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Abstract A large class of timed discrete event systems can be modeled by
means of (max,+) automata, that is automata with weights in the so-called
(max,+) algebra. In this contribution, specific recursive equations over
(max,+) and (min,+) algebras are shown to be suitable for describing extremal
behaviors of (max,+) automata. Several pertinent performance indicators can
be easily derived or approximated from these representations with a low com-
putation complexity. It is also shown how to define inputs which model ex-
ogenous influences on their dynamic evolution, and a new approach for the
control of (max,+) automata is proposed.

1 Introduction

Several formalisms have been introduced and experienced for studying Discrete
Event Systems (DES). Within the theory initiated by Ramadge and Wonham
[26], events correspond to letters and DES are modeled by finite state machines.
Most of the results pertain to logical behavior of DES (e.g. to restrict their
behavior such that some forbidden states cannot be reached). On the contrary,
the approach based on (max,+) algebra focuses on timed behavior of DES (e.g.
to find out cycle times, earliest and/or latest dates of sequences-completion)
[2]. While automata model naturally nondeterminisms inherent in conflicts or
choices (e.g. to capture several possible schedules), (max,+) systems rather fit
DES with deterministic behavior (by fixing the schedules in this case).
Stéphane Gaubert has first shown in [10] that automata with multiplicities
in (max,+) algebra (also called (max,+) automata) combine these two ap-
proaches: concepts on automata can be used with results from (max,+) alge-
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bra to study at the same time logical and timing aspects of DES. In particular,
(max,+) automata have been applied to performance evaluation [10, 12, 28],
scheduling [29, 14] and control problems [17, 3, 27]'. The behavior of (max,+)
automata is then represented:

— either by recurrent equations over letters which can be seen as a generali-
zation of the state representation with daters for (max,+) linear systems
(see Eq. (5) below),

— and/or by formal power series with coefficients in (max,+) algebra which

play an equivalent role to languages for logical (boolean) automata (see
Eq. (7) below).

Unfortunately, many important problems turn out to be difficult, or even
undecidable for general (max,+) automata with these representations. In par-
ticular, let us mention that:

— equality and inequality of formal power series representing (max,+) au-
tomata, is undecidable [19];

— the pseudo-inverse (i.e. residuation) of the product of rational formal power
series is rational only for restrictive assumptions [3]. As a by-product, to
expect the realizability of controllers, the supervisory control approach in
[17] has to be restricted to small subclasses of (max,+) automata.

The present contribution proposes alternative representations for (max,+)
automata. These representations describe the behavior of automata less accu-
rately, since only their extremal behaviors are depicted. However, it is hoped
that these representations make it possible to deal with problems of significant
interest with reasonable complexity.

More precisely, we define recursive equations over (max,+) and (min,+)
algebras in order to describe the so-called worst-case and optimal-case behav-
iors of the automata. It is then shown that these representations have direct
applications to evaluate the performances of the systems with low computa-
tion complexity. In addition, it is possible to model the influence of exoge-
nous inputs by an additive term in these representations. We then get model
equations that are analogous to standard nonautonomous state equations in
(max,+) and (min,+) algebras, and we can consider to adapt existing control
laws for (max,+) linear systems. As a first attempt in doing so, an open-loop
control is investigated for (max,+) automata.

This paper is organized as follows. Next Section contains a brief reminder
on idempotent semirings, (max,~+) automata and their properties. In Section
3, the representations for extremal behaviors of (max,+) automata are in-
troduced. These lead to some performance evaluation elements described and
compared with related results in the literature. In Section 4, inputs are de-
fined for the representations in order to capture some external influences on

I Beyond the scope of discrete event systems, there are important applications for image
and speech processing, and more generally, weighted automata constitute a theoretical object
which is extensively studied (see [9] for an overview).
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(max,+) automata. This makes it possible to deal with control, and an open-
loop control law is then proposed. The concepts and results are illustrated by
means of elementary examples through the paper. A more realistic example is
studied in section 5: a jobshop system is considered and some potential contri-
butions for performance evaluation and control of this system are mentioned.
A conclusion and some prospects are given in Section 6.

2 PRELIMINARIES
2.1 Dioids

Necessary algebraic concepts on dioids are briefly recalled in this section (see
the monographs [2] and [13] for an exhaustive presentation).

A dioid is a semiring in which the addition @ is idempotent. The addition
(resp. the multiplication ®) admits as null element ¢ (resp. as identity ele-
ment e)2. Due to the idempotency of @, a natural order relation is defined
by a > b<= a®b=a (a®b is the least upper bound of {a,b}). A dioid
is complete if ® distributes over infinite sums and if every subset admits a
least upper bound. The greatest lower bound of {a, b}, noted A, then exists as
a A b defined by @,<q,2<py2 belongs to the dioid. The greatest element of a
complete dioid is noted T and is equal to the ®-sum of all its elements.

Ezample 1 If X is a finite set (alphabet), the free monoid on X' is defined as
the set X* of finite words with letters in X'. A word w € X* can be written as a
sequence w = a1ds . . . 4y with a1, as, ..., a, € X and n a natural number. For-
mal languages are subsets of the free monoid X*. The set of formal languages,
with the union of languages playing the role of addition and concatenation of
languages playing the role of multiplication, is a dioid. The zero language is
¢ = {}, the unit language is denoted e = {e} where € is the empty (zero length)
string. We say that w = u; ... u; € X* is a subword of w € X* if there exists
a factorization w = wjujws ... WrurwK+1 with w; € X* i =1,...k+ 1. The
corresponding subword order on X* is u < w iff u is a subword of w € X*.

Ezample 2 The set RU{+oo} with the maximum (resp. the minimum) playing
the role of addition and conventional addition playing the role of multiplica-
tion is a complete dioid, denoted Ryay (resp. Ruin) , with e = 0 and ¢ = —o00
(resp. € = +00) and is usually called (max,+) algebra (resp. (min,+) algebra).

The set of n x n matrices with coefficients in dioid Ryax (resp. Ruin),
endowed with the matrix addition and multiplication conventionally defined
from @ and ®, is also a dioid, denoted R;Z: (resp. R;ixnn). The zero element is
the matrix exclusively composed of €. We denote I,, the identity element, which

2 As usual, we will often omit the multiplication sign ®, that is for example we write AB
instead of A ® B.
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is the matrix with e on the diagonal and ¢ elsewhere. Note that, to be able to
multiply a n X n matrix with a n x 1 vector, this vector should be embedded
in R;Z: by adding n — 1 columns full of €. To lighten the presentation, this
construction is often omitted in the following (without affecting the results).

2.2 (Max,+) automata

Automata with multiplicities in the Ry, semiring are called (max,+) au-
tomata (see [10] for a deeper introduction).
A (max,+) automaton G is a quadruple (@, XY, «, 1) where

— @ and X are finite sets of states and of events;

=1 . . . c s
—ac Rmzl(@\ is such that a, = € or e, and a state is said to be initial when

ag = e (Q; C Q denotes the set of initial states);
e e
RllelQl

max

is a morphism specified by the matrix family p(a) €

,a € Y. For a string w =ay ...a,, we have

p(w) = plar . ..an) = pla) ... plan),

where the matrix multiplication involved here, is the one of Efal: lQl. A

coefficient [p(a)]pq # € means that the occurrence of event a causes a state
transition from p to ¢, and the value [p(a)]pq is interpreted as the duration
associated to a (namely, the time activation of event a before it can occur).

Remark 1 This definition is slightly different from that in [10] where initial
and final delays are considered. In the present paper, we restrict our attention
to (max,+) automata in which the initial delays (that is the coefficients in «
different from ¢) are all equal to e = 0 (this assumption is without loss of
generality since an adequate transformation is always possible). In addition,
the vector of final delays is not considered, hence all states can be thought of
as final (marked) states (as it is the case for heap automata [12]).

Ezxample 3 Figure 1 is an example of graphic representation which can be
associated with every (max,~+) automaton:

— the nodes correspond to states q € Q;

— an arrow exists from state p € @) to state ¢ if there exists an event a € X
such that [u(a)]py # €: it represents the state transition when event a
occurs. The arrow is labelled by the event and the multiplicity associated
with the state-transition, namely ’a/[u(a)]pq -

— an input arrow symbolizes an initial state.

For this example, we have Q = {I, I}, ¥ = {a,b}, and

a=(ee).uw=(23) = (52).
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Fig. 1 A (max,+) automaton.

If [u(a)]pq # €, (p,a,q) denotes the transition in G, and H refers to the set
of transitions

H = A{(p,a,q) € Qx ¥ x Q| [(a)]pg # €} (1)

In order to lighten the presentation, an element of H can also be denoted by
an integer corresponding to its position in the set (it is then assumed that
H constitutes a fixed sequence). For a given state p € @, we define the set
H, C H by:

H,={(r,d',s) € H|r=p}.
Let m > 1 and m = (qo,a1,41)(q1,02,92) - - - (gm—1,am, gm) be a sequence of

transitions. We call w a path from ¢g to g,,. We denote o(7) the product ® of
the weights on m, that is

0'(71') = ® [:u(ai)](h—lﬂh = Z [N(ai)]%‘—hfh' (2)

1=1,....m i=1,....m

Let p,g € Q and w € X*. We denote by p < ¢ the set of paths from p to ¢
which are labeled by w (for P,R C Q, P ~> R denotes the union of p ~ ¢ for
every p € P, ¢ € R). It can be shown that

araz...am)las, = P o). (3)

ai...am
TEGo ~  gm

The usual representation for a (max,+) automaton describes its dynamic

evolution by means of a vector x(w) € E;ZLQ‘ defined by

2(w) = ap(w). (4)

The element [z(w)], is interpreted as the greatest date over all initial states
at which state q is reached when w is completed (with the convention that
[z(w)]y = ¢ if the state g is not reached when w is completed). The elements
of = are generalized daters, and we have

x(e) = a,
{x(wa) = z(w)u(a). (5)
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It is easy to check that

w

TEQ;~>q

The generalized daters can equivalently be written as formal series

x = @ z(w)w. (7)

weX*

These formal power series are often referred to as the behavior of the (max,+)
automaton.

A (max, +) automaton is said to be deterministic if

— it has a unique initial state, namely, there is a unique ¢ € @ such that
Qg # €;

— and from each state, no two state transitions share the same event, namely,
if for all a € X' each line of p(a) contains at most one element not equal to
€.

Different definitions can be found for the notion of ambiguity in the lit-
erature. Commonly, an automaton is said to be unambiguous if there is at
most one path with a given origin, end, and label (see for example [4]), that
is Vp,q € Q,Yw € X*; |p ~ ¢| < 1. Whereas in [16, 15] "unambiguous” rather
characterizes automata in which there is at most one successful path for any
label, that is Vw € X*;|Q; ~> Q| < 1 (Q; stands for the subset of final states).
The latter definition is more restrictive than the former. In the present paper,
we need to distinguish automata with a related property that we call "strongly
unambiguous” (to signify a restriction compared to the common definition for
unambiguous, but it is a more general notion than the second definition above).

Definition 1 A (max,+) automaton is said to be strongly unambiguous if
there is at most one path with given end and label starting from any initial
state, that is Vg € Q,Vw € X*;|Q; ~ q| < 1.

Deterministic automata are (strongly) unambiguous. In strongly unambiguous
(max, +) automata, for given ¢,, € Q, w € X*, Q; ~ ¢, is the empty set or
a singleton. Let us denote m = (qo,a1,¢1)(q1,02,92) .. (¢m—1,0m,¢m) the
unique path recognizing ajas . ..am (g € Q;), Eqs. (3)-(6) are then reduced
to

z(w)g,, = [ap(aras . .. am)]qm = p(araz ... am)g.q, = [M(ai)]q1—17Q'i
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3 Representations for extremal behaviors of (max,+) automata

In this section, several representations are introduced to model the extremal
behaviors of (max,+) automata. Instead of exactly describing their evolution
like the usual models (5)-(7) (by differentiating each event-occurrence), these
representations bring only bounds for the behavior of the corresponding DES
(by considering all the possible event-occurrences). These representations are
proposed in Subsections 3.1 and 3.2. We can argue that the loss of accuracy
is compensated by the low complexity of the manipulations with these new
models. In particular, it is shown in Subsection 3.3 that several performance
indicators can then be evaluated in polynomial time complexity. Another ad-
vantage of these representations is underlined in next section: it is possible to
define the influence of exogenous inputs to get standard nonautonomous state
equations in (max,+) and (min,+) algebras, and we can consider to transpose
existing control laws for (max,+) linear systems.

3.1 Representation for extremal behaviors in terms of sequence durations

Let us define matrix A € DHIXIHI a5 follows (D can stand for Ryax or Rynin)-
For 7 and k indices of transitions (p,a, q) and (r,a’,s) in H,

Agyy = {[N(a/)]rs if s = p, 9)

otherwise.

Ezample 4 The nondeterministic, but strongly unambiguous, (max,+)
automaton Gy represented in figure 2 is such that

H=A{{,a,I),(I,b,II),(II,c,I1I)},
and

dee
A=|3¢ce
€21

For example Ay 1 = 3 brings the information that transition (I, b, IT) can occur
consecutively to the occurrence of transition (I,a,l) which has a duration
equal to 3 time units.

Definition 2 A vector 2 € DMHIX! is said to be homogeneous if Vp € Q,
Vi, j € Hp, x; = x;, i.e., the entry of an homogeneous vector corresponding to
a transition (p, a,q) € H depends only on the origin p of the transition. Since
the sum of D is idempotent, this value is also equal to &, H, Ti- We shall let
xp denote this value.
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a/3 c/1

b/2

[N

Fig. 2 Automaton Gj.

Since the rows of A corresponding to transitions with the same origin are
identical, we deduce that for every homogeneous vector y € DI1*1 the vector
r = A ® y is homogeneous. We define inductively the following sequence of
homogeneous vectors z(n) € D! for n € N by:

z(n+1)=A®z(n) forn>1 (10)

{x(l)(p,mq) =y for every (p,a,q) € H
Proposition 1 Let A and T(n), n € N be defined respectively by (9) and (10)
with D corresponding to Ryax. Then T(n+1),, n € N, p € Q is the mazimum
element of 0, = {x(w), | |lw| = n} for each p € Q, that is the mazimum
completion date among sequences of length n leading to state p.

Proof 1 The proof proceeds by induction.
Base case. For every p € Q, we have by definition

Z(1)p = ap = z(€)p = {z(w), | |w| = 0}
Inductive case.

Max op41,p
= D{wllw=n+1y T(Wp
= Dqeq Draameny Diwjwi—ny 2(W)g @ pla)gy  (by Eq. (5))
= D0 @ ruw|jwi=n) T(W)q) @ (Dya)(gapeny M@ap)
=@ueoT(n+1)q ® (Byaqapem H(a)gp)  (by inductive hyp.)
= B0 Dapen, Ma)ap OT(n +1)(gap)
= @(q,a,p)qu @jer Aj(qap) @T(n+1)(gap) (by Eq. (9))
=[A®Z(n+1)],
=7Z(n+2),

Ezxample 5 Let us consider again automaton G; studied in Example 4 and
depicted in figure 2. We have

Z(n)(1,a,1)
Z(n) = | Z(n) (1,11
Z(n)(11,e,11)
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Vector T satisfies Eq. (10), that is:

e 3dee
Z(l)=|e|, Tin+1)=|3ce | @T(n).
e €21

Table 1 contains the first values obtained thanks to this recurrence in Rax.

Table 1
n 112|3 |4 5
E(I,a,l) (n) e 3 6 9 12
E(I,b,]l) (TL) e 3 6 9 12
E(II,C,II)(”) e 2 5 8 11

For example, the possible sequences of length 4 leading to state II are
{ccce, beee, abee, aabe, aaab}. We obtain by means of usual representation (5)

x(ccee)rr = 4, x(bece)rr =5, x(abee)rr = 7,x(aabe)rr =9, x(aaab)r; = 11,

which leads to 04,17 = {4,5,7,9,11}.
On the other hand, we have

H[[ = {(II,C,II)},

hence

Z(5)rr = T(5) (11,e,1y = 11,
which corresponds to the maximum element of o4 ;7, that is the maximum
completion time for sequences of length 4 leading to state I1.

The next proposition contributes to characterize the optimal behavior of
automata. This representation is formulated in (min,+) algebra but we must
keep in mind that it describes (max,+) automata.

Proposition 2 Let A and z(n), n € N be defined respectively by (9) and (10)
with D corresponding to Royin. Then z(n + 1)p, n €N, p e Q is a minorant
of onp = {x(w), | [w| =n} for each p € Q, that is a minorant of the possible
completion dates of sequences of length n leading to state p.

Proof 2 Vg,4+1 € Q,

z(n+1)g,,, = [A®2(n)]g., (using (10)),
DA, 2zn)
leH

@ @ Aq,,,+1,k ® g(n)lm

4 €EQ kEH,,

D D A4, .r@z(n)g,., (z is homogeneous).
an€EQ kqun
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By Eq. (9) defining A, we have

Va1 €Q, D Aqn+17k = @D wan)gguir-
k€H,, an€X

This leads to, Vg1 € Q,

I8

(TL + 1)‘1n+1
@ @ /’I’(an)Qn;Q7z+1 ®§(n)Qn)

n€Qan€Xr

© D 2(n)g, ® f1(an)g,,qnis

n€Qan€Xr

D ... D D D)y ®ular)ge @ - @ uan)g g
qn€Q g1€EQanexr an€X

®...O D ... D ay ®U(a1)q17qz®---®N(an)qmqn+1v (*)
m€EQ @ EQanEYX  a€eX

Inin ... min min ... min 2(1)g, + @an)g e+t (0n) g0 g (55)

Clearly, the term ag, ® 1(a1)g,qo @ - - - @ 1(An) gy qnsy 18 NOL equal to (= +00)
if q1 is an initial state and if the path (q1,a1,q2) .. (Gn, Qn, Qnt1) exists in
the automaton. We then have [z(n + 1)]4,,, = € if there is no sequence of
length n leading to qn41. Let us assume that [x(n + 1)]q,,, # € and denote
ay...a, € X* alabel successful for the minimization in (xx). We consider two
cases:

(i) If set Q; RV Qn+1 15 a singleton, no mingecq, ¢ = 1,...n, operates in
(#x) and z(n+1)q,,, is equal to [ap(ay)®. .. @p(an)]g, = (a1 - 8n)guis
(by identification with Eq. (8)).

(i) If there exist several paths with label a; . ..a, from a state in Q; to qni1,
then p(ay)g g0 @ -+ @ @y )gn,qnsr With 1 € Qi may take different val-
ues. In this case, Eq. (xx) computes the minimum of these values whereas
the weight in the (maz,+) automaton x(a; ...a,)q.., = lop(e,) ® ... ®
1(@n))gnss corresponds to the mazimum of these values. In other words,
the value computed by Eq. (xx) may be strictly less than x(a; ...a,,)

qn+41°
Arguments stated in (i) and (ii) lead to conclude that is z(n + 1) is a
minorant of o g, = {x(W)g,,, | |w| =n}.

dn+1

Proposition 3 If G is strongly unambiguous, then x(n+ 1), is the minimum
element of oy, p.

Proof 3 If G is strongly unambiguous, then @Q; g Gn+1 < 1 for every
gnt1 € Q and every aq . ..a, € X*. Only the case (i) in the proof of Prop. 2 is

possible, and x(n +1),, ., then belongs to set 0y q, ., = {x(W)ny1 | [w| = n}.

Example 6 Let us consider again automaton G represented in figure 2. It is
strongly unambiguous, and as claimed in Proposition 3, then z(n + 1), gives
the minimum completion time for sequences of length n leading to state p.
Table 2 contains the first values obtained for x by means of recurrence (10) in
]Rmin~
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Table 2
n 112314 5
zr,m) [ e|3]6]9]12
zrpyr(n) [ e 3]61]9] 12
Zrjeqn) [ e 1]2]3] 4

We have mentioned in example 5 that the set of possible completion dates
for the sequences of length 4 and leading to state 11, is given by

0-4,[[ - {47 5) 77 9) 11}7
and Hyy = {(I1,¢,I1I)}. The minimum element of set o4 ;7 is given by:

2(5)(11,e,11) = 4

3.2 Representations for extremal behaviors in terms of sequence lengths

Propositions 1-3 make it possible to evaluate the maximum and minimum
execution time for a given length of sequences. Dually, the next propositions
estimate the minimum and maximum lengths for sequences completed before
a given date. Note that we use variables which depend on time ¢ and which can
wrongly remind counter variables exclusively manipulated in (min,+) algebra
(see for ex. [2, §5.2]). The present variables are implied in representations
over (max,+) and (min,+) algebras to model extremal behaviors of (max,+)
automata.

Notation 1 Let T' denote the set of possible durations associated with events,
that is,

T2 {r|3ac X,3pecQ,3q <€ Q with [u(a)ly, = 7}
We assume that T C N\ {0}.

We define the matrices denoted E, € DHIXIHI 7 c T as follows. For j and k
indices of transitions (p, a, ¢) and (r,a’,s) in H.

1 if s=pand [u(a)],s =T,
¢ otherwise.

Note that for any homogeneous vector z € DHIX1 the vectors E, @ x, 7 € T,
are also homogeneous. We define inductively the following sequence of homo-
geneous vectors z(t) € DHIX1 for ¢ € N:

2(0)(p,a,q) = p for every (p,a,q) € H
2(t)= @ E,@zit—-1)®z(t—-1) fort>0.
TeT,7<t

(12)
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Proposition 4 Let E,, 7 =€ T, and Z(t), t € N be defined respectively by
(11) and (12) with D corresponding to Ryax. Then Z(t),, t €N, p € Q, is a
magorant of set v, = {Jw| | x(w)y < t}, that is a majorant of the possible
lengths among sequences leading to state p before or at date t.

If G is a strongly unambiguous automaton, then Z(t), is the mazimum element

of Vtp-

Proof 4 Letn > 0 and w € X* with |lw| = n, we denote 7, a path from an
initial state with label w, that is Ty, € Q; ~> G, ¢n € Q. We use mathematical
induction to prove that Z(o(my,)),, > n.

Base case. For n = 0, we have qo an initial state, o(mp) = 0 and Z(0)q, =
ag, = 0.

Inductive step. We denote (qo,a1,q1) - --(Gn,an,qn) the successive transi-
tions in T, and [E.]q, k, k € H, the entries [E,] ),k identical for
all apy1 € X and gny1 € Q. We have

(qn,an+1,qn+1

N
—
q
—
3

3
N~—
Pt

dn
= @ z(o(m)—1)q, ®Z(0(mn) — 1)q,
TeTt>1
Z E(J(ﬂ-n) T)Qn
TeTt>T1

[
t
N
2
3
ol
®
5
2
)
3
~—
!
\]
S—
=

TeT,t>T k€eH
T]Qn:(Qn—lyanﬂn) ® [E(O.(ﬂ-n) - T)](‘hz—ly“nv‘]n)’

\%
5

(by specifying for k = (qn—1,an,qn))
‘r]qn,(qn_l,an,qn) ® [Z(o(mn—1) + #(an)g, 1qn — T)](qn_l,an,qn)v

(by definition of o and )

\%
=

TeTt>T1

I
—

®Z(0(Tn-1))ga-1:
(since 3t € T such that [(an)lgn 1,90 =T)
>14+(n—1) (=n) (by inductive assumption).

Now let t € R such that z(w),, <t. Since Z is monotone (i.e. Z(t) > Z(t — 1))
we have (based on Eq. (6) for the last inequality):

E(t)(hz > E(x(w)(hz )(In 2 E(U(ﬂ'n))qn-

We first have shown that Z(o(my))]q, = |mn|(=n) and we deduce that

The same reasoning leads to the same conclusion for any path ©' with label
w' such that t > xz(w'),,, and we can conclude that Z(t),, is a majorant of
Yo, = {ul2(w),, <t

Let us now consider the case of G being strongly unambiguous. We can
check that

Z(t)g, # €
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implies that there exists (qo,a1,q1) ... (qn-1, an,qn) with go € Q; such that
#(a1)goqy - - - #(@n) gy _1gn <t -

By the definition of strong unambiguity, set Q; "5 gy, is a singleton and by
Eq. (8)
z(ar ... an)q, = u(a1)goqr - - - 1(@n)g,_1q, -

We then have x(ay ... ap)q, <t which means that Z(t)g, = |ai...ay| belongs
t0 Yi.q, = {w||z(w),, < t}. As it has been shown to be a majorant, we can
conclude that Z(t), is the mazimum element of this set.

Ezample 7 We consider (max,+) automaton Go represented in figure 3. Note
that G2 is nondeterministic (from state IT two transitions are possible accord-
ing to b) but is strongly unambiguous.

b/3
()

()

(D

Fig. 3 Automaton Ga.

a/1 d/2

‘We have
H = {(Ia, IT), (I1,b, I11), (IT1,¢, IV), (IL,b,IV), (IV,d, 1)}, T = {1,2,3}.

Using definition given by Eq. (11)), we get

cccee ceeel ccece
lecee ceece cecee
Ei=|eclece|,Ea=|ccecece|,Es=|ccecce
lecee cecece cecee
ceelee cecece ccele

Based on Egs. (12), we have :

t
t

(I,a,IT)
(I1,b,111)
(II1,e,IV) | 5
(I1,b,1V)
t)(1v,a,n

|
—~
oy
S—
Il
[SUESIEESIIES{IES]
~

NN S N

)
)
)
)
)
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()= @ E-ezt-r1)@zE(t-1) fort>0.

TeT, 7>t

N
—~
(=)
—
I
M o M o O

Table 3 contains the first values obtained by means of this recurrence in
Emax~

Table 3

t
Z(t)(1,a,11)
Z(t) (11,011
Z(t)(111,e,1v)
Z(t) (11,6,1v)
Z(t) (1v,d,1)

olo|o|o|lo|o
volo|~lo]|o]w
oo | —lo|w e
pof i | | | wof ot
of i | ol x| w| o
o kx| | | wo| ~1

[ON NN e NoR RONNEH
N|o|—=[o|o]|N

For example, the possible sequences leading to state IV and completed at
date t = 7 are: {b, bc, bedabe}. We have v7 rv = {1,2,6}.
On the other hand, we have

Z(M) v =Zv,a,n(7) = 6,

which corresponds to the maximum element of 7 v, that is the maximum
length of sequences leading to state IV and completed before or at t = 7.

Proposition 5 Let E_, 7 =€ T, and z(t), t € N be defined respectively by
(11) and (12) with D corresponding to Ruyin. Then z(t),, t € N, p € Q, is a
minorant of set 7y, that is a minorant of the possible lengths among sequences
leading to state p before or at date t.

If G is a strongly unambiguous (max,+) automaton, then z(t), is the minimum
element of v p.

Proof 5 Straightforward by rewriting proof of Prop. 4 in Ruin (® then corre-
sponds to min and the order is inverted).

Ezample 8 Let us consider again (max,+) automaton G represented in figure
3. Matrices z and £/ are replicas in Rumin of Z and E, given in Ex. 7. Table 4
contains the first values obtained for z(t).
For example, the possible sequences leading to state I and completed at
t =5 are: {bd,bed}. We have v5 1 = {2,3}.
On the other hand,
z2(5)r = 2(5)(1,0,11) = 2,

which corresponds to the minimum element of s ;.

Remark 2 The results in Propositions 1-5 can be refined as follows.
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Table 4
t O|1|2|3|4]|5]|6]|T7
21 o.11(t) elelelel|3]2]2]2
Zirparr®) el elelejelel|ele
Zirernv® e |1 [T [T [T [1[1][1
Zigprv@®) el elelelelel|e]e
Zryv.a.1(t) elel2|1]|1]1|1]1

— In Rpax, Z(n+ 1) (p,a,q) gives the latest date at which the transition (p,a, q)
can occur consecutively to n events.
Then Z(n+1)p,q,q) + [1£(@)]pq is the maximum execution time for sequences
of length (n + 1) ending with event a and leading to g.

— In Rypjn, z(n+ 1)p,a,q minors the date at which transition (p, a, ¢) can occur
consecutively to n events.
Then z(n + 1)(p,a,q) + [14(@)]pq is a minorant for the completion dates of
sequences of length (n + 1) ending with event a and leading to g.

— In Rypax, Z(t), majors the length of sequences preceding transition (p, a, q)
and completed at t.
Then Z(t), + 1 majors the length of sequences ending by event a, leading
to state ¢ and completed at ¢ + [p(a)]pq-

— In Ruin, z(t)p minors the length of sequences preceding transition (p, a, q)
and completed at t.
Then Z(t), + 1 minors the length of sequences ending by event a, leading
to state ¢ and completed at ¢ + [p(a)]pq-

Note that by iterating this reasoning, it is possible to specify a suffixing sub-
sequence (instead of only an event) to refine the indicators. In addition, it is
possible to define symmetric representations to get the indicators refined for
prefixing subsequences.

3.3 Applications to performance evaluation

Let us now focus on applications of the new representations for performance
evaluation and compare them with closely related paper [10]. The next sub-
section is devoted to a more general discussion regarding related work.

For some systems, it is important to have knowledge of the maximum
execution time for sequences of given length n, that is the maximum element
of the set composed of completion times for sequences corresponding to n
events. Its calculation is presented in [10] as follows in Riax:

Rt = @ @ le(w)y,

weEX™ peQ

= @ @ lapw(ar)...p(an)lp,

weX™ peQ

= @ [aM"];,
PEQ
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with
M = P u(a). (13)
acX
The time complexity of the computation above is O(n|Q|?) (complexity for
R\Q\ x \Q\).

n multiplications in R,

The representation introduced in Proposition 1 also enables us to evaluate this
indicator since

Lt = PEn + 1) = AT (14)
jeH jEH
A direct application of this formula would lead to a complexity in O(n|H|?)
time. Nevertheless, it is possible to reduce the complexity by exploiting the
particular form of matrix A derived from A defined by Eq. (9). In fact, one can
observe that, by definition, all the non-¢ entries of a column of A are identical.
Let us then denote

— A, ; the column of A with index £k,
— Hy for k = (r,d, s), the subset of H defined by Hy, = {(p, a,q) € H|p = s},
— o, the identical value for the non-¢ entries in column £ of A.

It is easy to check that

Aok = | P A | ®al, .

JEH

worst
ln

This property makes it possible to compute expressed by Eq. (14) in
O(n+|H|?) time. For automata in which the number of arcs |H]| is close to the
number of states |@Q|, we can claim that our approach has a lower complexity
than the method in [10]3. In addition, time complexity of our approach is less
affected when length n of the sequence grows.

Remark 8 In [10], authors show how to compute the maximum execution time
when constrained in a sublanguage. This increases noticeably time complexity
because matrix M in (13) then corresponds to a tensor product of matrices p.
As mentioned in Remark 2, our approach also makes it possible to refine the
indicator by specifying chosen transitions (or even subsequences) which prefix
or suffix the sequences. Note that for these refinements, time complexity of
our approach is not affected.

For other systems, it is important to be able to compute the minimum
execution time for sequences of given length n. It is referred to as the optimal
case in [10] and formulated as follows in Ryyin:

0Pt = @ @x(w)p

weX™ peqQ

3 It must be noted that there exist automata in which |Q| < |H|, as well as others in which
|Q| > |H|, and the comparison between methods complexity may then lead to contradictory
conclusions.
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The algorithm which is given in [10] only applies to a reduced class of (max,+)
automata (deterministic automata) and is announced to "suffer of a greater
complexity” than the worst case. In [28], it is shown that the computation of
the “optimal-case” is NP-complete?.

In proposition 2, based on the new representation (10), a minorant of this
element (or even the minimum element if the automaton is strongly unam-
biguous) is obtained by a simple recurrence in Ry, as:

17> @Plzn +1); = Pla™z(1)];.

jeH jeEH

The time complexity of this computation is the same as that of the "maxi-
mum execution time”, that is O(n + |H|?). Let us stress that, compared to
[10], Proposition 1 extends the class of (max,+) automata (from determinis-
tic to strongly unambiguous)® for which the minimum execution time can be
computed, and has a better time complexity. To the best of our knowledge,
there does not exist algorithm for computing the minimum execution time for
ambiguous automata. Our approach makes it possible to compute a minorant
with linear complexity.

Remark 4 As in [10], our approach can take profit of the spectral properties
of matrices defined over Ryay or Ryi,. In few words (see Section V in [10]
for details) a matrix A € D*** (D stands for Ryax or Ryin) can admit a
cyclicity property, that is, we have A"T¢ = X¢A™ for n large enough and
c € N, A € R. The scalar X corresponds to the spectral radius of A and several
algorithms exist to compute it. Let us remind that if A is irreducible, then
Karp’s algorithm computes A in O(|H| x E) time where F is the number
of non-¢ entries of A and Howard’s algorithm shows experimentally an almost
linear average execution time [7]. For A (resp. A), A characterizes the growth of
the maximum (resp. minimum) execution time for n large enough, and these
indicators can be easily deduced for larger lengths of sequences. In future
works, we plan to exploit the particular forms of the matrices we manipulate
in order to make more explicit the contributions of spectral theory for our
performance indicators, and in particular:

— to identify conditions on (max,+) automata for the irreducibility of matri-
ces A, and more generally to study their robustness [6], that is conditions
for which A admits a cyclicity property;

4 The result is actually stated for a subclass of systems (see discussion in §3.4) with direct
extension to any (max,+) automaton.

5 Note that, unlike (boolean) finite automata, nondeterministic (max,+) automata cannot
always be determinized, that is transformed into equivalent deterministic (max,+) automata
(see e.g. [10, 23]). Despite the fact that it was studied by numerous researchers, this problem
is still rather open, and to the best of our knowledge, strongly unambiguous (max,+) au-
tomata don’t satisfy necessarily conditions which are known in the literature to be sufficient
for determinization.
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— to study eigenvectors of A which would give initial vectors for recurrence
(10) so that execution times grow according to A immediately (i.e. from
sequence length n = 0).

The representations from Prop. 4 and 5 proposed in section 3.3 enable us to
compute two other performance indicators which, to the best of our knowledge,
have not been studied in the literature:

(i) A majorant of the greatest number of events occurring until a given time
instant is obtained using:
B

JjEH
(ii) A minorant of the least number of events executed before, or at, a given
time instant is obtained using;:
Plz);-

JjEH
For strongly unambiguous automata greatest and least numbers of events are
obtained (instead of majorants and minorants). The computation of these in-

dicators has a similar time complexity than the indicators presented previously
since it merely implies matrixes multiplications in Ry ax and Ryip-

Remark 5 The refinements mentioned in Remark 3 have analogous formula-
tions for the minimum execution time and the two indicators (i)-(ii) (using
arguments in Remark 2).

Remark 6 To give more explicit illustrations of the results, let us sketch out
some possible realistic applications:

— For verification and validation activities of real-time systems, maximum
and minimum execution times give guarantees about the worst and best
case completion times, whereas indicators (i)-(ii) provide guarantees on the
minimum and maximum amount of tasks completed at a given date.

— For manufacturing systems in which several schedules are possible, max-
imum and minimum execution times give bounds for the makespan, and
indicators (i)-(ii) provide bounds on the number of parts that can be de-
livered at a given date.

3.4 Related work

In [28, 27] authors consider time-weighted systems by associating to finite-
state automata a "time-weighted function” and a "mutual exclusion function”.
The time-weighted function assigns a nonnegative value to each event, inter-
preted as the duration of executing the event. From a time-weighted system,
they build a heap model (heap models are particular (max,+) automata, see
[12]) in which the upper contour of the piece associated to an event is de-
fined from the time-weighted function. In this case, the upper contour has
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the same value for all the slots occupied by the piece. In the corresponding
(max,+) automaton, all the transitions involving a given event have the same
weight (one possible duration for an event whatever the current state). As a
consequence, paths with a same label have an identical weight. For these sys-
tems, it is shown in [28] that the computation of minimum execution time is
NP-complete, and an efficient algorithm is presented for the computation of
the maximum execution time (time complexity is O(|H||R|?), where R is a
clique covering of X'). The comparison with the results in this paper has to be
weighted by the fact that a more restrictive class of systems is considered. At
first sight, this class is less general than strongly unambiguous automata. In
fact, on the one hand, one can observe that as paths with a same label have
equal weights, then maximization in Eq. (6) doesn’t operate and the differen-
tiation upon ambiguity is no more meaningful. More precisely, since for any
w € X*, q € Q, we have z(w), = o(r) for all 7 € Q; ~ ¢, we can claim that
all the results specified in this paper for strongly unambiguous automata also
apply to (max,+) automata derived from time-weighted systems as in [28, 27].
On the other hand, strongly unambiguous automata in which events have sev-
eral possible durations cannot be captured by time-weighted systems defined
in [28].

Our work is also to be compared with other approaches for discrete event
systems, and in particular, quantitative analysis of timed and time Petri nets.
Several methods have used enumerative methods (that is techniques based on
the construction of the state classes graph and the discrete reachability graph)
which suffer from the state space explosion problem. A recent approach [5]
proposes to compute efficiently (in polynomial time on the size of the net
model) bounds through the solution of linear programming problems derived
from the structure of the net, the initial marking and the time interpretation.
They consider time Petri nets with firing frequency intervals (that is nets in
which conflicting transitions are in extended free-choice conflicts and behave
according to frequency interval constraints), as well as a stochastic extension
of time Petri nets. In addition, a so-called average operational behavior is
assumed, that is, basically: during the observation period an equal number
of tokens enter and leave each place. A confrontation of our results extent
requires to compare the modeling power of (max,+) automata with the class
of Petri nets considered in [5]. Unfortunately, we only have partial answers to
this question. It is shown in [12] that the behavior of any safe® timed Petri
net can be expressed by a so-called heap automaton which is a special type of
(max,+) automaton. We have to admit that the class of systems considered
this way is restricted. Nevertheless, note that there is no assumption on the
structure of the net (compared with extended free-choice conflicts), all the
logical feasible choices for conflicts are considered (preselection policy) and
there is no balance assumption. In addition, we are convinced that a wider class
of Petri nets can be equivalently modeled by (max,+) automata. First, safeness

6 At most one token can be in a place at any time.
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is only a sufficient condition in the result of [12]. This has motivated an attempt
towards the modeling of bounded” timed Petri nets which is presented in [21],
together with compositions techniques making it possible to build (max,+)
automata models in a modular manner. Secondly, automata with weights in
real-interval based semiring (instead of (max,+) semiring) are introduced in
[18], and the relations with time Petri nets (more precisely nets obtained by
means of synchronous products of T-time state machines) are shown.

4 Representations for non-autonomous (max,+) automata

Discrete event systems which are modeled by (max,+) automata with the usual
representation (4) or with the representations introduced in Propositions 1-5,
can be considered as autonomous in the sense that their dynamic evolution
isn’t subjected to exogenous influences. To the best of our knowledge, it is
still an open problem to define inputs for the usual representation (4) in or-
der to model external influences. This section investigates how to enrich the
new representations for (max,+) automata such that exogenous inputs can
be taken into account. For this first attempt, we restrict our attention on the
representation for the worst-case behavior in terms of sequence durations de-
fined in Proposition 1. It appears in §4.1 that the definition of inputs then
leads to a model for (max,+) automata which is similar to a state equation
for nonautonomous systems. The next subsection tends to demonstrate that
such a representation can be exploited for the control of (max,+) automata.
In particular, a well-known open-loop control law for (max,+) linear systems
[2, 20] is here adapted to (max,+) automata.

4.1 Definition of exogenous inputs for the worst-case behavior in terms of
sequence duration

For a system modeled by a (max,+) automaton, we consider external influences
acting on controllable state-transitions.

Definition 3 A state-transition is said to be controllable if the validation of
the event implied in the transition can be delayed.

It is assumed that events-occurrences can be observed and counted®. In
other words, at any time it is possible to know the number of transitions hav-
ing occurred until then.

Let A be defined by (9) with D corresponding to Ryay, and 5(n) € R|H|><17

max
n € N, a vector modeling the external influence. We define inductively the

7 At most a bounded number of tokens can be in a place at any time.
8 The case of unobservable events should be considered in future work.
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following sequence of vectors ZT.(n) € R‘H‘Xl for n € N by:

{EC(O) =& B (15)

with B € R

max given by
5 e if j =k and j is a controllable transition,
- '

€ otherwise.

Let us note that if a transition j is uncontrollable, then Bj; = € for every
k € H and

fc(n + 1)j = [AEC(n)]j > (16)

which means that input 7(n); has no influence on signal Z.(n + 1). In the
inverse case,

T(n+1); = [ch(n)]j ®v(n); , (17)
and signal Z.(n + 1) then depends on T(n);.

Proposition 6 For every j € H, let variable (n); denote the date at which
transition j is authorized once n state-transitions have been observed (assum-
ing T(0) = ), then To(n + 1), corresponds to the mazimum value of the set
containing the dates from which transition j can occur consecutively to n state-
transitions.

Proof On one hand, it is easy to see that T.(n + 1) > T(n + 1) where T(n +
1); (defined in Proposition 1 without considering exogenous influences) is the
maximum completion date among sequences of length n and at the conclusion
of which j can occur.

On the other hand, we have Z.(n + 1) > Bv(n) in which [Bo(n)]; corresponds
to the date from which transition j is authorized once n state-transitions have
been observed.

From these two observations, we conclude that Z.(n + 1); corresponds to the
maximum among the dates from which transition j can occur consecutively to
n state-transitions.

Remark 7 For conventional (boolean) automata, the influence of a control (su-
pervision) is modeled by means of a (synchronous) product with the language
[26]. The situation is comparable for the control of (max,+) automata based
on their behavioral representation [17]. In these approaches, the control isn’t
considered as an exogenous input acting on the state of the system (i.e. an
additive term in the state equation as in Eq. (15)), and this makes it difficult
to adapt the numerous control results developed for (max,+) linear systems
see for example [25, 8, 24, 1]).
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Remark 8 With the approach described above, an input can influence a state-
transition while assuming the worst-case for the past evolution (i.e. by con-
sidering that sequences with maximum completion dates have occurred). For
example, if we consider a system with several possible schedules (and the
schedule-choice is unknown), then the input is going to apply as if the worst
schedule (with the largest makespan) had been selected until then. Afterwards,
this representation makes it possible to compute control laws guaranteeing ob-
jectives for the system (typically some deadlines for the completion of given
length sequences) whatever is the schedule applied in practice. It is a significant
difference with the control law proposed in [17]: it is based on the behavioral
representation and the control depends both on the current state and on the
word denoting the sequence having lead to this state. Pursuing the previous
illustration, the control is then specified according to the chosen schedule.

It is also worth mentioning that T(n); can be chosen to be equal to T = +o0,
which means that a controllable transition j can be authorized at the end
of infinitely large delay. This is equivalent to forbid this transition and logic
control of the system can be tackled this way.

Note that recurrence (15) leads to

To(n+1) =¢ A Bo(n — ). (18)

4.2 A control approach

The representation defined by Egs. (15) and (18) is used to deal with the
following control problem:

Find the greatest trajectory {v(n)}nen such that

n
@ZJEU(n —7j) = 2(n) (19)
j=0
where [z(n)]; corresponds to a deadline for the sequences of length n preceding
transition j. In other words, we specify that all sequences of length n prefixing
transition j have to be completed at date [z(n)];.

The motivations are as follows.

— The inequality (19) means that the input @ is such that Z.(n+1); < z(n),
for all n € N, j € H. This means that the maximum among the dates
from which transition j can occur consecutively to n state-transitions is
less than the deadline z(n);.

— Seeking the greatest input {v(n)},en means that we want to authorize the
transitions at the latest.

In this sense, the input satisfies the so-called just-in-time criterion.
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Remark 9 We can select z such that z(n); = T = 400 (infinite deadline) for
given transition j and for n greater than a given value N. This leads to a
control input which delays indefinitely (i.e. forbids) controllable transition j.
This can be useful

— for logic control purpose,

— or if {z(n)},en is partially known. In this case, it can be considered that
beyond horizon N the deadlines are +0o0. When we deal with the control
of a manufacturing system, this may mean that either only a finite number
(N) of products must be delivered, or, the production schedule is not known
beyond the N-th product to deliver. In both cases, the missing, or unknown
future orders, are then supposed not to constrain the current running of
the manufacturing system.

The following Propositions 7 and 8 give a positive answer to control prob-
lem (19), and can be seen as adaptations of results for (max,+) linear systems
[2, §5.6], [20]. The results are based on residuation theory. Let us recall that

a mapping f : C — D, where C and D are ordered sets, is residuated if
for all y € D, the least upper bound of subset {x € C | f(x) < y} exists and
belongs to this subset. It is then denoted f*(y). Mapping f* : D + C is called
the residual of f. In a complete dioid, mapping x — a ® x is residuated; its
residual is denoted y — ayy. Some standard formulee [2, §4.4] will be useful
later on:

a®(akzr) 2w, (f1)
ay(z Ay) = (ajz) A(ayy) (£2)
(a®b)yxz =by(aga) . (f.3)

Proposition 7 The trajectory {Topt(n) Inen defined by

n €N, Top(n) = \(@A'B)yz(n+1) (20)
i>0

is the greatest solution of (19).
Proof 6 Let {v(n)}nen be a solution of (19). We have

Vn € N, @ X Bo(n — j) < 2(n),

S VneNVjst.j>0andj<n, ZjBﬁ(n —7) = z(n),
S VneN)Vjst 7>0andj<n,
< Vn' e N,Vj s.t. 5 >0 andn' >0,
(with n’ =n — j)
(') < (A'B)y(n’ + j),
< />\O(ZJ§) kz(n + j) = Topt (0).

< Vn' e N,Vj >0,
& Vn' €N,
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In the following proposition, we show that T, is a solution of a system of
recurrent equations which proceed backwards.

Proposition 8 The trajectory {Uopt(n)}nen defined by (20) is the greatest

solution T of: _
§(n) = Ax¢(n+1) Az(n)
o)~ B 21

Proof 7 Let us first show that {Topt(n)}nen is a solution of (21).
We define {Eopt(n) }nen such that Top(n) = BXEept(n), and then:

Eopt(n /\ a §z(n+1) (according to (f.3)).

>0

We then check that {&opt(n) nen is a solution of the first equation in (21) :

[AxEope(n +1)] A 2(n) = [AX(A A kz(n+i+1))] Az(n),

i>0

— 4/>\0 [AY(A yz(n+i+1))] A z(n), (using (f.2))
= A (A Nz(n+i+1))] Az(n), (using (£.3))
= AN@ R0 +1),

= for)t(n)-

Let us now show that any solution of (21) is smaller than {Topt(n) tnen.
Let {T(n) }nen be a solution of (21), we have

o(n)

I
o]
b>|

V(Axgm+1) A=),
BY(AN[ARE(n +2) A z(n+ D] Az(n),
BY(A*4¢(n+2) A Axz(n+1) A 2(n)),

—i—

—AB§§(n+z)/\/_\AB§z(n+]) (Vi > 0)

= />\0A Byz(n + ),
= Topt ().

5 Applications to a jobshop example

We consider a jobshop system (inspired by the example in [12])with two re-
sources R1, Ro processing two jobs types J1, J2. There are six elementary
tasks a, b, ¢, d, e and f whose durations are respectively 2, 2, 2, 1, 1 and 3.
The production sequence for job J; is abc, which means that the elementary
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tasks a, b and ¢ have to be performed in this order in order to complete one
job Jp. The production sequence for job 7> is def. Resources process tasks one
by one. Tasks a and d (resp. ¢ and f) are processed using resource R; (resp.
R2). Both resources Ry and Ry are required for tasks b and e. In addition, two
occurrences of a same job cannot be processed simultaneously: for example in
sequence J1J1 the first job must be completed before the second can start
(but in the case of sequence [J1 72 the second job can start before the first one
is completed). We consider all the possible sequences with the earliest func-
tioning rule (tasks are completed as soon as possible). We also assume that
the system starts operating at date 0.
The system can be modeled by timed Petri net in figure 4 in which:

— timings are associated with transitions (notation a/7 means that transition
labeled a has 7 for firing time),

— a preselection policy is used to decide on which transition is to fire when
a place has several output transitions (to be able to code all the possible
choices),

— a token from the initial marking is supposed to have arrived in the Petri
net at time instant 0.

This Petri net is proposed only for illustration (in order to clarify the ex-
planations) since the jobshop is going to be studied by means of a (max,+)
automaton model, in this case the automaton in figure 5. Let us point out that,
to the best of our knowledge, there are only partial answers to the question
on how to transform a Petri net into a (max,+) automaton (and vice-versa).
As mentioned in Subsection 3.4, the approach from [12] associates a (max,+)
automaton to any safe timed Petri net. This (max,+) automaton is generally
non-deterministic and may admit a language which is larger than the lan-
guage of the Petri (i.e., it recognizes sequences which aren’t possible firing
sequences). A procedure based on completion of heap automata in [11] can be
used to build a deterministic automaton corresponding to the Petri for the job-
shop. The recent contribution [22] proposes a recursive procedure which builds
a deterministic (max,+) automaton equivalent to a safe timed Petri net. The
equivalence corresponds to the facts that the automaton and the Petri net
have the same language, and that the completion date of a firing sequence in
the Petri net is the same as the one of the corresponding state-transitions se-
quence in the (max,+) automaton. In addition, it is shown that this procedure
terminates if the oriented path between any two transitions contains at most
one “conflict-place” (with more than one output transition). This condition is
satisfied by the Petri net in figure 4 and this procedure® has been used to
obtain (max,+) automaton in figure 5.

Let us first illustrate how the results from section 3 can be used to study
the performance of the jobshop.

1. We can apply the representation introduced in Prop. 1 to find out the
maximum completion date for a given number of jobs. As each of the jobs

9 Please note that the complexity of this procedure remains to be shown.
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Fig. 5 Safe jobshop represented as a (max,+) automaton..

Ji and Js consists of three tasks, n jobs are represented by 3n transitions
in the automaton. In addition, we are interested with sequences leading to
states 6, 8 and 13 since these are sequences for which both J; and J> are
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completed. For example, we obtain for n = 10:

B =B =60,

j€H6UH8UH13

which means that the maximum execution time for 10 jobs is 60 units of
time. This corresponds to the makespan of the worst schedule, i.e. 10 jobs
Jr.

2. We can apply the representation introduced in Prop. 3 (the automaton
is strongly unambiguous) to evaluate the minimum completion date for n
jobs. As for the previous item, we are interested by sequences of length 3n
leading to states 6, 8 and 13. In Runin, we obtain for n = 10:

P kBy=4

jeEHsUHgUH 3

which means that the minimum makespan for 10 jobs is equal to 41 units
of time. This corresponds to the makespan of the best schedule,

ie. oW JoT1ToTJ1 T2J1 T2 J1 whose timing is depicted in figure 6.

3. The representation introduced in Prop. 4 can be used to evaluate the max-
imum number of jobs that can be performed until a date t. We focus on
sequences leading to states 6, 8 and 13 and we obtain for ¢ = 41:

B [z =30

jeEHsUHgUH 3

This result is coherent with the one obtained at the previous item, since it
reveals that 10 jobs can be completed before time instant 41.

a b c¢c a bc a bc a bc a b c
I [ I ] A
de f d e f d e f d e f d e f
[T [T [T [ [

Lovocbovocboroc boro beeoc bovoc boeo b Lo |
0 5 10 15 20 25 30 35 40 45

Fig. 6 Timing for schedule J271 J2J1J2J1T2TJ1 T2T1.-

Let us now illustrate how results from Section 4 (Prop. 7 and 8) can con-
tribute to the control of this system.
We consider the following reference input z:

70 iijHgUHgUngandO§n§30,
[2(n)]; = N
T otherwise.
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The control objective can then be interpreted as follows: delay the system as
much as possible while guaranteeing that 10 jobs are completed at t=70. As
discussed in Remark 9, value T' = 400 is used to code unknown deadlines or
undesired occurrences.

— We first assume that all the transitions are controllable, that is B is equal
to identity matrix I,,. Using recurrence (21) we obtain :

Vopt (0)(1@72) =10.

This means that if the first job is J7, then its processing is authorized from
date 10. In this case, even if the worst schedule is applied (that is ten times
J1 with 60 as completion time), 10 jobs are completed at the latest at date
70.

We also obtain,

Topt (0)(1,a,3) = 13

which gives the starting date in the case where the first job is J5. Like this,
even if 9 jobs [J; are consecutively processed (with a processing time equal
to 57), then 10 jobs are also completed at the latest at date 70.

— Let us now consider that all transitions with events a, b and ¢ (i.e. tasks for
job J1) are uncontrollable. In that case, matrix B isn’t equal to identity
matrix I, since coefficients corresponding to uncontrollable transitions are
equal to € = —oo0.

The schedules with only jobs J; are uncontrollable, in the sense that the
processing cannot be delayed. For example, we obtain:

Topt (1) (1,a,2) = T, Vn € N,

knowing that Bj (1,4,2) = €, Vj (transition (1,a,2) is uncontrollable) and so
Topt (1) (1,a,2) has no influence.

Any other schedule is controllable in the sense that one occurrence of job Ja
(with controllable associated transitions) is sufficient to meet the control
objective. For example, we obtain

Vopt (0)(1,d,3) =13,

which is the latest processing time for J5 as first job so that 10 jobs are
completed at the latest at date 70. We also get

TVopt (27) 9,£,2) = 65,

which means that the last transition of 75 as 9th job is delayed such that
J1 as 10th job is completed at 70. In fact, last transitions to complete 10

jobs are then 9 1,95 4 % 6 with duration equal to 5 (see figure 7).
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lovnodbeen bl
50 55 60 65 70

Fig. 7 Timing for a schedule with J2J1 as 9th and 10th jobs and with the just-in-time
control.

6 Conclusion

We have proposed new representations for (max,+) automata in order to de-
scribe their extremal behaviors. We have shown that these representations
can be applied to efficiently evaluate performances of systems. In future work,
results from the spectral theory of (max,+) matrices should be exploited to
enrich our approach. Using representation of the worst-case behavior in terms
of sequence durations, we have illustrated how exogenous inputs can be taken
into account. Taking advantage from the fact that the model is then strictly
similar to state equations of (max,+) linear systems, a control approach has
been sketched out. It would be interesting to study the control of the other
extremal behaviors. It is also envisaged to adapt other control laws developed
for (max,+) and (min,+) linear systems.
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