is given by O(n) Max-Plus
half spaces. Thus, s = O(n + q) is the number of Max-Plus half
spaces that represent Py, of Equation (2.47). Hence, the number
of generators N of Py, is upper bounded by O ((s + n)LnT_IJ) and
lower bounded by O ((s —2n)2"72) if s > 2n (see Remark 2.27).
Assuming g = n, then the complexity to obtain the internal repre-
sentation of Py, is O (on?) with o equal to

— (best-case): 22774 ;

— (worst-case): n"~! for n an odd integer or n" for n an even

integer

Example 2.22. Recall the generating set of the c-Polyhedron Py of Example 2.20,

represented by the generating set

AV )

Now consider the observer of Example 2.21 but with z(1) = C(1)x(1) = (9,8)" where

2 3 ~
C(1) = (2 ) and x(1) = (6,6)" € Pijg. Thus, Pij1 is externally represented by
e

-5 —6 € € € e
751|1: X||-6 —4|xd|e|>]e e |xD]|e
15 € e -7 =7 15

Finally, Py is internally expressed by Py = P N 751|1 using Remark 2.31. Precisely,

ru=ef (2):(2)(2)(2))

as depicted in Figure 2.17.
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9 -
8 1
7
731|1 X(l)
6 X
max(—5+ z1, —6 + z2)|> 0
N | ( 4 ) >
max(—6 + x1, —4 4+ x2) > 0
Yy
3 1
2 1
1 1
0

A

Figure 2.17 — Pyp (orange region), ]51‘1 (intersect}on of the Max-Plus half spaces in green,
blue and red) and P;j; (intersection of Pyjg and Pyj; in bounded by magenta dashed lines)
of Example 2.22

Set-estimation using Polyhedral-RA: Correction phase estimation with X;,_;_; =

{x(k=1)}

This Section is also taken from [83]. The basic idea is to assume that Xj;_q,_; is as a
singleton, precisely X;_1,—1 = {x(k — 1)}. Thus, based on Remark 2.17, we know that
Xpjk—1 is therefore a Max-Plus hypercube [x](k|k — 1) that is also represented by the
polytrope generated by the intersection of n 4 1 half spaces or equivalently by the convex

hull of n + 1 points (vertices).

Proposition 2.5. Let Py C ﬁ:;ax be a c-Polyhedron that represents Xy. Then, Py,

in its external form, is given by

diag(x~(k|k — 1)) 5 & e

Prjk = (X | diag(z 1(k))C [x&|e]| > E x®|lely,
g’ e (x(k|k — 1) A Cxz(k))~ )" 5

(2.43)

(representing s = n + q + 1 single half spaces).

Proof. The proof is straightforward using the proof of Proposition 2.3 and Lemmas 2.2
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and 2.3. The term X(k|k — 1) A Ckz(k) refers to

e > (X '(k[k — 1))'x and e > ((Cha(k))")'x & e > (X' (k[k - 1))" @ (Cka(k)) ")) x
e > ((R(k|k — 1) A Cha(k))~")'x

Corollary 2.3. Py, of Proposition 2.5 is a c-Polyhedron.

Proof. The proof is similar to the proof of Lemma 2.4 and does not require further details.
]

In this case, the external-to-internal translation of Py, has also
exponential complexity in worst-case scenarios but rarely expected
to be attained since the condition for tightness in Remark 2.27,
precisely s =n+q¢+1 < ’%1, never holds. Moreover, usually ¢ < n
and then the condition s = n + ¢+ 1 > 2n of the same remark
to obtain a best-case complexity (also costly) holds if and only if
n—q<l1.

Example 2.23. Consider the uMPL system given below:

[1,3] [e 4]
2,4 25 )°
2(1) = C(1)x(1), C(1) € (0.5 [e,1]),

with x(0) = (e, e)', x(1) = (3.3,3.3)", z(1) = (0.5 0.5)x(1) = 3.8. Then, Py is externally

represented by

—1 € € € € e
€ —2.5 € € € e
Pip = (x| X P > XD ,
—-3.3 —2.8 € € € e
€ € e —-3.3 —3.8 €

or equivalently, internally represented by

oot (32) (a4}
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as depicted in Figure 2.18.

5
Pijo
S W Selsisisisisisisisisisisi 1
a3 &1}
""" .,
751\1 E
) !
0 1 2 3 4 5

A

Figure 2.18 — Py}; of Example 2.23.

2.4.3 Interval-RA

This Section is taken from [84]. The goal is to propose an approach to compute over-
approximations of the image of an interval vector with respect to Equation (2.14a) and

of the inverse image of a measurement point z(k) with respect to Equation (2.14b).

On X;_ 5

Let us assume, without loss of generality, that the studied systems in this Section are
autonomous, i.e., x(k) = A(k)x(k — 1) with A(k) € [A] € TR.. Given Xj 151 a set
contained in R}, such that x(k — 1) € Xj_y_1, then its exact image with respect to [A]

is given by Equation (2.26) as
Xk\k—l = {AX € ﬁ?ﬂax | X € Xk_1|k_1,A S [A]}

As we already know, this computation is done either in exponential-time (worst-case
scenario) using DBM approach or in cubic-time using polyhedral approach. Hence, in
order to avoid this computational effort, we consider [x](k — 1|k — 1) € IR, such that

Xi—1jk—1 € [x|(k—1|k —1), i.e., the smallest interval vector that encloses Xj_jj;_1. Thus,
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set Xj,—1 is over-approximated by the following interval vector
[x](klk = 1) = {x(k) € Ry | Ax(k = 1|k = 1) <x(k) < AX(k — 1k = 1)},  (2.50)

such that X1 C [x](k|k — 1). Thus, this computation is done with complexity O(n?)
(see Remark 2.17).

On Xk|k

Let z(k) = C(k)x(k) be the observation equation with C(k) € [C] € TRL.". Given

max*

z(k) a measurement point, then its exact inverse image with respect to [C] is given by
Equation (2.27) as
Xipe = {x(k) | Cx(k) < z(k) < Cx(k)}.

This computation is also known to be done in exponential-time (worst-case scenarios)
using either DBM or polyhedral approaches.

In general, the smallest interval vector [%](k|k) that encloses Xy, is given by

[e, (Ckz(k))1]
%] (k|k) = : , such that Xy, C [X](k[k)

[, (Chz(k))n]

However, if C' (as consequence C as well) has only one element different of & per row for
the subset Z C {1,...,q} (refer to Definition 1.9) then, based on Proposition 1.3, consider

the following procedure:

Procedure 2.2.

St=0,8=0,...,8"=0,
for each i € T,3j(i) € {1,...,n} such that z;u (k) > Cjahz(k), ST =8O U {ji)},

such that

21, (Cha()] ) .
(] (k|k) = : . where &; = {EB“’ESj (k) i S0, (2.51)

[Z,,, (Cxz(k)).,] € otherwise.

Hence, this procedure is computed in bilinear /quadratic-time (matrix-vector multipli-
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cation only).

Remark 2.38. If C is doubly G-astic with only one element different of € per row and
column, then Xy, is ezactly equal to [X](k|k) given in Equation (2.51) of Procedure 2.2.
On Xk|k

The set Xy, is computed as the intersection of Xy, and X k|k- Consider the alter-

native problem: intersection of [x](k|k — 1) of Equation (2.50) and
Sigr = {x (k) | x(k) < Cha(k)} 0 {x() | 2(k) < Tx(h)},
such that

X € x = [x](klk — 1) 1 K (2.52)
v = {x(k) | 2(k) < Tx(k)} 0 {x(k) | x(k]k — 1) < x(k)} O {x(k) | x(k) < T} (2.53)

where Q = X(k|k — 1) A C%z(k). Thus,

x = {x(k) | x(k|k—1) < x(k)} NS where S = {x(k) | z(k) < Cx(k)}n{x(k) | x(k) < Q}
Lemma 2.5. The term Q = X(k|k — 1) A Cxz(k) is also given by Q = Ckz(k) where
C = z(k)§Q.

Proof. From Lemma A.1 of Appendix A, the following holds: (z(k)¢Q)xz(k) = Q, hence
Q= Cha(k). O

Remark 2.39. Based on Lemma 2.5, the set S = {x(k) | z(k) < Cx(k)}n{x(k) | x(k) <
Q} is equivalent to {x(k) | Cx(k) < z(k) < Cx(k)}.

Proposition 2.6. Set S can be expressed equivalently as: S = {x(k) | Cx(k) < z(k) <
Cx(k)} with C defined as

R £ ) éz > Cii,
i { I85> & (2.54)

c;j otherwise.

forallie{1,...,q} and all j € {1,...,n}.
Proof. For the sake of brevity, in the proof we use the notation: x = x(k) and z = z(k).
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A

First, we consider (Cx); < z < (Cx); foralli € {1,...,q}, this implies (Cx); < (Cx);,

i.€e.,

n n
@éik(@ffk:éi1®l‘1@"'@ém®fﬂnS@'l@xl@"'@@n@)l‘n:@@k(gl'k.
k=1 k=1

Let us define a = ¢&;; ® x;, ¢ = Cj; ® w;,

n
i Q@ x and d = ED@ik@a:k,
1, k=1,
k£ k£

1>

then it is straightforward to apply Lemma A.2 of Appendix A if c =¢;;®@1; <a=¢,;®@x;

as shown below:

adb=0;Q1; PO =PépQu<cdd=PepQr,=Pep R, =cdd

k=1, k=1 k=1 k=1,

K K
Furthermore, the following equivalence holds Vx;, ¢; ® x; < &; ® x; < ¢ < &;, hence,
in S definition, matrix C can be replaced by matrix C. O

Remark 2.40. In view of the previous Proposition 2.6, the observation part of the cor-
responding TEG is potentially simplified when evaluating its upper holding time bounds,

i.e., some places can be neglected, without loss of information.

Using Procedure 2.2 for S = {x(k) | Cx(k) < z(k) < éx(k)} and
assuming that C has only one element different of € for a subset of
rows of {1,...,¢}, then it is straightforward to compute [S] such
that S C [S]. It is worth to mention that if C is not row G-astic
then [S] = 0 and then S = ().

Finally, if [S] # 0 then

[x] = [max (x(k|k —1),5),5 =QJ. (2.55)

It is easy to interpret that if ¢;; > ¢; then ¢;; can be neglected in the analysis of the
TEG’s behavior.
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- B - ¢ ~(11,4] [2,3
Example 2.24. Let [x](1|0) = ([0,4], [-2,1])", 2(1) = (5,4)" and [C] = ([1 2 e, 4

Then

First, compute

and we obtain U = {x(1) | x(1)

In order to compute the smallest interval that encloses x of Equation (2.53), we

_ 4 3
compute [S] using Procedure 2.2 that makes it possible to replace C' = 5 4 with

o= (4 - —(5\,(3) (2 4 )
C = (2 i) because C = z(1)§Q = (4) ¢ (1> = (1 5 is such that ¢,5 > ¢15. Hence, C

is row G-astic with only one element different of € for the subset of rows {1} C {1,2} and
1,3 1,3

then [S] = G ’1]) . Finally, x C [x] using Equation (2.55), precisely [x| = [1,3] .
&,

[_27 1]
Figure 2.19 depicts x and [x].

N W

X2
>

—1 | [x(1]0)

2 -1 0 1 2 3 4 5
Ty

Figure 2.19 — x and [x] of Example 2.24 corresponds to the exact intersection between
(x](1]0) and Xyj; while [x] is the smallest envelope such that x C [x]

122



2.5. Trajectories x(k) € Xk within event-horizon

2.5 Trajectories x(k) € X, within event-horizon

This Section summarizes the approaches studied to compute Xy, and their complex-
ities in order to choose the best approach, considering the trade-off between efficiency
and accuracy (risk of false-positives). An illustrative representation of the trajectories of

x(k) € Xy, within a finite event-horizon is depicted in Figure 2.20.

T2
ks
ity

X1

Figure 2.20 — Calculation of Xy, for £ = 1,2, 3,4 (blue regions). The red dots represent
the true state-vector x(k)

2.5.1 Comparison table of computational complexity

The following Table 2.1 summarizes the worst-case complexity analysis of the pro-
cedures that compute Xj_1, Xklk and Xy, of Sections 2.4.1 and 2.4.2 and their over-
approximations of Section 2.4.3, given a measurement point z(k) and Xj_y;—;. In this
analysis, we assume, without loss of generality, that the systems are autonomous and that
the measurement-space is equal to the state-space (¢ = n). As a notation, we have:

— N as the number of DBM to represent Xj_;_1;

— Ny and N as the number of DBM to represent Xj,_; and Xk|k, respectively;

— G the number of vertices that generate the Max-Plus polyhedron Pj_j—; that

represents Xp_qx—1;

— « is either 2 for n an odd integer or 3 for n an even integer;

— "int. form" (internal representation) and "ext. form" (external representation) refers

to the fact that int. form is computed from ext. form (which is considered as given

in O(1) since it is only a matter of writing the inequalities);
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— "approx." and "exact" refer to the fact that the Interval-RA generally yields over-

approximations.
I Procedure | Xpjk—1 (Prior) ‘ Xk (Measurement info.) ‘ X (Posterior) ‘
DBM-RA O(Nn"™3) O(n"*?) O(N;Nyn?)
. o1 t. fa nto ;
Poly.-RA | O(G?n?) int. form o (n(T”ZO‘e)Xint.Og;m O(n™*) int. form
Int.-RA O(n?) approx. O(n?) approx. or exact O(n?) approx.

Table 2.1 — Comparison of the complexity

The calculation of Xy ,_; using the polyhedral approach is both efficient and accurate
(no risk of false-positives) while the calculation of Xy, (and therefore Xj;) are either
efficient-and-inaccurate (using interval approach) or inefficient-and-accurate (using DBM
and polyhedral approaches). Nevertheless, as proposed in Remark 2.38, it is possible to
compute X, kx both efficiently and accurately using the interval approach. In this case, X K|k
is an interval vector or equivalently a Max-Plus hypercube generated by n 4 1 vertices
(see Remark 2.37 and Proposition 2.3). Therefore, Xy, is yet computed in an inefficient-
and-accurate way using polyhedral approach of Proposition 2.2.

In summary, the best approach combining the trade-off between efficiency and preci-

sion is the polyhedral one.

Computing a point in the estimated set X,

In a closed-loop system relying on state-estimation [85], an
observer-based controller is expecting an estimated vector x(k) and
not a set Xy, such that x(k) € Xy, at each iteration k. Thus, we
have to select one point in Xj ;. For instance, the estimated state
can be chosen as the center  or as the greatest value of Xj ;. For
all types of choices, the trajectory estimated by the set-estimation
approach is in general less accurate than those considering the prob-

abilistic aspects [23, 28].

a. Xy is likely to be a non-convex object in conventional algebra and thus,
the centroid is often not a part of the object itself
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CHAPTER 3

NONDETERMINISTIC SYSTEMS:
STOCHASTIC FILTERING

In Chapter 2, different approaches were studied in order to be able to compute
the conditional reach set. In this Chapter, we will show that these reach sets corre-
spond to the support of the posterior conditional probability density function (PDF)
p(x(k){z(1),...,z(k)}) in the context of Bayesian filtering and that, due to the strong
nonlinearity of MPL systems, it is usually not possible to obtain an analytical form of this
PDF, despite calculating its support, which makes it very difficult to define an estimator
for the state-vector x(k).

Nevertheless, in [28, 86, 87|, an original approach to alternatively solve this problem
was proposed. The main idea is to drawn inspiration from the maximum likelihood es-
timator, but rather than looking for the value of the state x(k) which maximizes the
likelihood function p(z(k), x(k)), we will seek, given a measurement point z(k), to invert
the conditional mathematical expectation E[z(k)|x (k)] in order to obtain a state which
"'gives" the measurement, i.e., a state consistent with the measurement point.

As a promising application of the stochastic filtering algorithms that will be presented
in the sequel, we can cite the approach of MPL systems of queuing networks [88], the
so-called stochastic event graphs [89], which is handled, for instance, by an algebra of

unbiased gradient estimators (see [90] for details).

3.1 Nonlinear Bayesian Estimation

Bayesian methods provide a rigorous and general probabilistic framework for dynamic
state estimation problems. The main idea is to recursively estimate the state-vector x(k)
over time (k here represents the discrete-time) using the mathematical model of the

dynamics and correcting it using measurement information.
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Hidden state - — > x(k—1) > x(k) > x(k+1) = — >
Measurement z(k —1) z(k) z(k+1)

Figure 3.1 — A sequence of hidden states {x(k) }o<k<too is indirectly observed by a noisy
sequence of measurements {z(k)}1<x<ioo Of a Bayesian Network

Let
{x(k) =f (x(k — 1), w(k)), (3.1a)
z(k) = h(x(k),v(k)), (3.1b)

be a discrete nonlinear system with x € R™ the state-vector and z € R? the measurement-
vector. We also assume that w € R” and v € R" are mutually independent and identically
distributed (iid) noises. The nonlinear functions f : R” x R™ — R™ and h : R x R” — R?
are the transition and observation functions, respectively.

The true state x(k) is assumed to be an unobserved Markov process, and the mea-
surements points z(k) are the observations of a Hidden Markov Model (HMM). Thus,
the term optimal filtering® is mathematically seen as a statistical inverse problem (or an
inference or estimation problem), where the unknown quantity is a vector valued time
series {x(k)}o<k<ioo = {x(0),x(1),x(2),...}, which is observed through a set of noisy
measurements {z(k) b1<k<ioo = {2(1),2(2), ... } as depicted in Figure 3.1 by the Bayesian
Network.

We seek to stochastically understand Equations (3.1a) and (3.1b). For this purpose, we
consider the random generation of vectors x(k) and z(k). First, let x(0) be a random vari-
able distributed according to p(x(0)), i.e., x(0) ~ p(x(0)). Thus, x(0) — f (x(0),w(1))
denotes how the state evolves with respect to x(0) and the noise w(1) (stochastic diffu-
sion) through the nonlinear function f, i.e., x(1) ~ p(x(1)|x(0)) is a new random vector
conditioned to x(0). Extending the reasoning for the subsequent iterations and using
the fact that Markov process are under the Markov property 2, one could conclude that
x(k) ~ p(x(k)|x(k — 1)) for all k. Straightforwardly, z(k) is also a random vector condi-
tioned to x(k), i.e., z(k) ~ p(z(k)|x(k)). In practice, it is possible to measure z(k) at each

instant k£ and this measurement can ultimately be considered as a sample drawn from

1. The term optimal in this context refers to statistical optimality. Additionally, Bayesian filtering
refers to the Bayesian way of formulating optimal filtering.

2. The Markov property states that the likelihood of a current state depends on the immediately
previous state only.
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A Posterior

-
>

€T Sample space

Figure 3.2 — An arbitrary posterior PDF and its estimation, which is, in this case, the
maximum a-posteriori Z(k|k) = arg max,u p(x(k)[{z(1),...,2(k)})

p(z(k)|x(k)). Hence, the following general probabilistic state-space model is considered:

x(k) ~ p(x(k)|x(k — 1)), with x(0) ~ p(x(0)), (Markov process) (3.2a)
z(k) ~ p(z(k)|x(k)), (Conditionally independent given the state). (3.2b)

The goal of the Bayesian approach is to compute an estimation of x(k) based on all
available information (sequence of measurements Z(k) = {z(1),...,z(k)}) for all k. To
this end, it is necessary to construct the posterior PDF p(x(k)|Z(k)) as depicted in Figure
3.2. Briefly, all the information needed to properly compute an optimal estimate, based
on different criteria, for x(k) is contained in this PDF. Some examples are

— mean (expectation), mode, median, etc.

Minimum-variance unbiased estimator

A classical criterion to obtain x(k) at time k, using p(x(k)|Z(k)), is
to consider the minimum-variance unbiased estimator, which gives
that the optimal estimate of x(k) given Z(k), denoted as X(k|k),
is the mathematical expectation of the random variable x(k) con-
ditioned to Z(k), i.e.,

X(k|k) = E[x(k)|Z(K)] = /X(k)p(X(/f)IZ(k))dX(k), (3.3)

(see [91, Th. 3.1] for more details).

The Recursive Bayesian filter allows calculating the posterior PDF and then an optimal
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estimate to x(k). In the sequel, we briefly summarize this framework. Given:
— The probabilistic form of the dynamic system given by Equations (3.2a) and (3.2b),
with known statistics of w(k) and v(k);
— Initial prior PDF p(x(0)|z(0));
— Sequence of measurement up to k, formally Z(k) = {z(1),...,z(k)}.

Compute in an on-line two-fold manner:
1. Prediction step (a-priori): p(x(k — 1)|Z(k —1)) —— p(x(k)|Z(k — 1))
— by using system dynamics; inflates the support of p (x(k — 1)|Z(k — 1)) due to
random noise;
2. Correction (or update) step (a-posteriori) p (x(k)|Z(k — 1)) —— p (x(k)|Z(k))
— corrects the prediction by using the new measurement z(k); tightens the support
of p (x(k)|Z(k —1)).
Mathematically, step 1 is computed using the Chapman-Kolmogorov equation under

the Markov property ? [92, 93] as follows:

p(x(K)|Z(k = 1)) = /p(X(/f)!X(k — 1)) px(k —1)|Z(k - 1)) dx(k - 1), (3-4)

dynamics previous posterior

assuming p(x(k — 1)|Z(k — 1)) is given at time k& — 1. Step 2 uses the famous Bayes rule,

which effectively allows us to obtain an optimal solution to this problem. Precisely

p(x(k)|Z(k)) = p(x(k)|z(k), Z(k — 1)) (3.5)
z(k) is independent of Z(k — 1)
BIA, C)p(A|C) | _ p(z(k)[x(k), Z(k — 1)) p(x(k)|Z(k — 1))

_p( _
p(A|B,C) = (B[O = p(z(k)|Z(k — 1))

measurement model

"likelihood" x "prior" | p(z(k)|x(k)) p(x(k)|Z(k—1))
"evidence' B p(z(k)|Z(k —1)) ’

normalization constant

o< p(z(k)[x(k))p(x (k)| Z2(k — 1))

where p(z(k)|Z(k — 1)) = [ p(z(k)[x(k))p(x (k)| Z2(k — 1))dx(k).

3. The joint distribution of x(k) and x(k — 1) given Z(k — 1) can be computed by using the Markov
property as follows: p(x(k),x(k — 1)|Z(k—1)) = p(x(k)|x(k — 1), Z(k —1))p(x(k — 1)|Z(k—-1)) =
p(x(B)x(k = 1))p(x(k = D|Z(k - 1)).
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w(k) w(k+1)
v
—>( x(k—1) f(e) x(k) f(o) —
v(k —1)—>h(e) v(k) — h(e)
\l Step 1 Step 2 Step 1
px(k—1)[Z(k-1)) ——( px(k)|Z(k-1) J— p(x(k)|2(k)) ) p(x(k+1)|Z(k))

Stepl  plx(k)|Z(k— 1)) = / p(x(k) x(k — 1))p(x(k — 1) Z(k - 1))dx(k — 1)

Step2  p(x(k)|2(k)) o< p(z(k)|x(k))p(x(k)|Z(k — 1))

Figure 3.3 — The nonlinear system propagates the state x(k) through time and produces
output measurements z(k) at each instant k. In view of this principle, the Bayesian filter
tracks the PDF of x(k) given the measurement set Z(k).

Figure 3.3, adapted from [94], summarizes these two steps as the so-called Bayesian
principle.

Although conceptually correct, the Bayesian principle is not practical since the asso-
ciated integrals are intractable in most cases. Nevertheless, an optimal solution does exist
for restrictive cases:

— in the case of linear systems with additive Gaussian noise the exact recursive

solution of the problem is the very well known Kalman Filter [92, 91];
— for nonlinear problems for which the linearized model is a good approximation, the
Extended Kalman filter [95] or the Unscented Kalman filter [96] can be considered.

3.2 Nondeterministic MPL systems and the Bayesian
filtering

In this Section, we will formalize an "alternative"' Bayesian filtering approach to handle
nondeterministic MPL systems with bounded random variables (uMPL systems). First,

let us study the modelling of TEG with stochastic holding times.

Example 3.1. Consider the TEG depicted in Figure 3.4 and its model with x1,xs, x3,a,b,c €

RU{—o0} and k € N.
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a(k) c(k)

O

b(k)

Figure 3.4 — A simple TEG with correlations in its canonical form representation

8

1(k) = max (xe(k —2),u(k)),
2(k) = a(k)+z1(k),
(k) = max (b(k)+ z1(k),c(k) + z2(k)),

As we can see, these dynamics are nonlinear but are not of the form f(x(k — 1), w(k))

8

S
Sy

N
~—~ W

and therefore the system is not a Markov process. However, by introducing a new variable

x4(k) = xo(k — 1) and by naively substituting variables we obtain (refer to Section 1.3.2):

z1(k) = max(z4(k —1),u(k))
zao(k) = a(k)+x1(k)

= max (a(k) + z4(k — 1), a(k) + u(k))
x3(k) = max (b(k) + x1(k), c(k) + xo(k))

= max (d(k) + xz4(k — 1),d(k) + u(k))

( )

d(k) = max (b(k),c(k)+ a(k
za(k) = xa(k—1)
z(k) = xz3(k)

which is clearly of the desired form. FEven though we consider that a(k),b(k) and c(k)
are mutually independent random variables distributed according to the same probability
distribution over different supports, we observe, on the other hand, that d(k) is coupled (or
correlated) to a(k),b(k) and c(k) and it would be necessary to take into account its joint
distribution with respect to these other random variables. This means that the assumption
of the mutual independence of the stochastic holding times does not hold anymore. A

possible conservative solution is to consider that d(k) is a "new" independent random
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3.2. Nondeterministic MPL systems and the Bayesian filtering

variable, i.e., uncoupled to a(k),b(k) and c(k).
Consider the canonical form of nondeterministic autonomous MPL systems, given by

max ?’

z(k) = C(k)x(k), C(k)e[C]eRL" (3.6b)

max’

{x(k) — A(k)x(k—1), A(k)e|A eR" (3.6a)

with vectors x and z of dimension n and ¢, respectively; entries of A(k) and B(k) are mu-
tually independent bounded random variables distributed according to known piecewise
polynomial cumulative distribution functions (CDF)*, denoted by F(a;;) and F(c;;) or
more simply by F(A) and F(C). Therefore, this canonical form is said to be Markovian
(for non-autonomous systems, this statement is also valid).

However, as already pointed out, for MPL systems, the Bayesian formulation does not
rely on the Kalman filter (or its extensions) due to the strong nonlinearity of the operator
@ = max in classical algebra (lack of linearization). Then, even though we cannot directly
apply the Bayesian filtering to obtain an estimate of the state x(k) we can still calculate
the support of the posterior PDF p(x(k)|Z(k)) using the results of Chapter 2 as shown
in Figure 3.5.

In the probabilistic point of view, the disadvantage of Bayesian
set-membership filtering is obvious: no estimate is computed but a

region in which the state x(k) and its estimate x(k|k) lie.

In order to overcome these unfeasible computations, an alternative filtering problem
was proposed in [28, Sec. IV] and can be stated as follows: after event k, given a sequence of
measurements Z(k) = {z(1),...,z(k)}, determine an estimate for x(k), denoted by x(k),
supposing that an estimate X(0) is known at & = 0. For the unknown state trajectory
X (k) ={x(0),...,x(k)}, x(k) is computed as

(k) = E[x(k)[%(k — 1)]. (3.7)

4. The CDF F, of a random variable x is a monotonic increasing mapping F, : R — [0, 1],¢ — F,(¢)
satisfying lim;_, _ o, F3.(t) = 0 and lim;_, o, F(¢) = 1. It is also equivalent to the area under the PDF p, ()
from —oco to t, i.e., F(t) = fioo p.(7)d7. Additionally, it is possible to obtain p,(t) as p.(t) = dFx ()

dt
provided that this derivative exists.
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Z9 p
z(k)
/
p . z
Z2 - p(x(k+1)|2(k)) 1
X1k
Measurement likelihood B g

X p(x(k)|Z(k))
<Nkl Correction step -

Xk-1jk-1
D p(x(k — 1)|2(k ~ 1)
Prediction step

Figure 3.5 — Concatenation of the set-estimation with Bayesian principles, hereafter re-
ferred to as Bayesian set-membership filtering: from the support of p(x(k — 1)|Z(k — 1)),
denoted Xj,_jjx—1, we compute the support of the prior distribution p(x(k)|Z(k — 1)), de-
noted Xj,_1; the correction phase is computed by correcting Xy x—; thanks to the support
of the measurement likelihood p(z(k)|x(k)), denoted Xy, in other words, the support of
the posterior distribution p(x(k)|Z(k)) is Xgp = Xip—1 N Xije

Prediction step

p(x(k)|Z(k—1))

>

€1
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3.2. Nondeterministic MPL systems and the Bayesian filtering

Similarly, from Z(k), we will look for the state X(k) such that it leads to
z(k) = E[z(k)|x(k)]. (3.8)

A sequence X (k) = {%(0),...,%(k)}, ideally tracking X(k), is obtained if it satisfies the
Equations (3.7) and (3.8). This sequence can be seen as the classical maximum likelihood
estimator in the sense that it is based on the likelihood function p(z(k)|x(k)). The main
difference is that instead of considering the maximum of this function, with respect to
x(k), the estimate x(k) (see Equation (3.8)) chooses the value of x(k) such that z(k) is
equal to E[z(k)|x(k)].

It is important to note that the strategy summarized by Equations (3.7) and (3.8) effec-
tively takes into account the prior data®, since x(k) appears in both equations. Although
conceptually useful, these equations are not adequate for the direct implementation of
a filter, because there is no unique solution %(k) guaranteed due to the nature of the
Max-Plus operations.

Alternatively, we can define x(k) as a value which is constrained by z(k) = E[z(k)|x(k)]
(even though in classical filtering this is not mandatory) and is the closest to x(k) =
E[x(k)|%(k—1)] (prior estimation). To retain this value, we use a suboptimal solver based

on interval contraction that will be presented in the sequel.

Alternative filtering

In short, the approach is also two-fold and can be resumed by the

following equations:

Prediction x(k|k — 1) = E[x(k)|x(k — 1|k — 1)]. (3.9)

Update x(k|k) = arg min|/x —X(k[k —1)[,, (3.10a)
s.t. z(k) = Elz(k)|x], (3.10Db)

supposing that x(k — 1|k — 1) is known (previous posterior estima-

tion).

5. Estimators based on p(x(k)|z(k)) are Bayesian because they consider the probability density
p(x(k)|x(k — 1)) (see Equations (3.4) and (3.5) and note that the dependency on past measurements
Z(k — 1) has been omitted for simplicity). On the other hand, estimators purely based on the measure-
ment likelihood p(z(k)|x(k)) are non-Bayesian.
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In the sequel, we will introduce the mathematical tools necessary to properly compute
Equations (3.9) and (3.10).

3.2.1 On the mathematical conditional expectation calculation:

exact and approximation approaches

Clearly, a special ingredient is the computation of expected values of max-affine ex-

pressions, for instance, the expected value of

2 = Inax (a’i + .Z’i),

1<i<n
where a4, . . ., a, are mutually independent bounded random variables with piecewise poly-
nomial CDF F'(a;), is denoted by E[z|z1, ..., x,].
Let us start with the simple case of the calculation of E[v], where v = max(ay, ..., a,).

First, we compute the CDF of v as®

F,(t) = Plv<t]=Pla; <tand a; <t anda, <t| = HP[CM <t = HFai(t).

=1 =1

As a corollary, if each a; is shifted by a constant z;, i.e., v = max(a; + x1,...,a, + x,),
then .
F,(t) =] Fa.(t — ), (3.11)
i=1

which is a piecewise polynomial function. This expression is famous and can be found in
[97].

Remark 3.1. The computation of Equation (3.11) can become complex for some bounded
piecewise polynomial distributions, since it is necessary to consider several possible com-
binations of ranges. Therefore, throughout this Chapter, we consider that a; are uniformly

distributed on [a;, @], i.e., a; ~ U(a;,a;) and

0 th S Q;,
Fai (t) = ati_,géi Zf a; <t S aia
1 otherwise,

6. Plz < t] represents the probability that the random variable x takes on a value less than or equal
to t.
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which allows us to directly implement this computation in a procedural way.

Let us derive the expression of the mathematical expectation. Let X be a random
variable with non-negative support and with its CDF Fx (). If Vo < xy we have Fx(z) =0
and thus

E[X] = 2o + /+°o (1 - Fy(z))da. (3.12)
zo

A simple way to understand this result is to consider the following:

First,
+o0o
1 — Fy(z) = P[X > 2] = / pe(t)dt

T

and
/:OO (1 - Fx(x))dz = /+OO P[X > t]dx = /:OO /t+oopx(t)dtdx,

0 Zo

then changing the order of integration and also the integration limits, i.e.,
{z > 20, t >0 < {t > x0,20 <2 <H,

we obtain

—+00

[ pxast = [ ol dt = [ (¢ - aopx(ti,

Z0

which is equal to

/ T = wo)px (t)dt = / " ok (Bt — o / T e ()dt = / " i (£)dt — 7o,

0 0 o 0
—_———
=1—Fx (z0)=1

the term [;"> tpx (¢)dt is the usual definition of E[X], i.e.,

—+00

Elx] = | T i ()t = [ tox(tya

—00 o

Hence, .
/x (1 — Fx(x))dx = E[X] — xo.

0

For the special case of bounded random variables, i.e., a < X < b, Equation (3.12) is

rewritten as

E[X]=b— /  Pe(x)da. (3.13)

135



Chapter 3 — Nondeterministic systems: stochastic filtering

Conditional expectation of z = A ® x given x

Consider the Max-Plus mapping

z=AQX << Zi:(A®X)i:m%f((aij+xj), i=1,...,q
‘7:

with vectors x and z of dimension n and ¢, respectively; entries of
A € IRY:" are mutually independent random variables distributed
according to known piecewise polynomial CDF F,, .. Supposing that
x is a deterministic vector and z is a random vector then the condi-
tional expectation of z given x is denoted E[z|x]| and is exprressed

as B
Zi = f;ll ;L:l Falj (t — l'])dt

Elz|x] = : (3.14)
7q —f;qq ;l IF (t-![’j)dt

= Qqj

where z = A ® x and Z = A ® x. Moreover, E[z]x] is clearly a

continuous and isotonic function of x: if x* > x® then
n n
H Faij(t _ .T?) < H Faij(t - .’IJ?),
j=1 =1

since Fy,, (t—z9) < F, (t—ab) for j = 1,...,n, leading to E[z|x%] >
E[2:]x"] (see [28, Lem.1]).

Remark 3.2. A large class of random variables can properly be approximated by piecewise
polynomial CDF, including those that have no upper bound (infinite support). For MPL

systems, the requirement of a finite lower bound is generally not restrictive.

Remark 3.3 (Continuity and isotony). Any other technique to calculate E[z]|x], and
therefore, E|z|x], can alternatively be considered in the alternative filtering approach, given
by Equations (3.9) and (3.10), as long as it keeps the properties of continuity and isotony
with respect to x (it is the essence of the success of the next part). Particularly, we can

mention the results proposed in [98, 24], which are possible alternative methods.
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In [24], it was considered an approximation based on the moments

of a random variable by using the fact that

t
(21,0 esn) oo (@1, zn)"llp

max(z1, ..., 2,) < max(|zi],. .., |z.]) < (@ + ... 22)?,

with equality if p — oo. Briefly, the focus is on decreasing the
computational burden of the calculation of z = E[max(z1,...,z,)]

where x4, ..., x, are random variables. Then
lower(z) < z < upper(z),

where the lower and upper bounds [24, Sec. 3] are given be-

low, for the special case where 1, ...,z, have bounded domains
dom(zy), ..., dom(z,):
lower(z) = max(E[z1], ..., E[x1])

upper(z) = (Zn:l E|lz; — L|p]> ’ + L,

with
L= mnin(min(dom(aci), 0))

i=1
and exploiting the Jensen’s inequalities for convex and concave
functions, respectively. The approximation with respect to the up-
per bound tightens according to a suitable tuning of the parameter
p. A proper discussion on this adjustment is detailed in [24]. For
comparison purposes, the p-value can also be adjusted experimen-
tally by increasing it while the result is improved, indeed for a
larger p-value the result could deviate from the exact solution. As
suggested in the work, it is recommended that p be an even integer
since in this case
Elle7] = El2?].
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Approximation of the condition expectation

Equation (3.14) exactly computes the expectation of each E[z;|x].
By using the approximation method of [24], with a suitable tuning
of the even integer p and of L, the following holds for i = 1,...,¢:

Eled = ¢ + (Z E (o +2; - Lm)p +L (3.15)

J=1

E~[2i|x]

The approximation error € tends to 0 if we made a good choice for
the parameters. Thus, E¥[z;|x] is an alternative to replace E[z;|x]
as long as it keeps properties of continuity and isotony with respect
to x. Continuity is trivial since ¢(v) = (X, E [7])'/P with p # 0
is clearly a continuous function since E[1]] = [ion(, (¥i)Ppy, (t)dE
is assumed to be continuous and positive. Isotony is proved in
Lemma C.2 of Appendix C to show that if z§ > xl]’- then
E {(aij + 1§ — L)p} > E [(aij +z) — L)p] for j =1,...,n and con-
sequently E¥[z;]x?] > E¥[z|x"].

Remark 3.4. There are other upper approzimations to max(zi,...,x,), such as the
normalized exponential function (softmax) and the LogSumEzxp (also seen as the sum
operator of log semiring in the field of tropical analysis), which exploit Jensens’ inequality

and then, in theory, it is possible to get good approximations.

Example 3.2. Consider a state x,(k) in a TEG that is the result of synchronization and
delay of two other states, i.e., x4(k) = a®@x1(k—1)® L Rxo(k—1) such that its expected
value given x1(k — 1) = xo(k — 1) = e is denoted E[z,(k)|(x1(k — 1), 22(k — 1))*] and is
given by

Emax(a, 8)],  where a ~U(3,6) and 5~ U(4,8).

The analytical computation using Equation (3.14) is depicted in the Figure 3.6. It should
be noticed that the PDF obtained by max(«, [3) is not uniform, i.e., the max operator does

not preserve the distribution (see Figure 3.7).
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0.5

0.4 Pa (t) =

0.3

PDF

02 ps(t) =

CDF

0.1

Sample Space Sample Space
(a) PDF of « and 8 (b) CDF of a+ x1 and 8 + 2
1 0.5
G(t) de) _ Pmax(a,6) (t)
0.8 ] Folt —z)Falt —22) = 04 d
0 ift<4
06] ) =812 ifa<t<e 03
w = if6<t<8 w
5 1 otherwise. a —_—
04 0.2
0.2 0.1
0 0
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Sample Space Sample Space
(¢) Product of CDF representing (d) For the sake of curiosity: the PDF
max(a+z1, 5+x2) and the area below obtained by differentiating the result-
the resulting CDF ing PDF G(t)

Figure 3.6 — Computing the conditional expectation of Example 3.2 using the analytical

approach - E[z,(k)|(z1(k —1),22(k — 1)) ] =8 —A=8 -1 =%

PDF x Sample Space

max(e,s) }

Figure 3.7 — The max operation does not preserve the distribution of its inputs, and
usually E[max (X1, Xo)] # max(E[X;], E[X3])
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This result could also be computed using Equation (3.15), as follows:

E[max(«, 8)] ~ (E[(a — L)?] + E[(5 — L)p])% +L

(/ (t — L)Ppa(t dt—l—/ (t—L pﬁ()dt> +L
( t—L)PdH—/ (t—L pdt) +L
1 [@—Lp™ 1 [@—Lpt]?\”
R (U7 L W (e e A T
a—-al| p+tl |~ B=B| p+l |4
by arbitrarily choosing L = 3 and p = 10 we obtain E[max(«, B)] ~ 7.0247 to be compared

with the exact value 33 (oth,er choices for the parameter p could potentially reduce the

=

approximation 67"7“07“).

3.2.2 On the inverse of continuous and isotonic conditional ex-

pectation functions

We shall use [28, Sec. II] in the sequel. It is assumed that the method to compute
E[z|x| keeps the property of continuity and isotony (refer to [28, Lem. 3]).

Given a ¢-dimensional vector z, find x € R™ such that z = E[z|x]| =
E[C ® x|, with C € [C] € IRL.", is respected. This is also seen a

statistical inverse problem.

Due to the multiplicity of solutions, we seek to characterize the set
x = {x|z=Elz[x]} € (RU{—o0})"

inside a given box
x] = {x | x < x <X} C (RU{—00})",

i.e., x C [x], as close as possible to an arbitrary point x° (obtained somehow).
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Contractors (see [38]) are powerful tools to efficiently solve the prob-
lem of characterization of the set x. The operator C, is a contractor

for x if it satisfies V[x] € (RU {—o0})" the following properties

C([x]) < [x] (contractance) and
Cx([x]) Nx

—

x| Nx (completeness).

The first property states that the contraction of [x] always yields a
contracted [x]. The second property, combined with the definition
[x] N x = X, asserts that the box C,(|x]) does not remove a single

point of x. Moreover, a contractor is said to be minimal if [x]Nx =

Cy([x]).

In the following, it is assumed that:

— H1) x is not empty;

— H2) Efzlx] <7

— H3)Vj e {l,....,n}, Ez|(z, 29, ..., Tj, ..., 21, 2,)")] > Z.

Let us define some useful conditions.

Condition L true if E[z|¢] <2, with &= (fl,@,...,%,...,fn_l,@)t. (3.16)

If the condition L holds, then there exists at least a point x” =
t
(fl,fg,...,x;»’,...,fn_l,fn) with z; < 27 < 7, such that

E[ZZ' |X”] = Ez o
Similarly,

Condition U true if E[z|n] > 2 with 0= (21,20, ..., Tjy .., Tp_1,2,) . (3.17)

If the condition L holds, then there exists at least a point x” =
t
(@hgg,...,a:}’,...,gn_l,gn) , with z; < 27 < T;, such that

E[Z¢|X”] = ,/Z\Z

141



Chapter 3 — Nondeterministic systems: stochastic filtering

These two conditions/consequences define two operations that both combined sum-

marize the contractor €2, on [x] = [x,X].

L .
Aj operator:

Af([x,x) =[x, %], (3.18)
with
' = (£17§27'"7x97"'7§n717&n>t
v = sup{z; € [z;,T;]} st Bl | X'] < Z
A (fl,fg,...,J]j,...,fn_l,fn>t
Ag operator:
Al([x,X]) = [x,x] , (3.19)
with
= (Tl,fg,...,.f;-,...,fn,l,fn)t
v = inf{z; € [z;, 7]} st Bl | X"] > %
"= (gl’l%'"JIju""gn—bln)t

The calculation of z; in Equations (3.18) and (3.19) is a one-dimensional search that
can be efficiently performed by the dichotomy method (see [99]) as follows: at each step,
the search interval initialized with [z;,7;] is divided into two equal intervals. The half
containing the solution will be the search interval at the next step. Algorithm 3.1 sum-
marizes this search for each row/column pair (i, j) and stops when the search interval is

sufficiently small.

Let us understand a case of this procedure: for instance, in the case
of the A{} operator, y; is the middle point of the search interval
[z;,7;] with y accordingly, i.e., y = (T1,T2,...,Yj,- - Tn-1,Tn)".
If E[z;|x"] > Z; then the solution is on the lower half (this is done by
replacing the upper bound Z; of the search interval by the middle
point y;).

The composition of A/, and A} fori=1,...,gand j=1,...,n

We denote €2, the contractor obtained from the iterated composition of 2¢n operators
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Algorithm 3.1: One-dimensional search

Data: [x], (¢,7), 2i, type L or U, tol (tolerance)
Result: [w,X]| = Ale([x]) or [x,w| = AZ([X])

(%WM—“ZQ if I;  (x,%) if U;

[uny

2 while [7; — z;| > tol do

3 |y (z; +75)/2

4 if |E[zi|y] — Zi| > tol then
5 if E[zi|y] > z; then

6 Tj < Yj;

7 else

8 |z vy

9 end

10 else

11 {@-(—yj if L; I; <Yy if U;
12 end
13 end
14 wj — Yjs

15 return w;

defined above, 1i.e.,
O ([x]) = (Ao A o AT, 0 AT 0. 0 Af o Afy o0 Ag, o AL )([x]).

It is worth to mention that, if the condition L is not satisfied, then A} ([x]) is mathe-
matically seen as the identity operator, i.e., Al ([x]) = Id*([x]) = [x]. Similarly, if the
condition U is not satisfied, then Al}([x]) = 1dY ([x]) = [x].

Remark 3.5. The contractor Q, satisfies the contractance, completeness and monotonic”
properties (see [28, Lem. 2] for proofs).
The Algorithm 3.2 summarizes the contractor (2, .

Remark 3.6. ,([x]) converges to a fived point, i.e., to an interval I such that
O (T) =T.

Moreover, T contains x (see [28, Lem. 3] for proofs).

Deprecation of Z, the suboptimal solver Inv:

7. Monotonic contractors verify: if EX C EY then C(EX) C C(EY).
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Algorithm 3.2: Interval contractor
Data: [x], z
Result: 7 = Q, ([x])

1 while x’ # x and X' # X do

2 X+ xX +x;
3 foreach i € {1,...,q} do
4 foreach j € {1,...,n} do
/* Lower dichotomy */
5 X X; x5 < Z;;
6 if E[z;|x] < Z; then
7 ‘ X Afj([z,i]) ; // a nmew z; is computed
8 end
/* Upper dichotomy */
9 X X; Zj < Ty
10 if E[zi|x] > z; then
11 ‘ X Ag([;,i]); // a new T; is computed
12 end
13 end
14 end
15 end

16 return [x,X];

Generally, the interval Z = [x°P*, X°'] is not deprecated after the contraction procedure
of the initial interval [x], then in order to obtain a point in Z we consider the deprecation

procedure described below (see [28, Sec. IV] for more details).

Procedure 3.1. For an arbitrary j € {1,...,n}, let a € [z;,7;]. Moreover, let X' =
x N{z; = a}, with {x; = a} a hyperplane in R, and let ' = T N{z; = a}. In general,
7' is not minimal (see Remark 3.6) and the contraction algorithm must be run again to

obtain the minimal interval containing x'.

The procedure above can be iteratively repeated until the minimal interval is reduced
to one point (all components are fixed) that necessarily belongs to x. The remaining ques-
tion is: which component should be fixed at each step and to which value? To answer this,
consider now that one holds a guess value (obtained somehow), formally x°. We shall look
for a point x € y that is the closest to this value, i.e., X" = arg minye,||x — x°||. In
general, x°"* is not unique, i.e., multiple solutions yield the same minimum, and mostly
important: an optimal value for this problem cannot be guaranteed because Yy is unknown.
However, following [28, Sec. IV], a suboptimal heuristic procedure, based on the depreca-

tion method described above, is proposed to solve an alternative optimization problem,
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stated as follows: as we already know, Z, such that y C Z, is the interval resulting from

the Algorithm 3.2. Then, we consider the alternative minimization

subopt

X = arg minxez||X - XOHoov

whose optimal solution® is given by the line 7 of Algorithm 3.3.

Remark 3.7. The vector x5*°Pt not necessarily belongs to x, but it is useful to determine
at each step which component must be deprecated and to which value. Given that, x C T

then the following statement holds:
min||x — x°| > min|lx — x°|| .
xXEX x€T

The Algorithm 3.3 summarizes this procedure, and it should be noticed the generation
of the initial interval [x] must contain at least one solution of the problem characterized
by the set x. A simple rule to guarantee this is to choose x such that Cx < Z and X such

that CX > Z are respected ?.

Let us interpret the line 9 of Algorithm 3.3. This line means that
dj € {1,...,n} such that |xj.“b°pt — )| = )

denoted j*. The goal of the iterative suboptimization procedure that

Xsubopt

- XOHOO’ this 7 is

was designed is to minimize ‘ xsubopt _ XOHOO' At each iteration k we
obtain j# denoted j*(k), and thus if we do not choose the j*(k)-
th component of [x] to be deprecated then in the next iteration
k+1 we will obtain that j*(k+1) = j%(k), i.e., without minimizing

|

k the index of the component that must be deprecated is 5.

Xsubopt

— XOH , which is not desired, and hence, at each iteration
(o)

Remark 3.8. In [28], a proper discussion of optimality is presented. In short, it is based

subopt __

on analyzing J = ||x x||o at each iteration in Algorithm 3.8. If J remains un-

changed, then an optimal value is obtained. In practice, this can be summarized by eval-
uating whether j* is kept after each iteration since J = |:L'jffb°pt -

iterations j* no longer changes, then an optimal value is found. On the other hand, if j* is

x|, i.e., if after some

not preserved then, although an optimal value could be found, we cannot assert optimality.

8. As for x°P!, there exist multiple solutions for x*“*P* hut mingez|[x — x°||o is unique.
9. H3 implies E[z|X] > Z and it must always be respected, otherwise X must be properly modified.
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Algorithm 3.3: Suboptimal solver
0

Data: z, x
Result: x = Inv(z, x")
1 generate [X,X]; bool < true;
2 while bool do

3 x,X] + Q([x,X]) ; // Algorithm 3.2
4 bool < x # X;
5 if bool then
6 foreach j € {1,...,n} do
z; if 2 <a;
7 SOt 800 ifxy <al <m; o5 // xS = arg mingepx [[x — x|
T; otherwise.
8 end
9 j*  argmaxjeqrny 23 — 29);
/* Deprecation */
10 Tjp < Ty 5 Ty 4 Ty
11 end
12 end
13 return x or X ; // Notice that: x=X

3.2.3 Computational point of view of the alternative filtering

From the computational point of view, the Equations (3.9) and (3.10) can be summa-
rized by Algorithm 3.4.

Algorithm 3.4: Alternative filter

Data: x(k — 1|k — 1) and z(k)

Result: x(k|k) = Filter(z(k),%(k — 1|k — 1))
1 X(klk —1) = E[x(k)|x(k — 1|k — 1)] ; // Equation (3.14)
2 X(k|k) < Inv(z(k),%(k|k —1)); // Algorithm 3.3
3 return x(klk)

Let us consider a simple graphical interpretation of Algorithm 3.4, as depicted in
Figure 3.8.

It is worth to mention that this alternative filtering computes an
estimate X(k|k) for x(k) € Xy, (support of the posterior PDF)

that not necessarily belongs to Xjj.
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A(k)=5,x(k) =5 ////é(k) —1.5, 2(k)=6.5
ol e~

o 1 2 3 4 5 6 7 8 X

Figure 3.8 — Execution steps of Algorithm 3.4: first, a prediction value is computed using
the conditional expectation calculation; the prediction value is corrected in a second step
by using interval contraction of an initial interval that contains at least a x such that

2(k) = Ela(k)|x]
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Example 3.3. Consider the nondeterministic MPL system with mutually independent

and uniformly distributed processing times, described by
x(k) = A(k)x(k—1), z(k)=C(k)x(k)

with

1,3 [?»ij) and C(k) € [C] = ([1,3] [0,5])

and the following initial state x(0) = (e,e)' € Xo = {x | 0 < 27 < 1,0 < 29 < 1}.
Assuming that %(0|0) = x(0) € Xoj90 = X and considering the following simulated state

and measurement sequences given by Table 3.1, we compute using the polyhedral set-

| | k=0] k=1 | k=2 |
e 3.956 6.097
x(k) <e> (2.441) <6.924>
z&) | - 6.537 | 11.158

Table 3.1 — Simulated state and measurement sequences of Example 3.3

membership method and Algorithm 3.4 the following results depicted in Figure 3.9.

11

N Xy
71 : :

Zo
ot

-1 1 3 5 7 9 11
T
Figure 3.9 — Calculation of Xy, for k& = 1,2 (blue regions) of Example 3.3. The red dots

represent the true state-vector x(k) and the black dots represent the estimate x(k|k) using
Algorithm 3.4
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Thus, clearly X(2|2) does not belong to X2 (even though z(2) = E[z(2)|x(2|2)]) thanks
to Equation (2.35), which denotes the membership test to the Mazx-Plus polyhedron that
represents Xoa. Briefly, X(2|2) is not consistent with the support of the posterior PDF for
k = 2 (a probabilistic issue), represented by Xoo. The simple way to consistently obtain
%(2|2) belonging to Xojp is to compute its projection® over Xoj, precisely Xproj(2]2) =
(8.692,6.692)" represented by the green dot in Figure 3.9.

3.2.4 Filtering with error criteria

The aim of this Section is to propose an improvement in the correction phase of the
Algorithm 3.4. The new algorithm, originally presented in [87], is based on the minimiza-
tion of a criterion that allows evaluating the estimation error of the prediction phase
and to adjust the importance to be given between the prediction estimation and the cor-
rected estimation, as the quadratic criterion does in Kalman filter for linear continuous

time-driven systems.

In Kalman filter theory, the gain is the weight given to the measure-
ments and current-state estimate, and can be “tuned” to achieve a
particular performance. If the Kalman gain is large that means er-
ror in the measurement is small which means that new data put in
can now very quickly get us to the true value, and therefore we will
reduce the error in the estimate and vice versa. Then, we propose to
improve the original filtering algorithm for Max-Plus systems (Al-
gorithm 3.4) by introducing a criterion in the spirit of the Kalman
filtering gain. The optimal gain matrix of the Kalman filter is often
derived by minimizing the trace of the posterior covariance matrix
[100]. By analogy, we will define a criterion J to be minimized, al-
lowing to take into account the trade-off between the noise in the

prediction estimation and in the measurement.

The criterion J

From Equations (3.9) and (3.10) the following information is known:

10. If a homogenous point p = (p,e)* does not belong to the homogenous form of a c-Polyhedron

represented by P = co(é), where G is its minimal generating set, then its projection, given by DPproj =
mat(G) ® (mat(G){p), necessarily belongs to P (see [68] for more details).
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— The estimation of x(k) at k — 1, formally x(k — 1|k — 1) (prior knowledge of state);

— The current prediction estimation for the state x(k) from the available state esti-
mation at k — 1, formally x(k|k — 1) = E[x(k)|x(k — 1|k — 1)];

— The measurement output z(k) obtained at k.

For instance, let zy be defined as the output prediction estimation, i.e.,
zo = E[z(k)|x(k|k — 1)].
Consider that, zg will be used as input of the inversion procedure, formally
xo = Inv(zg, X(k|k — 1)).

Based on this, it is straightforward to see that xo = X(k|k — 1). However, if we define z;

as a classical convex combination between z(k) and zg, formally
z; = Pz(k) + (1 — B)z¢ where § € [0, 1],

then this artificial measurement should be used also as input of the same inversion pro-
cedure, precisely
X1 = Inv(zl,fc(k;|k — 1))

The pair (x1,z(k)) as defined before is the input of the following heuristic criterion that
aims at evaluating for each k the trade-off between the noise in the prediction estimation

and in the measurement:
J(x1, 2(k)) = max{|| Py, (x1 — X(k|k = 1))lloo, | P (2(k) — E[z(F)[x1]) ][}, (3.20)

where Py, = diag(a,...,a,) and Py, = diag(m,...,7,) are weighting matrices in
the usual algebra. The first part of the criterion reflects how the estimation impacts
the prediction estimation obtained in Equation (3.9). The second part reflects how the

estimation impacts the measurement.

A key point is to ensure that the criterion above is practical. For this reason, the
parameters aq, ..., q, must be associated with the variability of the components of the
vector X(k|k—1). The inverse of these parameters is therefore an indicator of the reliability
of X(k|k—1). A rule of thumb for tuning the parameter a; for all i € {1,... ,n} is given by

considering the average width of the elements of the i-th row of the corresponding interval
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matrix [A]. Similarly, the parameters v, ..., 7, must be associated with the reliability of
the components of E[z(k)|x;]. The variability of these variables depends on the vector x;,
and in principle, the parameter v; must depend on x;. In order to avoid this dependence,
although it is approximate, a possible rule of thumb for 7; for all i € {1,...,q} is given
by considering the average width of the elements of the i-th row of the corresponding
interval matrix [C]. Hence, Py, and P, are calculated in an offline phase and remain
the same throughout the filtering loop. Nevertheless, it is possible to define other suitable
values for «; and ~;, possibly online, i.e., the weighting matrices could be calculated at

each iteration k in order to obtain better results.
It should be noted that:
— if z; = zg, then the first part of the criterion, precisely Pd_y}],<xl —x(k|k—1)) is null
in the classical context;

— if z; = z(k) (this is the case of Equation (3.10)), then the second part of the

criterion, precisely, P,,L(z(k) — E[z(k)|x1]) is null, also in the classical context.

The modified correction equation is also a constrained optimization problem, as shown
below, and the main idea is to choose X(k|k) as the value of x; that minimizes Equation
(3.20).

x(klk) = arg min J(x1,2(k))

3.21
s.t. z; = E[z(k)|x4] ( |

Based on this, the search for z; will be constrained to the convex combination of z(k)
and zg. Hence, J(x1,z(k)) is reinterpreted by J(3) where 8 € [0, 1]. Any one-dimensional
search method can be used to find a local minimum value of the objective function above.
We summarize Equation (3.9) together with (3.21) given by the following filtering Algo-
rithm 3.5.

The resulting one-dimensional search in the Algorithm 3.5 is represented by 3! =
1dMinimizer(func,0,1) and is can be solved using the fminbnd function, which is im-
plemented in MATLAB. Furthermore, it is worth to mention that if the elements of the
main diagonal of Pd_yt and P,;! are 1/0 then fminbnd will not run as desired, and thus we

replace 1/0 with a sufficient finite value, for instance 10*.

Example 3.4. Let us recall Example 3.3 with the same initial conditions and sequence
of state and measurements of Table 3.1. However, instead of applying Algorithm 3.4, let
us consider the application of Algorithm 3.5 but by considering the following weighting
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Algorithm 3.5: Criteria filtering algorithm for state estimation
Data: x(k — 1|k — 1), z(k), Payn and Pps.
Result: x(k|k) = Filter(z(k),%(k — 1|k — 1))

1 X(klk —1) « E[x(k)|%(k -1k —-1)]; // Equation (3.14)
2 zg < E[z(k)|x(k|k —1)] ; // Equation (3.14)
/* Objective function. */

z1 < Pz(k) + (1 - B)zo
3 J(ﬂ) = X1 < Inv(zl,f((k‘k — 1)) )
J(x1,2(k))  max{[| Py, (x1 — %(k[k — 1)) oo, [| Py (2 (k) — E[z(k)[x1) [l }

/* One-dimensional minimizer for J(f) with [ between 0 and 1 */
4 P! + 1dMinimizer(J(3),0,1); /] B = arg Bm[in] J(B)
elo,1
5 Z?pt - ,BOptZ(k) 4 (1 —,BOpt)Zo;
6 X7« Inv(z?, % (k|k — 1));

7 return X(k|k) = x?'

matrices
1
= 0 1
-1 _ . -1 _
den = (105 1%5) and den =35

The estimated states are represented in Figure 3.10.

11 4

)
t

1 1 3 5 7 9 11
T

Figure 3.10 — Calculation of Xy, for & = 1,2 (blue regions) of Examples 3.3 and 3.4.
The red dots represent the true state-vector x(k), the black dots represent the estimate

x(k|k) using Algorithm 3.4 and the blue dots represent a different estimate X’(k|k) using
Algorithm 3.5
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Thus, clearly X'(k|k) € Xy for k = 1,2 and all estimates are consistent with the
support of the posterior PDF (it is not always the case, i.e., no guarantee). In addition,
the following values of 3°P" are obtained: k = 1, 3°P* = 0.1753 and k = 2, [°P' = 0.1784,
which means that more importance was automatically given to moise in the prediction
rather than noise in the measurement (too noisy). Finally, let us analyze the average

distance

(i(k]k ZV (k|k) — 21 (k|k))2 + (B2 (k|k) — 22(k|k))? ~ 1.6328

[\D\)—l

”M“’

1
2 4

between the estimation X(k|k) provided by Algorithm 3.4 and the true value of the state
x(k) and the distance

1

d(%' (|k), x ;¢ (klk) — w1 (K[k))2 + (25 (klk) — 2a(k|k))2 ~ 0.9854

b

Il

—
[\')

DO | —
Mw

between the estimation provided by Algorithm 3.5 and the true state. This analysis shows

that Algorithm 3.5 has slightly better results for this example.
Let us consider some other examples in the following.

Example 3.5 (Third-Order System). Consider the third-order nondeterministic MPL

system with mutually independent and uniformly distributed processing times, given by
x(k) = A(k)x(k — 1), z(k) = C(k)x(k)

with
[1,3] [3,4]
[2,4]

Y ?

with A(k) € [A] and C(k) € [C] where

) and C(k) € [C] = ([173] le, 5])’

le,8] [0,8] [3,11] e, 1]
[A] = [ [2,10] [e,8] [0,8] |,[C]=|]Te,1]
[1,9] [1,9] [e, 8] €

For instance, let us assume that X(0|0) is initialized with the initial state x(0) = e.

The analysis of the root-mean-square-error't (RMSE) between the estimation provided

11. Notation: RMSE(a,b) \/N ] 1 J)—0b(j ))
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by Algorithm 3.4 and the true value of the state is almost equal to the RMSE between the
estimation provided by Algorithm 3.5 and the true state. Table 3.2 shows the obtained
results.

It is important to mention that, for this example, Pt asymptotically converges to 1

for most event-firings, such that z; = z(k), clearly leading to the same result found using
the Algorithm 3.4.

State F1 : Alg 3.4 FQ: Alg 3.5
i | RMSE({x(k)} {x" (k|k)}); | RMSE({x(k)}, {X"(k[k)}):
1 1.9195 1.7046
2 2.0124 1.9171
3 1.8908 1.8745

Table 3.2 — Comparison between the Algorithms 3.4 and 3.5 of Example 3.5

Example 3.6 (Ninth-Order Flow Shop System). Consider the Flow Shop system modified
from [22], modelled as a ninth order nondeterministic MPL system with mutually inde-
pendent and uniformly distributed processing times, with three directly measured states xs,
xg, g and no control input (autonomous). Unfortunately, the measurement occurs under

high uncertainty. The model for this system is given by
x(k) = A(k)x(k—1), z(k)=C(k)x(k)

with A(k) = A and C(k) € [C]:

e e 4 e e e 2 ¢ ¢ € € €
1 ¢ €6 ¢ € € € 3 ¢ € € €
e b eeeee el 5 e e 6]
4 € ¢ € € 3 € ¢ ¢ € € €
A=|e 3 ¢ 1 ¢ e e ¢ e|,[C]l=]| = € €
e ebed e e e ¢ e le,6] ¢
e € € 4 e € e ¢ 3 € € €
e e e 3 e b e ¢ le,6] ¢ £
€ € € € € 2 ¢ 4 ¢ € € €

For instance, let us assume that X(0]0) is initialized with the initial state x(0) = e.
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The model is not disturbed by any noise, i.e., it is under deterministic behavior. How-
ever, the measurement, represented by the interval matriz [C], is under high uncertainty,
making all states become noisy. Algorithm 3.4 will then return a poor corrected estimation
of the states, whereas Algorithm 3.5 is able to retrieve the prediction estimation instead
of the corrected one as the reliable estimation of the states (B°P asymptotically converges
to 0 for most event-firings).

The analysis of the RMSE between the estimation provided by Algorithm 3.4 and the
true value of the state is greater than the RMSE between the estimation provided by Al-
gorithm 3.5 and the true state. Table 3.3 shows the obtained results for the noisy states

x3, g and xg only.

State Fi: Alg. 3.4 Fy: Alg. 3.5
i | RMSE({x(k)} {x" (k|k)}); | RMSE({x(k)}, {X(k[k)}):
3 1.7230 0.0065
6 1.6432 0.0065
8 1.5082 0.0065

Table 3.3 — Comparison between the Algorithms 3.4 and 3.5 of Example 3.6

Analysing the contribution: the new filtering algorithm

The new filtering strategy for the correction equation uses the same
inversion procedure but using an artificial variable generated by a
convex combination between output prediction and output mea-
surement, rather than only the output measurement. This algo-
rithm is able to deal with the trade-off between the noise in the
measurement and in the prediction. Other objective functions which
improve the efficiency of the proposed filtering algorithm can be
considered, as well as the weighting matrices which are of utmost

importance for the practical performance of the algorithm.

3.2.5 Filtering of live TEG with implicit form

The filtering Algorithms 3.4 and 3.5 assume that the stochastic entries of the system

matrices are independent. Unfortunately, in most applications the associated TEG have

155



Chapter 3 — Nondeterministic systems: stochastic filtering

token-free places and due to algebraic manipulations (Kleene star), the entries of the
system matrices are Max-Plus summations of processing times (for instance, a(k) = b(k)&®
c(k)d(k)), in which various processing times appear in multiple entries. Therefore, the
entries of the matrices are not mutual independent, and these algorithms are not directly

adapted. In the sequel, we use the results originally proposed in [86].

Let us recall the model of the TEG of Example 3.1, using Equation (2.13), i.e., we
have x(k) = Ao(k)x(k) ® y(k — 1), where Ag(k)x(k) represents the implicit part and
y(k —1) = A;(k)x(k — 1) represents the explicit part. This equation can be component-

wise depicted as follows:

zi(k) = plk=1),
va(k) = ag'(k)z1(k) © ya(k — 1),
vs(k) = ag' (k)z1(k) © ag?(k)za(k) © ys(k — 1), (3.22)

ra(k) = (@15 ap'(k)zu(k)) @ yu(k — 1),

where each y; is @, a? (k)@ ;(k—1), where each a?/ (k) is assumed to be an independent
random variable, and each z;(k — 1) is fixed. Hence, the entries of the vector y(k) are
assumed to be independent. Moreover, the first part of the right-hand side of Equation
(3.22) is @;=; al(k) ® z;(k) for all i € {1,...,n} and depends on z;(k) from [ = 1 up to
i — 1. By assuming that the computation of Equation (3.22) is done from i = 1 up to n
and the terms z;(k) are fixed and known, we will be able to ensure the independence of
the components of the vector x(k), which is worth of interest in the main contribution of

this Section '?

Nevertheless, the stochastic systems described by the equation (3.22) have dependen-
cies between their matrix entries. Hence, to properly calculate the expectation of the i-th
component of x(k) it would be necessary to take into account its joint distribution with
respect to the other components, which seems to be an intractable problem for most of the
cases. From this fact, the stochastic filtering schemes that were proposed in Algorithms
3.4 and 3.5 are no longer allowed to be straightforwardly used if we are not interested in

conservative results '

12. We consider that each x;(k) is recursively known at each subsequent row.

13. Tt is always possible to consider a conservative result by taking into account the explicit form of
x(k) = Ap(k)x(k) & A1 (k)x(k — 1), which is given by either: x(k) = H(k)r(k), where H(k) € ([Ao] [A1])
and r(k) = (x(k) x'(k — 1))%; or x(k) = H(k)x(k — 1), where H(k) € [A§][A1].
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Following Equation (1.12), we can write

(@a ) O yi(x(k — 1)), (3.23)

z(k) = C(k)x(k),

with y;(x(k—1)) the i-th entry of y(x(k—1)) = A;(k)x(k—1) (assuming the components
of x(k — 1) are obtained from the previous iteration). It is worth to mention that the
(n x n)-dimensional matrices Ay(k) € [Ap] and A;(k) € [A1], and the (¢ x n)-dimensional
matrix C(k) € [C] have entries (for instance, af (k) € [af,ay]) that are independent
random variables and uniformly distributed according to the CDF: F(Ay(k) € [Ao]),
F(Ay(k) € [Ar]) and F(C(k) € [C]).

By considering Equation (3.14), the prediction equation for all ¢ € {1,...,n} is given

as follows:
Zi(klk—1)=E [(@a ) @ yi(x(k — 1))] . (3.24)

Starting from the equation

Bi(klk = 1) = B[y (x(k = 1))]

and assuming that the values x(k — 1) are fixed, then it is trivial to compute # (k|k — 1).

Conversely, for
Ba(klk — 1) = E [0 (k)21 (k) @ ya(x(k — 1))],

a similar trivial computation is not possible since it depends on z(k). To calculate this
and the subsequent mathematical expectations, the joint distribution of the vector x(k)
should be obtained, which is a very difficult problem to solve. To avoid it, let us consider
that a reliable value for z1(k) is given by the fixed value ¢ (x4 (k)) (this is discussed in
the following). Then, it renders a3'(k)z;(k) = a2' (k) (z1(k)) to be of the same kind as
y2(x(k — 1)) and thus being easily computed. To compute

Ea(klk — 1) = E [af! (k)21 (k) @ af*(k)za(k) @ ys(x(k — 1))],

we replace the random variables x1 (k) and x2(k) by the fixed values ¢(x;(k)) and ¢ (x2(k)),
respectively. All the other subsequent computations are similar.
The question is: how to define ¥ (x;(k)) 7
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Chapter 3 — Nondeterministic systems: stochastic filtering

We recall the method given in [28, Sec. III], which defines
W(zi(k)) = a;-2;(k|k—1) (multiplication in the classical context). It

corresponds to the strategy for systems with periodic behaviour .

a. The set of parameters {ay, -+ ,a,_1} is computed only once (offline
phase) using Monte Carlo techniques. This set is robust under periodic steady-
state regime, but if exogenous inputs modify the system behavior, the param-
eters should be tuned online, by evaluating the quality of the approximation
through classical statistical parameters (as for instance the mean and the stan-
dard deviation of the difference between both means). Furthemore, thanks to
the triangular structure of the matrix Ag(k), it is possible to perform an un-
coupled search for each «;.

Let us assume that ¢ (z;(k)) = &;(k|k) and in order to properly obtain X(k|k), one
must call n-times the procedure Inv (Algorithm 3.4). Clearly, this does not refer to a
classical two-fold filter scheme because we update separately the prediction for each i-th
component of the state vector.

Summing-up, the filtering algorithm of implicit forms, is given by Algorithm 3.6.

Algorithm 3.6: Filtering algorithm of implicit forms
Data: x(k — 1|k — 1) and z(k)
Result: x(k|k) = Filter(z(k),%x(k — 1|k — 1))
y = Ay (R)%(k — 1]k — 1);
x(klk —1) < (&,...,¢)"; // initialize
foreach i € {1,...,n} do
Zi(klk —1) = E(@}) ag (k)2
x(klk) < Inv(z(k),%(k|k — 1)
end
return x(k|k);

i (klk)) @ il; // Equation (3.24)
) // Algorithm 3.3

g OO A W =

The Algorithm 3.6 uses n-times the Algorithm 3.3. This Algorithm 3.3 returns an
estimate X(k|k) for all components of the state vector x(k), which is the solution of
the constrained minimization problem (see Equations (3.10a) and (3.10b)). The input
x(k|k — 1) of the Algorithm 3.3 is updated at each step 4, with Z;(k|k — 1) which is the
corresponding entry of the prediction vector. At this step i, we must note that entries
jge{i+1,...,n} of X(k|k — 1) are still equal to e, hence these entries j of the estimate

X(k|k) given by Algorithm 3.3 are equal to z; since z9 < z; (see line 7).
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3.2. Nondeterministic MPL systems and the Bayesian filtering

Example 3.7. Consider the third-order nondeterministic MPL system with mutually in-

dependent and uniformly distributed processing times, governed by the equation below

x(k) = Ao(k)x(k) @ A1 (k)x(k — 1) ® Bu(k),

£ e € 7,11 ¢ [2,9] e e
with Ao(k) € | [1,2] e e, Ak)e e [6,12] [4,8]| and B= |¢ ¢
[6,10] [7,11] € £ e [6,8] e e

The output measurement is defined by

with C(k) € ([1,3] [2,4] ).

For instance, let us assume that x(0|0) is initialized with the initial state x(0) =
(25 1).

Also, it should be mentioned that every calculation of &;(k|lk — 1) = E[z;(k)|(x(k —
1|k —1)" u(k)")'] takes into account a pseudo-random value u(k) drawn from the standard
uniform distribution on the closed interval vector between (2,2)" and (40, 40)".

For simulation purposes, let us compare two different filter strategies for this MPL
system in implicit form:

— Filter Fy uses the original filtering method given by Algorithm 3.6. In order to take
the input action into account, the line 1 is replaced by y = Ay(k)x(k — 1|k — 1) @
Bu(k).

— Filter Iy considers Algorithm 3.4 with line 1 given by:

#i(k|k — 1) = E[z; (k)| (X' (k — 1]k — 1) u'(k))'],

with the right-hand side calculated by

i-1 P
E|Pag (k) (a;-2;(klk — 1)) @a (k—1k—1)® @ b7u;k)| ,
j=1 J=1
for all i € {1,...,n} and with - corresponding to the scalar multiplication in

reqular algebra. It corresponds to the strategy given in [28, Sec. Il for systems

with periodic behavior, as previously presented. Let us assume that o; = 1 for all

ie{l,...,n}.
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Chapter 3 — Nondeterministic systems: stochastic filtering

Table 3.4 shows the obtained results for simulations up to the occurrence of 4000 events.
FEach position of the table corresponds to root-mean-square-error RMSE(x;(k), z;(k|k))
with the usage of the corresponding filter.

State Fy I
i | RMSE({x ()}, (X5 (k)1 | RMSE({x(k)}, (&2 (k)
1 2.8883 4.5451
2 1.1299 1.7783
3 1.7233 16.7846

Table 3.4 — Comparison between F; and F5 of Example 3.7

The analysis of Table 3.4 indicates that the RMSE between the estimation provided
by the Fy method and the true value of the state is higher than the Fy method with special
attention to i = 3 (unobserved state). Indeed, as x3(k) is not observed and is the noisiest
state, then this noise propagates throughout the TEG thanks to A, (k) and it penalizes the
estimate of x1(k) and za(k).
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CONCLUSION

Stochastic filtering of Max-Plus Linear (MPL) systems is still a work in progress,
mainly due to the difficulty of using frameworks that reinterpret the basic notions of

probability and stochasticity in a tropical semiring [101, 102, 103, 104].

On Chapter 2

Although the computation of the posterior probability function (PDF), the key of
Bayesian formulation, cannot be computed in practice for MPL systems with stochastic
processing times, we are able to compute its support with an improvement in the com-
plexity of the forward reach set. We have shown in Chapter 2 that this computation is
exact and cumbersome (worst-case scenarios) or approximate and fast, and is ultimately
applied to systems without token-free place in the corresponding Timed Event Graph
(TEG), otherwise we compute a conservative support. In this thesis, we did not study
the use of this support to improve Particle filter algorithms, but it seems to be helpful
in future works. This support is also useful to validate the alternative stochastic filtering
scheme proposed in [28]. As future work, we aim to obtain a polynomial procedure to
compute the backward reach set using the polyhedral approach (successful in the forward
reach set computation), and then efficiently compute the posterior PDF support. It would
also be interesting to take care of the exact calculation of this support for systems with

token-free places, since we currently only have conservative solutions.

On Chapter 3

In Chapter 3, we have introduced an improvement to the alternative stochastic filtering
algorithm proposed in [28]. We have presented a significant contribution to the extent
that we minimize a trade-off criterion that considers noise in state and measurement.
Nevertheless, in future works, we aim to further analyze and discuss the results and to
also propose other trade-off criteria, since this is premature work in progress.

Also in Chapter 3, we have extended the filtering techniques to TEG with implicit part

(token-free matrices), which are encountered in real applications rather than systems with
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initially one token on each place. The corresponding TEG of these systems are generally
live, and then some approximate solutions are discussed: first, based on an offline Monte
Carlo simulation, which is robust only if the system works in its periodic behavior (the
filter works fine); our contribution is a new online strategy that is efficient even if the
system works in its transient behavior, without performing a single and imprecise offline

Monte Carlo simulation, since an adaptive tuning occurs in the loop.

In general

As presented at the beginning of this chapter, the absence of a complete stochastic
framework for MPL systems makes all known results very difficult to use (for example
the well-known Kalman filter). Indeed, it seems necessary to reinterpret the basic notions
of probability, ultimately changing the complete understanding of probabilistic measure-
ment, giving rise to a tropical Kalman-type stochastic filtering theory [105]. For instance,
in [106], the max-plus analog of the mathematical expectation is discussed. A promising
idea is to use Possibility theory for dealing with certain types of uncertainty, being an
alternative to probability theory [107, 108].
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APPENDIX A

RESIDUATION

A.1 Formula involving division

The following list provides some basic relations of left and right division, for the proofs
and a more detailed list the reader is invited to consult [43, Chap. 4].
For a complete dioid D with a, b, ¢ € D, we have:

a(ayb) = b (A1) A — (e o
aka e (A.2)

a(aya) = a (A.3) (axd) @ (ake) = ay(b @ c) (A.8)

exa = a (A.4) (a&lg) @ (c}‘ij) = (an c)k{l; LA.9)

ayb) A (cyh) = (a® ¢ 10

TRty (i
(aXb) ¢ = ay(be) (A.6)

A.2 Lemmas

Lemma A.l. Givenx € R, andy € R, the following equality holds (y#x)Xy = X.

ax max’

Proof. For alli € {1,...,n} and j € {1,...,p}:
(V#x)i; = yida; = yi — x;,

and for all j € {1,...,p}:

n

(y#x1ky)); = /_\ (y#x)ikyi = /\yz yi — x;) = ;.

=1
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Lemma A.2. Let a,b,c,d € Ryax. If ¢ < a then the following equivalence holds
adPb<chd < ad®b<d.

Proof. First, a®b < c®d = a®b < d since by assumption ¢ < a which implies ¢ < a® b,
hence c < a®db<chddandc<chHd < c<d < cdd=d. Similarly, c < a
and a®b<dimplyc<adb<d=chHc<adbbc=adb<cdd, ie., we have
a®b<d=a®b<c®d which concludes the proof. O
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APPENDIX B

SET OPERATIONS

B.1 Manipulations over sets

We recall that the complement of the intersection and the complement of the union

of ¢ sets are obtained by applying DeMorgan’s Laws as shown below:

q ¢ q q C q
(n Aj) U4 Y (.U Aj) _A4 B

An alternative way to represent Equation (B.1) is related, for instance, to the following

example of classical manipulation of sets:
AuAUA = ALuanA U4 N AN AL

where U stands for disjoint union. From this fact, the following always holds:

(é A’)E -U Kﬁ Ak) AL (B.3)

i=1 k=1

with N}_, Ay = U, where U stands for universal set. This equation represents the union of
pairwise disjoint sets. To understand it better, for instance, suppose ¢ = 2 then Equation
(B.3) yields

AL U A N AY),

and we aim at evaluating A’ N[.A;NAY]. Thanks to the associative law over the intersection

operation, we obtain

AL nA N A5 = (A8 N A nAS =0,
=0

i.e., A® and [A; N A5 are two disjoint sets.

165



Another interesting property concerns, for instance, the set
(A; UA) N (A3 U Ay)
which is equal to
(A NA) U (A NA) U (AN As) U (AN Ay)

thanks the distributive law over the intersection. Hence, consider the sets .A; and the

following operation:

q n

MU A= (AU D) N (AT U U N (AT U U AY),

J
i=1j=1

=ANAIN---NAHUANAN--NADYU---UANAN---NAY), (B4)

This equation is not in a compact way. However, by considering G = {1,...,n}? ¢; €
{1,...,n}and g = (¢1,92,...,9,) €3G, then:

n q
=1 gegi=1

i=1j

B.2 Solution set to y < Ax in the Max-Plus algebra

In the sequel, we recall the results of [35] and [29].

nXp
max’

Let y < Ax be an inequality, with A € R..... x € R® __and y € R}, . The set

n p
X—{XERﬁlax!y§AX}—ﬂ{xeﬁilax|yz‘§€9aij®xj}

i=1 j=1

represents all x that satisfies the previous inequality.

Thanks to Equation (B.1) we calculate x¢ as follows

J=1

C
n p
XC — U ({Xeﬁfnax | Y; S @aij(ng})
=1

with ({X € ﬁfnaux | Yi < @§=1 Qg ® xj}>E = {X € ﬁ:fnax | Yi > @?:1 Qyj ® xj} because
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Yi € ﬁmax- ThUS,

Xﬂ
I
=

s
Il
—

p
{XEﬁﬁax ’ Y; >@Clij®l’j}.

j=1
Taking into account

a1 @ r <y < 11 < a;yy; and

p
@aij@)xj <Y, <=

Qo D To < Y; <= To < aigkyi and
j=1 :

Qin @ Tp <Yy = Tp < am&?/n

then

i=1 =

n p
XC = U ( {X € ﬁilax ’ Ty < Uij}) ) where Oij = aijkyi’
7j=1

Using Equation (B.2), y is re-obtained as y = (x%)¢, formally

C C
X = (U1 (ﬂ{XEﬁfnax EZ <Uij})) = (ﬂ{XEﬁzax EZ <Uz‘j})

j=1 i=1 \j=1
n p
= (U{XGﬁfnaXWj Z%'}>
i=1 \j=1

However, it seems possible to reinterpret y. First, we recall Equation (B.3), then

C )
D p Jj—1
(ﬂ{x € Ria | 25 < Uij}) =U [(ﬂ{x € R [ < Uz’ﬁ) N{x € Ry | 7; < Uij}E]
j=1

j=1 | \k=1
p J—1 . .
= U || MH{x € R | 7 < 03} | N{x € R | 25 > 05}
j=1

k=1

with N0_ {x € R, | 7x < 0;j} =R, and thus

max’

n p 7j—1
x={) (U set;) , where set}; = (ﬂ{x eER | mp < aij}) N{xeR, | x; >0y}

max
i=1 \j=1 k=1

Remark B.1. 3625}1 N set§-2 = () holds for all i € {1,...,n} and ji # j» where ji,jo €
{1,...,p}, i.e., sety and set, are pairwise disjoint sets.
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Finally, Equation (B.5) allows expressing
n P ] n .
x=)|Uset:| = J SET®, SET® = () set,, (B.6)
i=1 \j=1 g€G i=1
with G ={1,...,p}", ¢, €{1,...,pt and g = (91,92,---,9n) € G.
Lemma B.1 ([29]). The sets SET® for all g € G are pairwise disjoint from each other.

Proof. Consider g, g’ € G with g # g’. Then, 3 k € {1,...n} such that g, = g;. SET®
and SET® are disjoint if and only if SET® N SETS . Then

i=1
<ﬂ setz> ( seté;)

= [ N (set; N setz;)] N (set;, N set;;c) =0
; —_————
=0 (see Remark B.1)

SET®N SET® = (ﬂ set;> N (

D=1Ds

Il
—

]

Remark B.2. In the worst-case scenario the set x in Equation (B.6) can be represented
by the union of p" pairwise disjoint sets SET®. However, some SET® may be empty.

Hence, in general, the set x can be represented by N < p™ pairwise disjoint sets.
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APPENDIX C

PROOFS

C.1 Proofs of Section 2.2.3

_mXn
Rmax J

Lemma C.1 ([29]). Given Ax <y < Ax where A, A € xR, andy R,
are assumed to be known. Then A € [A], i.e., A< AL A such that Ax =y.

X

_mXn

Proof. From Ax <y < Ax where A, A € R
holds

x € Rl andy € R, then the following

max ’

Ax <y = A< A=yjx
where (y¢x);; =3 —a; foralli € {1,...,m} and j € {1,...,n}. From A < A then
A<ANA<A
Let y’ = (A A A)x where A AA € [A], thus for all i € {1,...m}
yi = max (min(y; — ;) + 25) = max (min(y;, @ + 7))

1<j<n

= min <yi, max (a;; + m]))

1<j<n
Hence,
y = (ANA)x=yANAx =y <= y < Ax (Assumption)
Finally, (A A A)x = z and the proof is complete. O

Lemma C.2. Let X, o and B be a real-valued random wvariable with bounded domain
dom(X) and two constants of R, respectively. Given that the k-th moment of X 1is finite,
i.e., E[X*] = [yon(x) t*px (t)dt is finite, then if @ > B we have E[(X + a)?] > E[(X + §)7]

with p an integer.
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Proof. Let us explore the expansion of (X + ¢)? using the well known Binomial theorem

e e A REN %

k=0

Thus

E[(X + )] = / (t +c)Ppx(t)dt = zpj (i) ck /d ) P px () dt

dom(X) k=0

N
C(p,k) positive integer E[X*] finite

and clearly E[(X +a)P] = 30_, a*C(p, k)E[X*] > E[(X +8)?] = SF_, B¥C(p, k)E[X*]. O
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On the stochastic filtering of max-plus linear systems

Keywords: Max-Plus Linear Systems, Stochastic Filtering, Set-membership Estimation, Max-Plus Polyhedra

Abstract: A wide range of man-made systems, such
as etelecommunications networks; emanufacturing sys-
tems; ecomputer systems; in which evolution is governed
by events, typically a signal arrival or the completion of
a task, have been called since the early 1970s "Discrete
Event Systems" (DES) . Among DES, a particular class
of systems with synchronization and delay phenomena
can be modeled by linear equations in (max,+)- type al-
gebras. This property motivated the development of the
so-called Max-Plus Linear (MPL) systems theory. This
theory has many analogies with the conventional theory
of continuous linear systems and allows in particular to
address control problems. The control problem studied
in this thesis concerns the state estimation of MPL dy-
namical systems. Based on recent work on stochastic
filtering of MPL systems and inspired by Bayesian filter-
ing, we propose a new approach that is less expensive,
but equally efficient. As for classical Bayesian filtering,
our approach is two-fold: a prediction step and a cor-
rection step. The prediction step developed in this the-

sis is based on Max-Plus polyhedra. This new approach
allows, during the prediction step, to compute the sup-
port of the prior probability density function (PDF) with a
strongly polynomial complexity. We also show that, un-
der certain conditions related to the observability matrix,
the correction step, which corresponds to take into ac-
count measurement information in order to shrink the
support of the prior PDF, is computed with quadratic
complexity. We are then looking for a solution to improve
the performance of the filter. The objective is to evaluate
the quality of the prediction with respect to the errors of
the measurements induced by the noise. This leads us
to introduce a criterion to minimize the estimation error.
Finally, we devote the last part to the study of a filtering
algorithm for MPL systems in implicit form. We show that
this algorithm makes it possible to take into account the
dependency problems between the inputs of the system
matrices of MPL systems. These dependencies between
state variables being intrinsic to MPL systems.

Sur le filtrage stochastique de systémes max-plus linéaires

Mot clés : Systémes Max-Plus Lingaires, Filtrage Stochastique, Estimation Ensembliste, Polyédres Max-Plus

Résumé : Dans un certain nombre de systémes
congus par 'homme, tels que eles réseaux de télé-
communication ; eles systemes de production; eles sys-
temes informatiques; dans lesquels I'évolution est ré-
gie par des événements ponctuels, typiquement l'arri-
vée d’'un signal ou I'achévement d’une tache, sont ap-
pelés depuis le début des années 70 "Systémes a Evé-
nements Discrets” (SED). Parmi les SED, une classe
particuliere de systémes mettant en ceuvre des phéno-
menes de synchronisation et de retards peut étre mo-
délisée par des équations linéaires dans les algébres de
type (max,+). Cette propriété a motivé I'élaboration de ce
que I'on appelle communément la théorie des systemes
Max-Plus Linéaires (MPL). Cette théorie présente de
nombreuses analogies avec la théorie conventionnelle
des systémes linéaires continus et permet notamment
d’aborder des probléemes de commandes. Le probleme
de commande étudié dans cette thése porte sur I'esti-
mation d’état des systémes dynamiques MPL. Partant
de travaux récents sur le filtrage stochastique des sys-
temes MPL et en s’inspirant du filtrage Bayésien, nous
proposons une nouvelle approche moins colteuse, mais
tout aussi performante. Comme pour le filtrage Bayé-
sien classique, notre approche est composée de deux

étapes : une étape de prédiction et une étape de correc-
tion. Létape de prédiction développée dans cette these
est basée sur les polyedres Max-Plus. Cette nouvelle ap-
proche permet, lors de I'étape de prédiction, de calcu-
ler le support de la densité de probabilité (PDF) a priori
avec une complexité polynomiale. Nous montrons éga-
lement que, sous certaines conditions liées a la matrice
d’observabilité, I'étape de correction, qui correspond a la
prise en compte de I'information apportée par la mesure
afin de raffiner le support de la PDF a priori, est calcu-
lable avec une complexité quadratique. Nous cherchons
ensuite une solution permettant d’améliorer les perfor-
mances du filtre. Lobjectif est d’évaluer la qualité de la
prédiction par rapport aux erreurs des mesures induites
par le bruit. Cela nous améne a introduire un critére per-
mettant de minimiser I'erreur d’estimation. Enfin, nous
consacrons la derniere partie a I'étude d’'un algorithme
de filtrage pour les systemes MPL sous forme implicite.
Nous montrons que cet algorithme permet de prendre
en compte les problemes de dépendance entre les en-
trées des matrices d’état d’un systéme MPL. Ces dépen-
dances entre les variables d’états étant intrinseques aux
systemes MPL.
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