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1 introduction

Positive systems have the peculiar property that any nonnegative input and nonneg-
ative initial state generates a nonnegative state trajectory and nonnegative output
trajectory for all times. Positivity of the variables often emerges as the immediate
consequence of the nature of the phenomenon itself ([1]).

Among those large class of systems, this paper focuses on the positive systems
in which the state trajectories are non decreasing and for which the phenomena are
mainly delays and synchronization. A relevant model of these systems involves the
operators ‘'max’ and ’+’ (or by duality, the operators ’min’ and ’+’ ). The nice and
relatively old idea was to consider these systems in a specific algebraic structure,
namely idempotent semiring, in which these models become linear and then can
be studied in an analogous manner to the classical linear systems. The reader is
invited to consult [2][3] for an exhaustive introduction to this system theory, and
([4],[5]and [6]) for a presentation to the controllers synthesis. This paper attempts to
extend the theory of this kind of systems by considering systems subject to nonlinear
constraints in the peculiar algebraic setting. More precisely the state trajectories must
satisfy the following constraint : X = AX ®BU < A ®x where A describes the internal
dynamic of the system and A the constraints which must be respected.The main
contribution of this paper demonstrates that the residuation theory makes possible to
characterizing the greatest element in ImA* NImA, . This result is used to synthesize
a precompensator P, such that control u = Pv ensures to achieve a model matching
while satisfying the constraints.

2 Algebraic preliminaries

Definition 1. A dioid 9 is a set endowed with two internal operations denoted by ®
(addition) and ® (multiplication), both associative and both having neutral elements
denoted by € and e respectively, such that @ is also commutative and idempotent (i.e.
a®a = a). The ® operation is distributive with respect to ®, and € is absorbing for
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the product (i.e. e®a =a® € = g, Ya). Dioids can be endowed with a natural order
rarbiffa=a®b. A dioid is complete if every subset o/ C 9 admits a least upper

bound equal to @ x and if ® distributes over finite and infinite sums. The greatest
xed/
element of a Dioid is denoted T = @ x. A complete dioid have a complete lattice
X€PD
structure, and then a = b < b=ab.

Theorem 1. (/2],/6])

Over a complete dioid 9, the implicit equation x = ax ® b admits x = a*b as
least solution, where a* = ®jcna’ with a® = e. Furthermore, if x, y € 9, we have
x(yx)* = (xy)*x and x* @ x* = x*.

Remark 1. (Matrix dioid) We can extend the notion of scalar dioid to matrix dioid by

considering the following two internal operations;
k=p
LetA,B € 2"*P andC € 2P*1 (A @B)ij =A;j®B;jand A ®C)ij = DA RCy;
k=1

Definition 2. (Isotone mapping) A mapping I1 from an ordered set & into an ordered
set € such that¥ a, b € 9, a < b= Il(a) < I1(b).

Lemma 1. (/2]) Let Il be a mapping from a dioid 9 into another dioid €. The
following statements are equivalent:

1. the mapping I1 is isotone;

2. if lower bounds exist in 9 and €, I1 is a \-submorphism, that is,V a, b € 9,
MM(aAb) X I(a) NII(b).

Lemma 2. (/2]) If a admits a left inverse b and a right inverse c, then

o b = c and this unique inverse is denoted a™';

e moreover, Vx,y, a(x \y) = ax A ay.

The same holds true for right multiplication by a, and also for right and left
multiplication by a™ .
Definition 3. (/7],/2]) A multiplicative lattice-ordered group ¢, means that, in ad-
dition to being a group and a lattice, the multiplication is isotone, and
o the multiplication is necessarily distributive with respect to both the upper and the
lower bounds (¢ is called a reticulated group),
e moreover, the lattice is distributive (that is, upper and lower bounds are distributive
with respect to one another).

Theorem 2. (/2]) Let ¢ be a multiplicative lattice-ordered group, and a,b € 4.
Since each element of ¢ admits an inverse, one has the remarkable formulae:

(anb) ' =ateb™! (awb) ' =a'Ab" anb=ala®b) b,

Proposition 1. Let & be a multiplicative lattice-ordered group, a and b in 4 and
X € D with 9 a dioid and 9 C 9 then ax \bx = (a \b)x.
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Proof. First, using lemma (1) we have (a Ab)x < ax A bx. Second, since a and b are
in & from theorem (2), we have (a Ab) "' =a~' @b, so:

ax\bx = (aAb)(a ' @b ) (ax Abx)
=(anb)[(x Aa1bx) ® (b~ tax Ax)] < (a Ab)[xDx](aAb)x

this leads to ax A bx = (a Ab)x.

Definition 4. In the sequel, we will endow the dioid & with the producta ®b=a®b
with the following convention e © T = T (we recall that € ® T = €). And over matrix

n
dioid, (A®B);j = NAix ©ByjwithA € 2P*" and B € 2"*4. In the sequel,
k=1
e® € 9" is the identity matrix of the law ©, i.e, €] = e, and eg =Tifi#].

Definition 5. In the next, we will consider the dual star operator which is given by:
8= NgVwithg =g®---Ogand g*° = e®.
ieN ——
i times
Proposition 2. Let & be a reticulated group and A,B € PP*" be two matrices with
each entry in Y and x € "4 then we have (AAB) ©x =A©OxABGOx

Proof. Let A,B € 2P*" be two matrices with each entry in ¢ then

k=n k=n
k/\ (AAB)iy Oxyj = k/\ (Aik NBix) © xj
=1 =1

A (Aik ©xkj) A (Bix ©xyj) thanks to proposition (1)
k=1

(::/:\T(Aik ®xkj)) A (k/z\n(Bik ®xkj)> = (AOXABOx);j.

((ANB) ©x),;

Residuation theory allows a kind of pseudo-inversion of mapping defined over
lattices, it plays a central role in the control of systems. For (max,+) linear systems
we refer the reader to [6] and [5] for an introduction.

Definition 6. Let f be a mapping from a complete dioid 9 to a complete dioid €, f
is lower semi-continuous (L.s.c), respectively, upper semi-continuous (u.s.c), if for all

subsets (finite or infinite) X of 2 f( @D x) = @D f(x), respectively f( A x) = A f(x).
xeX xeX xeX xeX

Definition 7. An isotone mapping f : 9 — €, where 2 and € are ordered sets, is a
residuated mapping if for all y € €, the least upper bound of the subset {x|f(x) <y}
exists and belongs to it. It is denoted by f*(y), and f* is called the residual of f.

An isotone mapping g : 9 — € is a dual residuated mapping if for all y € €, the
greatest lower bound of the subset {x|g(x) = y} exists and belongs to it. It is then
denoted by g’ (y), and g is called the dual residual of g.

Theorem 3. (/2]) Let f,g be isotone mappings from : 9 to €, where 9 and € are
ordered sets, the following equivalences holds true:

f is a residuated < fo f* <Idy and f*o f =1dy < fisls.cand f(€) = &.

g is dual residuated < gog’ = Idy and g o g < Idg, < g is w.s.c and g(M=T.
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Example 1. ([2]) The mapping L, : Y — &, x — a®@x is isotone and ls.c (i.e

L,(@x) = @L,(x)), then it is residuated. The residual is denoted L (x) = a%x in
xeX xeX
(max, +) literature. We recall that eyx =T, Tyx =€ and T{T = T.

Proposition 3. (/2, §4.4.2]) If I1 : 9 — € and @ : € — A are dually residuated
mappings, then @ o I1 is also dually residuated and (® o I"[)b =IPo®@. [IANDis
also dually residuated and (IT\ @)’ = IT" & @°.

Proposition 4. If each entry of A admits an inverse then the mapping Iy : x — A ©Ox

is u.s.c, with x an element of "4, that is: T;( \ x) = A Ti(x)
xeX xeX

Proof Th( \x)=A®(Ax)
xeX xeX

n
= (Ta( A x))ij = NAik® (A xxj) thanks to proposition 1;
xeX k=1 xeX

U%QMFKA%MWFAKmebAmwm

k=1xeX xeXk=1 xeX
then T1( A x) = A TA(x)
xeX xeX

Corollary 1. Let A € 2", X € 2"*1 be two matrices, if each entry of A admits an

inverse then the mapping I : x — A ©x is dually residuated and its dual residual
I=n I=n

is given by I;xb 1 x = Axx with (A%x);; = DARxj = @A;l ©Xx;j and by respecting
=1 =1

the following rules Thx = ¢, exx = T and exe = € (i.e. €1 © & = €). It is important
to note that a = b = avx =< byx. Furthermore, if b admits an inverse by(a @ c) =
(Pra)@c (ie. b ' ®(a®c)= (b1 ®a)®0¢).

Proposition 5. Let & be a reticulated group, A,B € ZP*" two matrices with each
entry in9 and x € 2" then we have (A \B)sx = A%x ® Bix.

Proof. The result is a direct application of proposition (3).

Theorem 4. ([2, §4.5]) Let A € 2"*", the following equivalences holds true:
X=A*RxSx - AQXx S AR mx S A =x.

Corollary 2. The greatest solution of Ax < x and x < B is A*}B.

Proposition 6. Let G € 2"*" with each entry in a reticulated group then the follow-
ing equivalences holds true:

X3GoxeGu=xoGa=x=6,0x=x

Proof. First, we prove that: x < GOx = Ghx < x.

If x < G ®x then Gyx < G%(G ©x) since (G%.) is isotone, furthermore theorem (3)
yields G%(G ©®x) = x, then Gx < x.

Second, we prove that: Gx < x = G.%x = x.

If x = Gyx = x = (%) ® (G¥x) © (G“?4x) @ - - - and thanks to proposition (5)
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= x= (P NGAGP2N - Yox = G xx = ePhx = x 50 x = G, x.

Third, we prove that x = G, %x = x =G, Ox

x=Gx = G, Ox=G,®(G,3x) = x (thanks to theorem 3), but G, ©x < e® Ox =x,
then G, ©x = x.

Fourth, we prove that G, Ox=x=x X GOx.

Thanks to proposition 4, G, ®x = (x AGOXAG2OxA--+) X GOx.

Proposition 7. Let A € 9"*P, X € PP*9 and B € 9" be three matrices. If each
element B;; admits an inverse then we have Bx(A ® X) = (ByA) ® X

I=n 1 k=
Proof. (BX(A®X))ij = lGleZi\(A ®X); = I@Bli\(kej:Alk QX))

I=nk=p B

= ﬁB]kGBIBl,-\(Alk ® Xy j) since Iy is L.s.c
k=pl=n

= @ D (BirAi) @ Xx; since Bj; admits an inverse
k=11=1

= ’;G}I:(B\A)ik @ Xy = ((BYA) ®X);j.

Proposition 8. Let us consider a dioid 9, a reticulated group 4 C 2 and two ma-
trices A,G € 9"" and each entry of G in 4. The greatest x such that
ARx=<x=GOxandx =< Bis given by £ = ((G,*A*)*)}B

Proof. First, we prove that: AQx x 2 GOxandx X B=x <X
Second we prove that X satisfy the following properties
(i) < B
(il) £ = A ©%
(ii) £ = G, O
By considering propositions 6 and theorem 4, A ® x < x < G ©x implies that
x =G, ©Ox = G,x = A* ®x, which means that x € ImG, NImA*. Then, x must be
such that x = G, }(A*x). The assumption about entries of G' and proposition 7 leads
tox = (G.3A*) ®x = x < (G.*A" )kx, which is equivalent to x = ((G.%4™)* )}x (see
theorem 4).
ThenA®x 2x<GOxandx < B < x=((G.24*)*)kx and x < B
< x <%= ((G.2A")*)}B. According to theorem 4 % is such that

(CHA") 22 << (G )it (1)

Now it suffices to prove that (i), (ii) and (iii) are respected
First we prove that £ € ImA*, according to theorem 4, this is equivalent to
T=A"QF=A"%; % =2 (G A RE =
A <A ((GIA"E) = ((GAAT) BA" )i

= (G.X(A* ®A*))}% (see proposition 7)

= (G%A™)}x = X since (G%A™) = e (see theorem 1).
Furthermore, £ = A*§% (since A* > e), then £ = A*}%, i.e, £ € ImA*.
Second, we prove that £ € ImG,, i.e, £ = G, ©® X = G, %% (see proposition 6), from
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equation (1), £ = (G.34*) @ % = G, }(A* ®X) = G, x& since £ =A* QX
On the other side G, < e then £ < G.3&s0 £ = G, 3 =G, O .

Third, since (G%A*)* = e,% < B.

To summarize, £ is the greatest solution of A @x <x < G®x and x < B.

3 Application to P-temporal event graphs

3.1 P-temporal event graphs

Fig. 1. A P-temporal event graph

The P-temporal Petri net model defined in [8], enables to model manufacturing
systems whose activities times are included between a minimum and a maximum
value, that is the sojourn time associated to each place P, is included in an interval
[Smin; > Smax;] With 0 < Smin; < Smax;. Before the duration spip,, the token in p; is in the
non-available state. After spn, and before spayx;, the token in p; is in the available
state for the firing of a transition. After spmay;, the token in p; violates the constraints.

A transition is fired as soon as there is an available token in each upstream place.
The behavior of a transition may be described as a sequence of firing dates. The
variable x(k) is a ”dater” and it represents the k -+ 1/ firing date of the transition la-
beled x. For each increasing sequence x(k), it is possible to define the transformation
x(y) = @x(k) ® ¥, where 7 is a backward shift operator in event domain (that is

keZ

y(y) = yx(y) < y(y) =x(k— 1), see [2], p. 228). This transformation is analogous to
the Z-transform used in discrete-time classical control theory and the formal series
x(y) is a synthetic representation of the trajectory {x(k)},.;. The set of formal series
in v is denoted Zyax[[y] and constitutes a dioid. In general, the behavior of a p-TEG
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(i-e, the firing sequence of each transition) can be represented by linear relations over

this dioid:
{ﬂw=MM@mm:mwm, @
y(v) = Cx(y) = CA"Bu(y),

but trajectories must respect non-linear constraints which are given by:

{x(y) = Aox(Y) ABOu(y), 3)
¥() < Cox(y). ’

in which ® is given in definition (4), and A represents the constraints relations be-
tween internal transitions, B represents the constraints relations between internal
transitions and input transitions and C represents the constraints relations between
output transitions and internal transitions. Entries of matrices A, B and C are assumed
to be in the reticulated group Zmax C Zmax[[7]-

Example 2. Figure 1 gives an example of P-temporal timed event graph. We suppose
that there is no constraint on the input and output transition (this condition doesn’t
affect the generality of results ).

The behavior of the P-temporal event graph can be represented by

A®X(y) 2X(7) SAOX(y).

EEEEE E € €& TTTTTTTTT eEeE
geeee e € €¢ TTTTTTTTT gec¢
EEEEE E € EE TTTTTTTTT gee
15eeely € €¢ 28T TTTTTT gce
A=|e75eee3Pee |[,A=| TOTTTTTTT|,B=|cce ,C:(
ceeg2ee 1 ¢ TTT4TT3TT geE€
ceeceld e € €¢ TTTTTTTTT £€EE
geeee 3 € €¢ TTTTTTTTT EEE
ceeeee e 1 €¢ TTTTTTTTT EEE

Entry A(5,7) = 3y?, corresponds to the place between transition x7 and xs, and means
that there are two tokens in the place and that the minimum sojourn time is 3 time
units. A(6,4) = 4 means that the tokens in the place between transitions x4 and x4
must not stay more than 4 time units. The entries equal to T = +eo, mean that there
is no constraint on the sojourn time. It must be noted that each entry admits an in-
verse (with the convention T~! = ¢). This assumption is essential to solve the control
problem.

3.2 Optimal control of p-temporal event graphs

The control method proposed herein is based on the Just-in- Time strategy and on the
model reference approach (see [6],[9],[10]). Let H € (Zmax[[Y])?*9 be the transfer
matrix of the plant and G, € (Zmax[[Y]])?*? be the reference model, i.e., the desired
transfer matrix for the controlled system. The precompensation problem for TEG is
solved by finding the greatest precompensator P such that HP <X G,y . The optimal

EEEEEEECE
EEEEEEEEE

)
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solution, denoted by P, is given by P, = H{G e .
This means that, for a given external input v € (Zmax[[Y])?, the input variable, given
by u = P®v , will be maximal and ensures that Vv HFP,v < Gpv.

For P-TEG, the problem is to compute the greatest P such that HP = CA*BP =
Gef and A"BP < A®A*BP. By considering X = A*BP, this problem may be written:

X 2 A*B((CA*BXGyef) =Xp and A®X <X <AGX,

which admits the following optimal solution: X, = ((A.%4*)*)}Xy = A"\X, (see
proposition 8). Therefore, the precompensator must be such that P < P, ,; = A*BXX,, .
The last question arising is to know if F,,, respect the constraints. It suffices that

A*BP,,; = A" @A* P,pi- By lack of places, this problem is not adressed here.

Example 3. Let us consider the p-temporal given in figure (1) and a model reference
. . ([ 14(4y)* 21(4y)* 19(4y)* . ..
given by: Gef = ( 11(47)" 18(4y)* 16(4p)* the optimal precompensator is given
7(4y)" 14(4y)" 12(4y)"
by: Pop = | (47)" 7(4y)" S5(4y)"
2(4y)" 9(4y)" T(4y)”
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