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Abstract

In this document will be presented a control strategy for Max-Plus-Linear (MPL) systems, a
class of discrete-event systems widely used in synchronization and scheduling applications,
such as: production systems (flexible workshops, assembly lines), communication networks
(computer networks) and for transport systems (road, rail and air traffic). This document presents
an observer-based controller with a real system application, located at ISTIA -Ecole d’Ingénieurs

de I’Université d’ Angers.

Keywords: Discrete Event Systems, (Max,+) Linear Systems, Control Theory.






Resumo

Neste documento serd apresentada uma estratégia de controle para sistemas Max-Plus lineares,
uma classe de sistemas a eventos discretos largamente utilizada em sincronizacao e aplicagdes
de escalonamento, tais como: sistemas de produgao (oficinas flexiveis, linhas de montagem),
redes de comunicagio (redes de computadores) e sistemas de transporte (rodovidrio, ferroviario
e aéreo). Este documento apresenta um controlador baseado em observador, com um sistema

real de aplicacio, localizado no ISTIA - Ecole d’Ingénieurs de 1’ Université d’ Angers.

Palavras-chave: Sistemas a eventos discretos, Sistemas (Max,+) lineares, Teoria de controle.






Résumé

Dans ce document sera présenté une stratégie de controle pour les systemes linéaires Max-
Plus, une classe de systemes a événements discrets largement utilisés pour des applications de
synchronisation et d’ordonnancement, tels que les systemes de production (ateliers flexibles,
lignes d’assemblage), les réseaux de communication (réseaux informatiques) et des systemes de
transport (routier, ferroviaire et aérien). Ce document présente un controleur basé en observateur
avec un systeme d’application réelle, située dans ISTIA - Ecole d’Ingénieurs de 1’Université

d’ Angers.

Mots-clés: Systemes a evénements discrets, Systemes (Max,+) linéaires, Théorie de controle.
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1 Introduction

1.1 Motivation

1.2 LARIS

The Angevin Laboratory for Research in Systems Engineering is a host team of the
University of Angers, consisting of 3 interconnected teams:
e Dynamical Systems and Optimisation (SDP);
e Information, Signal, Image and Life Sciences (ISISV);

e Operational Safety and assistance in Decision (SFD)

1.3 Obijectives

The specific objectives of this work are:

e To represent the automated conveyor system, located at ISTIA, using (max,+ algebra);

e To use and test the performance of an Observer-based Controller for (Max,+) Linear

Systems.

1.4 Organization

This document is organized as follows:

e Chapter 1 - Introduction;

e Chapters 2 and 3 - Algebraic Preliminaries/System Modelling and Control Theory: Chap-
ters 3 and 4 were granted by Prof. Dr. Laurent Hardouin, the following chapters are present
in his handout [1]. These chapters present the main algebraic tools useful in the sequence.
In the last section of chapter 3 I will introduce the Modified Observer-based Controller,

my first participation during the work in LARIS.

e Chapter 4 - Automated conveyor system: A TEG model for the automated conveyor system
is proposed in Dr. Vinicius Mariano’s thesis [21] and used to construct a model with the

Two-dimentinal description, the semiring M%[~, d].
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Chapter 1. Introduction

e Chapter 5 - Implementation;
e Chapter 6 - Simulation results;

e Chapter 7 - Conclusion.
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2 Algebraic Preliminaries

This chapter presents the main algebraic tools useful in the sequence. It is not an
exhaustive presentation but a survey of definitions, theorems necessary to prove the results
introduced in the next chapters. In a first reading, the engineer could skip this chapter and
pick inside the useful results during the reading of the chapters dedicated to the applications.
The theory of (max,+) linear systems is partially based on the lattice theory and the manner
to invert mappings defined over ordered sets, the following references were also source of
inspiration [2], [3], [4].

The chapter is organized as follows :

e Elementary definitions about lattice theory basic facts are recalled in a first part, they will
be useful to understand the proof of the results given in the sequel. There are usual notions
for computer scientists but not necessary for engineers involved in the automatic control

theory.

e The algebraic structure considered is the idempotent semiring.

2.1 Lattices and order sets

For very detailed presentation about Lattices, the reader is invited to consult the following

references [2—4]. Some recalls are also available in chapter 4 of [5].

Definition 1 (Order relation, ordered set). An order relation is a binary relation which is reflexive,
transitive and anti-symmetric : Let E be a set and a binary relation on this set denoted =, this

relation is an order relation if and only if for all x, y, and z elements of I :

o v = x (reflexivity)
o (x 2yety =2 x) = x =y (anti-symmetry)
o (x2yety = z) = x =X z(transitivity)
An ordered set is a set (E, <) endowed with an order relation.
Let x,y € (E, X), x and y are said comparable (according to the order relation <) if

rXyory X .

Conversely, two elements x,y € (E,=) such that © A y and y A x, are said to be not

comparable.
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IfVx,y € (E, =), v and y are comparable then the order is said to be a total order, and
(E, =) is said to be totally ordered. Conversely, if it exists a couple x,y € (E, =), such that
x # y and x and y are not comparable, then the order is said to be partial and (E, <) is said to

be partially ordered.

Remark 2. In ambiguous situation, the order relation of set E/ will be denoted <.

All subset F of an ordered set (E, <) is an ordered set with an order relation restricted

to the elements of F', and denoted <. This order is simply defined as
rv,yeFCE, =Xy < z=3rpvy.

Remark 3. If (E, =) is partially ordered, a subset F' C E can be such that all the elements of

F' be not comparable.

A finite ordered set (£, <) can be represented by a graph called Hasse diagram. Each
element of E is depicted by a vertex(e). An edge lying two vertices of the diagram means that
the elements depicted by these vertices are comparable. By convention, the order is chosen to

increase from the bottom to the top of the diagram.

PN
9]

a=c b=<c c=xd

a b a = d, b = d (by transitivity of the order <)

Figure 1 — Hasse diagram of an ordered set ({a, b, ¢, d}, <)

On figure 1, set £ = {a, b, ¢, d} is partially ordered according to order relation < despited
by the diagram. Subset F' = {a,b} C E is an ordered set by considering the restriction of =< to

F, and all its elements are not comparable.

Remark 4. A totally ordered set is also called a chain according to its Hasse diagram which

looks like a chain.
Example 5 (Ordered sets).
e (R, <), (Z,<), (N,<), (Q, <) where < is the natural order; are totally ordered sets.

o Let E be a set, and P(E) be the set of all the subset of E. The latest is an ordered set by
the inclusion relation. This ordered set is denoted (P(E), C) and it is a partially ordered

set. Indeed, two disjoints subsets of I/ are not comparable according to the order C.
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o Let (E,=g) be an ordered set. The set of matrices with entries in E, namely E™ ™ is
an ordered set. Even if <p is total on E, the order obtained on E"*™ is only partial.
Furthermore,

A <Enxm B < Qjj =g bZJV(Z,j),

where A and B are matrices of E"*™.

o Let (E,=<g) and (F, Xy F be ordered sets. The set Map(E, F') of all mappings from E to
F' can be ordered by defining the following order relation

f 2ape,ry 9 < f(x) 2F g(@)Vo € E.

Definition 6 (Upper bound, lower bound). Let (E, <) be an ordered set and F' C E a non empty
subset of E. An element z € E satisfying Vo € I,z = x (resp. z = x) is called upper bound
(resp. lower bound) of set F.

Remark 7 (Bounds of a set). When it exists, the least upper bound (lub) of set ' C E is denoted
\/ F. As well, when it exists, the greatest lower bound (glb) of F' is denoted |\ F. When these
bounds are defined, all the upper bounds of F are greater than or equal to \/ F and all lower
bounds of F' are lower than or equal to \ F.

Definition 8. Ler E be an ordered set.

o ifx\V yexistsVx,y € E then E is a sup-semi-lattice.
e if\/ F exists VF C E then F is a complete sup-semi-lattice.

Definition 9. Ler E be an ordered set.

o ifx N\yexistsVx,y € E then E is an inf-semi-lattice.
o if \ F exists VE C E then F is a complete inf-semi-lattice.

Definition 10. Ler E be an ordered set.

o ifrxVyandx \yexistVr,y € E then E is a lattice.
o if\/ Fand \ F existVF' C E then F is a complete lattice.
Lemma 11. Let E be a lattice and a,b € FE, then the following equivalences hold :
a<b&saVb=bsaNnb=a.

Theorem 12. Let E be a lattice, Va,b,c € E, V and N the following properties hold:

e associativity:  aV (bVe)=(aVb)Ve and aN(bAc)=(aAb) A
e commutativity: aVb=bVa and aANb=0bAa,

e idempotency: aVa=a and aa=a,

e absorption : aV(aNb)=a and aN(aVb)=a.
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Remark 13 (Duality principle). The inverse of an order relation =< is an order relation denoted
=*. Consequently, if (E, <) is a sup-semi-lattice, (F, =<*) is an inf-semi-lattice, and vice versa.
Furthermore, a relation involving =<, V and N is still valid by replacing < by X* and by permuting
V and A. This is called the duality principle.

Example 14. The ordered set depicted by the Hasse diagram of figure 1 is a sup-semi-lattice.

But it is not an inf-semi-lattice since a N b does not exist.

Example 15. Let E = {a, b, c} and P(E) the set of subset of E. Then (P(E), U, N) has a lattice
structure if the empty set is considered as the lowest subset of .. The Hasse diagram of this

lattice is given in figure 2.

Figure 2 — Hasse diagram of the lattice (P(E), U, N) with £ = {a, b, c}.

Example 16. Let (N*, <y;,) be the set of positive integers, where the order on N* is defined as
a =giv b < adivides b, 2.1

is a lattice. The lattice laws of (N*, <4;,,) are defined as aV'b = ppcm(a,b) and aNb = pged(a, b).
In figure 3 the Hasse diagram corresponding to the set E = {1,2,3,4,5,6} according to the

order relation = y;, is given. Set (E, =4,) C N* is an inf-semi-lattice.

Example 17. By adding element +0co to Z, set (Z U {+oo}, <) is V-complete totally ordered
set. On the other hand, (Q U {400}, <) is a totally ordered set which is not \V/-complete and not
A-complete. For instance, subset {x € Q|z < v/2} of Q has no least upper bound (Iub) in Q.

Definition 18 (Distributive lattice). Lattice (E,V, A) is distributive if laws \/ and N\ distribute

on each other, i.e.

aV(bne) = (aVb)A(aVe), (2.2)
an(bVve) = (aAb)V(aAc). (2.3)
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Figure 3 — Hasse diagram of semi-lattice ({1,2,3,4,5,6}, <4i)-

Definition 19 (sub-semi-lattice, semi-lattice). Let (E,V,A) a lattice. F' is said sub-\/-semi-
lattice of (E,V) if F C FE and if F is closed for the law V. Furthermore, F is said to be a
sub-lattice of E if F' C E and if F' is closed for the laws \V and /.

Remark 20. A subset F of lattice (E, <) can be a lattice (for the restricted order < to F'), even
if the law of lattice (F, X) is not the one of lattice (E, <), i.e., I is not a sub-lattice of E. Let
(F,U,N) and (E,V, N) be lattices such that F' C E and such that the order of I is the restricted
orderof Eto F), i.e.

Ve,ye FCE, 2=y < y=yVazr < y=yUux.
Then the following inequalities hold

Ve,ye F, xNy=zANy=<zxzVy<zxUy.

To illustrate this point, let us consider the Hasse diagram of a finite lattice (E, <) with 6
elements (fig. 4). Elements a and b are not comparable according to the order < but have a \/ b
as least upper bound and a N\ b as greatest lower bound (in E). Set I/ has a minimal element O

(with a A b = Og) and a maximal element g (with T > a \V b).

If subset F of E is assumed equal to ' = E \ {a V b,a A b} (\ corresponds to the
ensemblist substraction), then, set F' is still a lattice (the dotted edge have to be considered).
Nevertheless, it can be remarked that neither a \/ b, nor a N\ b are defined in F. Conversely, set
{a,b} C F admits element O as unique lower bound and element Ty as unique upper bound
(in F'). Hence, set F' has a structure of lattice, according to the restricted order of E to F', but is

not a sub-lattice of E since it is not closed for \/ and .

2.2 |dempotent semiring

Idempotent semiring, also called dioid (see [5]), is an algebraic structure. Boolean algebra
and max-plus algebra are certainly the most popular. Below the definitions and properties of

these algebraic structures are recalled.
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Figure 4 — F:oand E: e with F' = E\{a V b,a A b}

Definition 21 (Monoid). (M, ®, ) is a monoid if @ is a closed law, associative, and having
a neutral element denoted ¢ (Ym € M,m & e = ¢ ® m = m). If law @ is commutative, the

monoid is said to be commutative.

Definition 22 (Semiring, dioid). (D, ®, ®) is an idempotent semiring, also called dioid in
literature ( [?], [5]), if the following axioms hold

o (D, ®,¢) is an idempotent commutative monoid , ¥Ya € D,a & a = q,
e (D, ®,e) is a monoid,
e law ® distributes over law &,

e ¢ is absorbing for law ®, Va € D,a®e =c®a = ¢.

Furthermore, if (D, ®, €) is a commutative monoid, the idempotent semiring (D, ®, ®) is said to

be commutative.

Definition 23 (Order relation). Since an idempotent semiring D has a structure of commutative

idempotent monoid (D, @), D has a structure of sup-semi-lattice for the order defined as follows

ar-b << a=a®db.

Definition 24 (Complete idempotent semiring). An idempotent semiring is complete if it is
closed for infinite sum and if the law ® distributes over infinite sum, i.e. if Ve € D and VX C D
c® (@x) = @c@x.
zEX zEX
Remark 25. Since a semiring has a structure of sup-semi-lattice (D, <), if it is complete, it
admits a greatest element. This greatest element will be denoted T. Element T corresponds to the
sum of all the elements of D, i.e. : T = @, .p x. Furthermore, an idempotent semiring admits
always € as bottom element. A complete idempotent semiring is then a complete sup-semi-lattice
with a minimal element. According to definition 10, a complete idempotent semiring has then a

structure of complete lattice for the order <.
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Definition 26. If D is a complete idempotent semiring, then the law N defined as

aNb= @ x,
z=a,r=b

is associative, commutative and idempotent, furthermore (D, ®, \) is a complete lattice and the

following equivalences hold
a=adbsax=bsb=aNnd. (2.4)

Remark 27. According to definition 24, laws &, ®, N\ are order preserving, i.e, Va, b, c € D the
following implication hold :

a=b = a®cbR®ec,
a=b = a®cbdc,

a=<b = aNc=<bAec

Remark 28. Relation (2.4) looks like operators & and N play a symmetric role. That is true
from the lattice point of view since operator & corresponds to \/ and thanks to the duality
principle. But that is false if we consider the second operator of the semiring ®, since there is no
distributivity of \ over ® in a general manner. Nevertheless, the product being order preserving
(see Remark 27, the following sub distributivity holds :

c®(aNb) 2 (c®a)A(c®b) Ya,b,c eD.

Example 29 ((max,plus) algebra). Z,., = (ZU{—00, +00}, max, +) is a complete idempotent
semiring such that a ® b = max(a,b), a®@b=a+b, a ANb=min(a,b) withe = —o0, e = 0,
and T = +o0. The order = is total and corresponds to the natural order <. By extension Zi:?
is a semiring of matrices with entries in Zuyay. Matrix e € anz;n will be such that all its entries
are equal to ¢ € Zonax, MAtrix € € Zzlz: will be such that all the entries are equal to € € oo
except the diagonal entries which are equal to € € Doy This semiring will be of main interest

in the sequel and section 2.6 will be devoted to present some of its properties.

Example 30 ((min,plus) algebra). Zy,i, = (Z U {—o00, 400}, min, +) is a complete idempotent
semiring such that a ® b = min(a,b), a ® b =a + b, a AN b = max(a,b) withe = 400, e = 0,
and T = —oo. The order < is total and corresponds to the inverse of the natural order (i.e.,

.. ; xm . .. . . .=
2 = 1). Semiring of matrices Zzunm is a semiring of matrices with the entries in Zyn.

Example 31 ((max,min) algebra). The set (Z U {—o0, +0o0}, max, min) is a complete idempo-
tent semiring such that a © b = max(a,b), a ® b = min(a,b) with e = —o0, e = 400, and

T = 400, in this semiring a A\ b = min(a, b).

Definition 32 (Distributive semiring). A semiring D is distributive if it is complete and if the
lattice (D, @, M) is distributive (cf. Definition 18).
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Remark 33. Laws & and N are order preserving (see property 27), hence if the semiring is not

distributive, the following inequalities hold :

a® (bAc) 2 (aBb)A(a®c),
aN(bdc)=(aNb) D (aNc).

Definition 34 (Subsemiring). Let (D, @, ®) be a semiring and C C D. (C,®,®) is a subsemir-
ing of Dife,e € Cand if C is closed for laws & and ®. A subsemiring is complete if it is closed

for infinite sums too.

2.3 Mappings defined over idempotent semirings

Definition 35 (Continuity). A mapping 11 defined from a complete idempotent semiring D to a
complete idempotent semiring C is lower semi-continuous (denoted l.s.c.), respectively upper

semi-continuous (denoted u.s.c), if for all finite or infinite set X of D,

(P ) = Pll(a),

zeX zeX

respectively,

zeX reX

Mapping 11 is continuous if it is both l.s.c. and u.s.c..

Definition 36 (Isotone, antitone, monotone). Let I : D — C be a mapping, with D and C two

idempotent semirings :

e mapping Il is isotone if it is order preserving, i.e., Vx,2' € Dz < 2/ = Il(z) < II(2'),
e mapping 11 is antitone if it inverts the order, i.e., Vx,2' € Dz < o' = Il(z) = II(a'),
e mapping 11 is monotone, i.e., I isotone or II antitone.

Remark 37. The composition of monotone functions is a monotone function and it can easily be
checked that :

e The composition of isotone functions is an isotone function.
e The composition of two antitone functions is isotone.
e The composition of an isotone function with an antitone function is antitone.

Theorem 38. Let Il : D — C be a mapping with D and C two semirings :
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1. if Il is [.s.c then it is isotone.
2. if Il is u.s.c then it is isotone.
Remark 39. If 11 : D — C is an isotone mapping, the following inequality holds
Mz @) = H(z) ®(2') Vz,2’ €D,

since
r@r-x = Ilzda)=1(x)
r@r =2 = I(zda) = I(2)
and dually :
M(x A 2') < I(z) AN1I(2") , Vz,2’ € D.

Definition 40 (Homomorphism). Mapping 11 : D — C defined over idempotent semiring is an

homomorphism if

Va,b € D Il(a®b) =1l(a) @ I1(b) and I1(¢)
[I(a ® b) = II(a) ® I1(b) and I1(e)

€ (2.5)
e (2.6)

A mapping satisfying only (2.5) is said to be B-morphism, i.e., the image of the sum of elements
in D is the sum, in C, of their image. A mapping satisfying only (2.6) is said to be @-morphism,
1.e., the image of the product of two elements of D is the product, in C, of their image.

Definition 41 (Isomorphism). Mapping 11 defined from an idempotent semiring D to another
one C is an isomorphism if the inverse of 11 is defined and if 11 and its inverse mapping are

homomorphisms.
Definition 42 (Equivalence relation). An equivalence relation R, in set F, is a binary relation
which is:

o reflexive : ¥V x € E, xR,

o symmetric :V x,y € E, xRy = yRz,

e transitive : ¥V x,y,z € E, (xRy and yRz) = xRz

Definition 43 (Congruence). A congruence in a semiring D is an equivalence relation (denoted

‘R) compatible with the semiring laws , i.e.
aRb= (a®c)R(b®c), (a®@c)R(b®c), Va,b,ceD.

Theorem 44 (Semiring quotient, [5]). Let D be an idempotent semiring and 'R a congruence
over D. By denoting [a] = {x € D|x R a} the equivalence class of a € D, the semiring quotient

of D by this congruence is a semiring denoted D /g with the following sum and product

la & b

a @b £ [a®b]. 2.7)
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Theorem 45 ( [5]). Let Il be an homomorphism from D in C. Relation Ry defined by
aRnb <= Il(a) =11(b), Va,be D,
is a congruence.

Definition 46 (Image). The image of mapping 11 : D — C is denoted |mll and is defined as
Jollows:
ImIl = {y € Cly = ll(z) for some x € D}.

Definition 47 (Kernel). Let I : D — C be an homomorphism. The kernel of this mapping,
denoted kerll, is defined as follows :

kerTl = {(z,2/)|l1(x) = T1(x/)}
the following equivalence relation:
v Sy = (z) = TI(2")

is a congruence, according to Theorem 45.

Definition 48 (Coimage). Quotient Dy 11 is the quotient of D by this congruence, it is called
the coimage of 1. Hence, mapping D /ve;ri — Imll, (x| — II(x) is an isomorphism.

Definition 49 (Closure mapping). Let Ildp : D — D, x — x be the identity mapping. A closure
mapping 11 : D — D is such that:

e it is extensive : II > Idp,
o itis idempotent : [1 o1l =1II,

e itisisotone :Vr,z' € D, x <2’ = Il(z) < II(a).

Conversely, if 11 is isotone and 11 = Il o I <X |dp then 11 is called a dual closure mapping.

Definition 50 (Canonical injection of a subset). Let U a subset of D. The canonical injection of
U in D is denoted \dy, : U — D, and is defined as \dy,(u) = u for all u € U.

Definition 51 (Mapping restriction to a domain). Let Il : D — C and U C D. Mapping
Iy : U — C is such that
H‘u == HOldW

where |dy, : U — D is the canonical injection of U in D. Mapping 11y, will be called the

restriction of 11 to domain U.
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Remark 52. According to this definition, it can be noticed that the canonical injection is the
restriction of the identity mapping. Formally \dy, : U — D withU C D is the restriction of the
identity mapping ldp to the domain U, formally |dpy, and is denoted |dy in order to simplify

notation since there is no ambiguity.

Definition 53 (Image mapping). The image of I1 : D — C is the canonical injection of I1(D) in
C ; This mapping will be denoted I\

Definition 54 (Mapping Restriction to a co-domain). Let Il : D — C and ImIl C V C C.
Mapping y|11 : D — 'V is defined as follows

I = (ldy)e (yll)

where Idy : V — C represents the canonical injection of V in C. Mapping y|11 will be called the

restriction of 11 to the co-domain V.

2.4 Fixed points of monotone mappings

This section presents some useful results in order to deal with fixed point equations.
Actually, it will be recall that iterative algorithms can be used to compute fixed points of equations
involving monotone mappings. The results are based on Knaster-Tarski theorem which states that
the set of fixed points of an order preserving mapping 11, defined over a complete lattice, is also
a complete lattice. This theorem guarantees the existence of at least one fixed point of I, and
even the existence of a least (or greatest) fixed point. Assuming some properties of continuity
the Kleene fixed-point theorem states that the least fixed point is the supremum of the increasing

Kleene chain of II.

Below the results are adapted to the setting of semirings by recalling that a complete

semiring is a complete lattice (see Remark 25).

Theorem 55. Let I1 : D — D be an isotone mapping with D a complete semiring.
Let Y = {x € D|ll(x) = x} be the set of fixed points of 11.

1. N yeY and N\ y= N\{z € D|ll(x) < x} is the least fixed point of 11.

yey yey

2. VyeY and \| y=\{r € Dlx XT(x)} is the greatest fixed point of TL.

yey yey

Since D is complete, Theorem 55 ensures existence of both least and greatest fixed point
of monotone mapping defined over an idempotent semiring. Below a constructive algorithm

yielding the greatest fixed point is given.
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Remark 56. By considering the mapping 11 : © — V(x) A x;, with ¥ : D — D an isotone
mapping and x; € D, the algorithm will give the greatest fixed point of 11 which corresponds to

the greatest fixed point of V lower than or equal to x;.

Remark 57. A dual algorithm can be used to find a least fixed point, it is sufficient to start the
algorithm with xo = \ D = ep. In this case by considering the mapping 11 : x — V(x) & x;,
with U : D — D an isotone mapping and x; € D, the algorithm will give the least fixed point of

IT which corresponds to the least fixed point of V greater than or equal to x;.

When the mapping 11 is semi-continuous the following theorem can be considered
(see [5], section 4.5).

Theorem 58. Let D be a complete semiring and 11 : D — D be a mapping and Y = {z €
D|lI(z) = x} be the set of fixed points of I1. The two following statements hold :

1. if I1 is lower semi-continuous (l.s.c.) then )\ y=1I"( \ z),
yey z€D

2. if Il is upper semi-continuous (u.s.c) then \/ y =1L\ x),
yey z€D

where 11* and 11, are defined as follows :
I"(x) = P),
i=0
M(z) = AIl'(w),

10

with 11° is the identity mapping, and for each i = 0, II'*! = I o II".

2.4.1 Properties of the Kleene star operator

The mapping S : D — D, z* = @,y 2" is frequently involved. Hence this section
is dedicated to recall specific properties of this mapping and more specifically to the Kleene

star operator denoted x*. The following mapping P : x — 2+ = @ x* is also of interest and is
k>1
considered. Of course z* = e @ x*. According to Definition 49 the both mappings are closure

mappings.
Theorem 59. The implicit equation

rT=aQRrdb (2.8)

has © = a*b = (@ a*)b as smallest solution.
k>0
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Remark 60. The proof could be done by using Theorem 58 and the [.s.c. mapping 11 : D —
Drx—a®xdb.

I*(z) = P, '(z) = Hz) @ 1l(z) B II*(2) & ...
= 2@ (az®b) ® (alax ®b) D b) ® (a(alar ®b) D b) Bb) D ...
= a'r@ab=a(z®Db).

Hence the smallest fixed point is II*( \ x) = II*(¢) = a*b.
z€D

It must be noted that this fixed point is also the smallest solution of the inequality
a®RrTdb =<z

Property 61. Let D be a complete semiring. Va,b € D

at < af (2.9)
a'a¥ = ad (2.10)
(@) = a (2.11)
(™) = a* (2.12)
a(ba)* = (ab)*a (2.13)
(a®b)* = (a"b)'a” =0b"(ab*)" = (a®b)*a” =b"(a D b)* (2.14)
()t = a* (2.15)
(aD)t = af (2.16)
(ab )t = ala®b)* (2.17)
(ab*)* = edaladb)” (2.18)
Furthermore, if D is commutative (i.e., a @ b = b ® a) then
(a®b)* =a"b". (2.19)

2.5 Residuation theory

In general the mappings defined on ordered sets have not inverse mappings. Nevertheless,
by considering some assumption about continuity, the residuation theory yields an answer to
some problems like : what is the greatest solution of inequality IT1(x) < b ? Or dually what is the
least solution of inequality I1(x) > b ? In particular, it is possible to characterize some residuated

mappings which are a kind of pseudo-inverse mappings.

This theory is very close, in consideration of the inversion of the order relation, of the
Galois theory. Indeed, from a mapping and its residual it is possible to obtain a Galois connection.

For these points the readers are invited to consult the following references : [3].

About residuation theory and for historical references, the readers can consult [4]. In

this chapter this theory is considered in the semiring framework, according to the chapter 4
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of [5], and to the following references [8], [2], the following PhD can also be useful to get some
refinements [7,9,10]. Even if majority of the results are from these references (especially [8], [2]),

the proofs are recalled for their pedagogical aspect and they constitute interesting exercises.

Definition 62 (Lower set, closed lower set, upper set, closed upper set). A lower set is a nonempty
subset L of D such that
(reLandy <z) =y € L.

A closed lower set (generated by k) is a lower set denoted K = {z|x < k}. An upper set is a
subset U of D such that
(ueUandy <u)=yeU.

A closed upper set (generated by k) is an upper set denoted +KC = {x|z = k}.

Definition 63 (Residuated mapping, dually residuated mapping). An isotone mapping 11 : D —
B is said to be residuated, if equation I1(x) = b has a greatest solution in D for all b € B.

It is said dually residuated, if equation 11(x) > b has a least solution in D for all b € B.

The following theorems yield some necessary and sufficient conditions to characterize

theses mappings.

Theorem 64 ( [5],Th. 4.50). Let I1 : D — B an isotone mapping. The following statements are

equivalent

1. Il is residuated.

2. It exists an unique isotone and u.s.c. mapping denoted 11* : B — D such that 11 o IT* <
ldg and 11 o I1 > Idp.

3. l(ep) =epand 1l is Ls.c.

when it exists the mapping H* is called the residual of the residuated mapping H.

Theorem 65 ( [5],Th. 4.52). Let ® : D — B be an isotone mapping. The following statements

are equivalent :

1. ® is dually residuated,

2. it exists an unique isotone and l.s.c. mapping ®° : B — D such that ®o®” > |dg and "o
® < ldp.

3. ®(Tp) = Tpand ®isu.s.c.

Remark 66. According to Theorems 64 and 65, it is clear that 11* is dually residuated and that
@’ is residuated, furthermore (I1I*)* = Il and (®°)* = .
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Theorem 67 ( [5],Th. 4.56). Let 11 : D — B be a residuated mapping, the following statements
hold :

Holl* oIl =11, (2.20)

ITF o I o ITF = IT%, (2.21)

Pod od =10, (2.22)

P odod =0, (2.23)

IT* is dually residuated and (IT¥)* = I, (2.24)

U’ is residuated and (0°)* = 0, (2.25)

IT* o I1 = Idp < I is injective < II* is surjective, (2.26)
I o IT* = Idg < II* is injective <> IT is surjective. (2.27)

the same statements holds true for dually residuated mapping by replacing £ by b.

Theorem 68. Let 11 : D — B and V : B — C two residuated mappings and ® : D — B and
O : B — C two dually residuated mappings, the following statement holds:

1. (U olIl)f =IIf o W¥,
2. (@oq))b =P’ 0 O,

Theorem 69 ( [5], Th. 4.56). Let Il : D — B and ¥V : D — B be residuated mappings. The
following properties hold :

1. I =XV & Ut <IIF

2. (T W) =1IIF A UH,
Let © : D — Band ® : D — B be dually residuated mappings. The following properties hold :

3. P<0s06"<3,
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4 (PAO)Y =0 g6’

Theorem 70 ( [8]). Let 11 : D — Band V : D — B be two residuated mappings, then the

following equivalence holds :
ImII C Im¥ < Uolioll =1L

Theorem 71 ( [8, 11], Projection on the image of a mapping). Let II : D — B be a residuated
mapping, mapping Py = I1 o II* is a dual closure mapping. Furthermore Py (b), with b € B, is
the greatest element in Imll less than or equal to .

Let U : D — C be a dually residuated mapping, mapping Py = U o U’ is a closure mapping.

Furthermore Py (c), with ¢ € C, is the lowest element in ImV greater than or equal to c.

Theorem 72 ( [4]). Let C be a complete subsemiring of D. Let ldc : C — D, v — x be
the canonical injection. The injection |d|c is both residuated and dually residuated and their

residuals are projectors.

Theorem 73. Let I1 : D — B be a mapping. The following statements hold :

1. if 1L is residuated then ¢ |11 is residuated, with £ such that Imll C £ C B and

(gIT)f = TT* o Id e = T,

2. if 1L is residuated then Il ¢ is residuated, with C such that ImIl* € C C D and
(o) = ¢ IT%

3. if Il is dually residuated then ¢|11 is dually residuated, with £ such that Imll C £ C B and

Qmﬁ:n%wwznb

4. if Il is dually residuated then 11 is dually residuated, with C such that ImII” cC C D

and
()’ = I,

Theorem 74 ([4]). Let I1 : D — D a closure mapping. The restriction 11 is residuated and

its residual is
() = Idjim

with |d|imr1 the canonical injection of Imll in D.

Example 75. The following mappings are considered :

L, : D — D
T = a®z (left product by a),

R, : D —» D
T

r®a  (right product by a).

(2.28)
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According to semiring definition (see Definition 22) these mappings are l.s.c (L,(x1 @ z2) =
L,(x1) @& Lo(x2)) and such that L,(c) = €), hence according to Definition 64 these mappings

are residuated. The residual mappings are denoted :

Li(z) = ayxr (leftdivision by a),

o (2.29)
Ri(x) = axfa (rightdivision by a).

Example 76 ( [4], [12], [8], [9]). it is possible to show that the following mappings are residuated,
with D and C some ordered sets and C°? the dual set C, i.e. the same set endowed with the

opposite order (i.e., a <cow b < a =¢ b).

Ay © D — C®
T 1Xa,
(2.30)
v, : C?* —» D
r = afr
The residual mappings are given below :
AN=", : C®* — D
H
. sz, 2.31)
VE=A, : D — C
r — aka

Remark 77. This result shows that the greatest solution in D of inequality xka > b is agb, and
bRa is the greatest solution of the inequality apx = b.

Theorem 78 ( [5]). The implicit equation
r=aRyr Ab

admits x = a*}b as greatest solution.

Proof : : First note that mapping Il : D — D,z — ayx A bis u.s.c., i.e., I(x) A x3) =
[I(x1) A TI(x2). Hence according to Theorem 58,

IT*(z) = Niew H'(z) = TI°(z) ATI(z) AT (2) A ...
= x A(ajz Ab) A (ag(ayx A D) AD) A (ag(ak(akx A D) Ab) AD) A ...
= z A (ayz Ab) A (a®x A ayd) A b) A (a*x A a®yb) A axb) Ab) A ...
= ayx Aa™yb = a}y(x A D).

These developments are mainly based on equations ?? and ??. Hence the greatest fixed point is
obtained by considering II(T) = a*}b. O

Below the closure mappings are considered. It is recalled that a closure mapping is

residuated if its co-domain is restricted to its image.
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Example 79 ( [7]). Mapping S : D — D,x +— z* is a closure mapping. Hence (jmg|S) is

residuated and its residual is (|mS|S)ti = Iims. In other words, inequality r* =< a* admits x = a*

as greatest solution.

Example 80 ( [7]). Mapping P : D — D,z — @ a' = x* is a closure mapping. Hence (jmp| P)
i>1

is residuated and its residual is (|mp‘P)ﬁ = limp. In other words, inequality x* =< a* admits

x = a’ as greatest solution.

Example 81 ( [13]). Isotone mapping ), : D — D,z — (za)*z is a closure mapping.
Hence \mq, Q. is residuated and its residual is (|mQa|Qa)Tj = Iimq,. In otehr words, inequality
(xa)*z 2 b, with b € ImQ),, admits © = b as greatest solution, furthermore the following equlity
holds (ba)*b = b.

Example 82 ( [7], [14]). Let M), : D — D,x — h(zh)* an isotone mapping defined over

complete idempotent semiring and sets

G = {geD|JaeD,g=a*h},
Go = {geD|IeD,g=hb}.

It can be shown that g,| M}, et g, My, are residuated with:
(60 M )* () = haph,

(g2 Mn)*(x) = Pxaph.

Below, it is recalled that the canonical injection from a complete subsemiring into a

complete semiring is residuated.

Theorem 83 (Projection Lemma [4]). Let D be a complete semiring and Dy, a complete
subsemiring of D. The canonical injection Ip_, : Dgy — D, x — x is residuated. The residual

is denoted as Prp_, = I%m and is such that :

(Z) PrDsub © PrDsub = PrDsub’
(ZZ) Pl’psub j |d1),
(i1) © € Dy <= Prp_,(x) =1

Proposition 84 ( [7]). Let 11 : C — D a residuated mapping defined over complete idempotent
semiring and I¢_ , the canonical injection of the subsemiring Cs,y, into C. Mapping 1ol . (x) =

b is residuated and its residual is given by

(Me,,) () = (Mole,) () = Pre,, olI(b). (2.32)
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Proposition 85. Let II : C — D be a residuated mapping defined over complete idempotent
semiring and Ip_, the canonical injection of the complete subsemiring Dy, (with Imll C

Dyu, C D) into D. Mapping p_,, |11 is residuated and
(Dsub‘l_[)ﬁ = Hﬁ © [Dsub = (Hﬁ)ﬂ)sub ’

The classical kernel definition of a mapping (i.e., set {z|II(z) = £}) has a weak sense
when mappings are defined over lattices. Hence the following definition is classically considered

for these mappings.

Definition 86 (Kernel). The kernel of mapping C' : X — Y, denoted ker C, is defined by the

following equivalence relation

ker C

=

¥ <= Cx)=C(2). (2.33)

T

This relation defines a congruence. The quotient set Xy, c is then the set of equivalence classes
modulo ker C.

Notation 87. An equivalence class of X)yer ¢ Will be denoted [x]c.

Proposition 88 ([15]). If C' : X — ) ia a residuated mapping then each equivalence class |x)c

has one and only one element of ImC*, furthermore it is the greatest element of this class.

2.6 Semiring Zax

This section aims to present the semiring (max,+), denoted Znax and already introduced

in example 29.

2.6.1 Matrices sum

Let A and B be two matrices € 7P the matrices sum is a matrix defined as follows:

max °?

2 5 8
Example 89. Let A = and B = © the sum is equal to :
37 1 3
2
A® B = s
3 7

" Be Zmax and C' € Z." " be three matirces, the matrices product is

2.6.2 Matrices product

Let A cZ"
defined as follow :

max °

Cyj = (A® B)j; @Alk®3m
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In the sequel the null matrix will be denoted ¢, .e. the matrix whose all entries are equal to ¢.
In the same manner the identity matirx will be denoted e, 7.e. the matrix whose all entries are
equal to ¢ excepted diagonal entries which are equal to e.

By extension forn € N, A" = A® A® ... ® A with A° = e the identity matrix.

nfois
2 5
Example 90. Let A= ¢ 3| and B = (i) be matrices :
1 8
6
C=AxB=|4
9
. Let us recall that e = 0 and € = —o0.

2.7 Equationz =axr &b

This equation can admit an infinity of solution but according to corrollary ??, it admits a
least solution, denoted a*b with a* = P sen @'+ Classicaly, the star computation of matrix can be
done by considering the star of scalar, by considering a king of Gauss elimintation. Below it is

the Jordan algorithm which is proposed to compute the star of matrix A € Zz;: .

A© = 4;

for(k =1k ==n;k+ +)
{
fori=1i==mn;i++)
{

for(j =15 ==n;j ++)

k k—1 k—1 k—1)vs 4(k—1
Az('j> :Az('j )@Az(‘k )(Al(ck )) Al(cj )
}

}

}
A" =em A™

Remark 91. It is possible to associate a graph to these matrices. Let A be a matrix such that
aip a2 . . .
A= ( ), it corresponds to the graph of figure 5. Entry a;; characterizes the weight
22

associated to the edge lying node j to i. Then AF yields the weight of path of length k lying each
node of the graph, i.e. (A¥),; represents the greatest weight of the path between j and i whose
length is k.

Example 92. Let
€ € € 2
r=12 ¢ 3|lx®|¢

4 ¢ ¢
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aIZ

%)a

22

Figure 5 — The graph corresponding to matrix of size 2 x 2

3

max’

be an implicit equation, with x € 7 the computation of a* yields :

e € ¢ £ € € € € ¢ e € ¢
af=\|ec e c|®|2 € 3|DP|T7 € | ®e=]|T7 e 3
€ € e 4 ¢ ¢ € € € 4 ¢ e

and the least solution is then

2.7.1 Equation ax <b

In a complete idempotent semiring equation ax =< b has a greatest solution denoted akb
(see example 75), it corresponds to the residuation of mapping L, :  — az. In the same manner
"BeZ .l ceZ.

7"
max ° max ° max?

xa = b admits bfa as greatest solution. By considering A, D €

entry of matrix C"

Cij = k/_\l(Am‘\?Bkj)
»
Dy = N\ (BirtCir)
k=1
2 5 6
Example 93. Let A= | ¢ 3| and B = | 4 | be matrices then :
1 8 9

4
oo (9

In the present case A ® (AYB) = B and it is to compare with example 90.
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2.7.2 Spectral theory of matrices

Definition 94 (Graphe fortement connexe). A graph is said to be strongly connected if it exists a

path between i and j two nodes, Vi, j.

Definition 95 (Irreducible Matrix). Matrix A € Zzlz: is said to be irreductible if the correspond-

ing graph is strongly connected, conversely, A is said to be reducible.

Definition 96 (Trace of a matrix). The trace of a matrix is classically defined.:

trace(A) = @(A)n

i=1

Remark 97. Remark 91 said that (A?);; represents the maximal weight of all the circuit of length

j crossing i. From defintion 96, it comes that @ (A’);; = trace(A7) is the greatest among all
i=1

the weight associated to each node i € [1,n).

Definition 98. (trace( A7 ))(%) corresponds to the mean weight associated to the circuits of

length j.

Definition 99.

n

A= @(tmce(Aj))(%)

j=1
is called the maximal mean cycle of matrix A. It is the greatest mean weight for all paths whose

length belongs to [1,n] (n being the maximal length of an elementary circuit).

Definition 100 (Eigen vector, eigen value). Let A € ZZ;: be a matrix, \ a scalar, and v € Z;ax

a vector. \ is an eigen value if :

Ax = \z

and x is an eigen vector.

Theorem 101. If A is irreducible, it exists an unique eigen value. It is equal to the greates mean

cycle of matrix A.

2 5 ¢ ¢
e 3 3 : . .
Example 102. Let A = be a matrix, the greatest mean cycle of this irreducible
e € € ¢€
£ e € ¢

matrix is equal to \ = 8/3.
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3 System Modelling and Control Theory

3.1 Model for systems subject to synchronization and de-
lay

3.1.1 Daters equations, the event point of view

In the beginning of the 60¢th Cuninghame-Green started to represent manufacturing
system in (max, plus) algebra. In the very beginning of the 80th, a team of INRIA Rocquencourt
was interested by the description of Timed Event Graphs (TEGs) in (max, plus) algebra (see
e.g. [16]. TEGs constitute a subclass of timed Petri nets whose each place admits one and only

one upstream transition and one and only one downstream transition.

Figure 6 represents a TEG. It is constituted of places (represented by circle) and transi-
tions (represented by bars or rectangles) which are connected by directed arcs. Places contain
an integer number of tokens (small black circles), and delays is associated to each place which
represents the minimal time a token has to spend in the corresponding place (the lack of delay
means the delay is equal to 0). Tokens move from place to place and represent the dynamical
behavior of the graph, to cross a transition this one has to be fired. A transition is fired if each
upstream place (connected to the transition thanks to a directed arc) has a valid token, i.e. a
token having spent the minimal time specified by the delay of the corresponding place, then the
valid token is removed from the upstream places and added in all the downstream places. In Fig.
6 the input transition are labeled wy,us, the internal transitions are labeled x;,7 € [1,6] and y is
the output transition. The TEGs model delay and synchronization phenomena, indeed the tokens
have to spend a minimal duration in places and the firing of transition occurs when all places are
with a valid token, it can be seen as a "rendez-vous" between tokens. This TEG can represent the
behavior of an assembly line, constituted of 3 machines M7, M, and Ms. The firing of the input
transition u; characterizes the input of raw materials in the system, then a token is put in the
place located between u; and z; and it must stay at least one time unit before to be considered
as valid to contribute to the firing of the downstream transition x;. The firing of transition x;
represents the input of raw material in machine M. This firing will occur when a token is
available in the place located between transitions x5 et x; (this token means that a machine is
available), and when a valid token will be in the place between transitions u; and x;. The delay
of 2 time units associated to the place between transitions x; and x, represents the processing
time of the machine )/;, hence firing of transition z, represents the output of the machine
M. The functioning rule of machine )5 is the same, only the delays are different. Transition
x5 represents the input of machine M3 which ensures the assembly of products coming from

machines M; and M, it will be fired when a valid token will be available in the two upstream
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transitions. This machine is able to process three parts simultaneously.

The idea of [16, 17] was to show that these dynamical systems which are, a priori non
linear, can be represented by a linear system of equations in a specific algebraic structure. In
particular they showed a TEG admits a canonical linear model in (mazx, plus) algebra. The
dynamical model considered is given below and is very reminiscent to the one of classical

dynamical linear system :

x(k) = Az(k — 1) & Bu(k) (3.1a)
y(k) = Cx(k) (3.1b)

To obtain this model a dater function is associated to each transition, this function aims to date
the occurrence of the firing of the corresponding transitions (it means that the event point of view
is considered). It will represent the life of the transition. Formally for transition x;, the following
function is considered : Z — Z, k — x;(k) where z;(k) is the date of the firing of the token

numbered k.

For the TEG of Fig. 6, this yields :

(k) = max(l+ui(k),zo(k —1))

xo(k) 2+ z1(k)

x3(k) max(2 + us(k), x4(k — 1))

zy(k) = 5+ uz3(k) (3.2)
z5(k) = max(3+ x4(k), 1+ xo(k), z6(k — 3))

y(k) = x4(k)

The operator plus models the delay and the operator max models the synchronization between
two dater functions. These non-linear equations become linear equations in the idempotent

semiring Z,.x (cf. definition 29), then :

z1(k) = 1@ui(k)® xe(k —1)

wa(k) = 2@ xi(k)

z3(k) = 2®us(k) ®za(k —1)

x4(k) = H®xs(k) (3.3)
x5(k) = 3@axy4(k) D1 x2(k) ® x(k — 3)

w(k) = 2 a5(k)

y(k) = we(k)
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Figure 6 — A Timed Event Graph which can represent a manufacturing system with three
machines labeled M; to M;.
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t
or, by considering vector notation, and vector state : z(k) = <;z:1(k) xo(k) w3(k) xa(k) x5(k) LC(;(k)) ,

input vector u(k) = <u1(k) uz(k)>t and output vector y(k) = (y(k)) :

e € € € € € e 0 € € € ¢ E € € € € €
2 € € € ¢ ¢ E € € € € € E € € € € €
:L‘(k):EEEEaax(k)@gEEOEE.Z‘(k‘—l)@EEEEEECIZ(k—Q)

e € b e ¢ ¢ E € € € € € E € € € € €
e 1 ¢ 3 € ¢ E € € € € € E € € € € €
E € € € 2 ¢ E € € € € € E € € € € €

E € € € € € 1 ¢

E € € € € € € €

@656655x(k—3)€962u(k)

E € € € € € e €

e € € € € 0 € €

E € € € € € e €

In a general manner, the model is obtained under the following formalism over /7

o(k) = éAix(k’ i@ éBju(k’ — ),

J

y(k) = ﬁ%qx(/@—z).

After some modifications, it is possible to obtain an explicit form with a recurrence of 1 on the

vector state. The system admits then the following formalism :

z(k) = Agx(k) ® Ajx(k —1) ® Bou(k),
y(k) = Cox(k).

Practically, this is obtained by enlarging the graph in order to guarantee that each place
be initially with at the most one token, figure 7 yields an extension of the TEG of figure 6, and

leads to the model :

E € € € € € € € € e € € € € € ¢ 1 ¢
2 € € € € € € ¢ €E € € € € € € ¢ e ¢
€ € € € € € € € € € € e € € € ¢ e 2
e € 5 € ¢ € € ¢ €E € € € € € € € € €

z(k) = z(k) ® z(k—-1)® u(k)
e 1 ¢ 3 € € € ¢ E € € € € € € e e €
€ € € € 2 € € ¢ E € € € € € € € e €
€ € € € € € € ¢€ € € € € € e € ¢ e €
€ € € € € € € ¢ E € € € € € e ¢ e €

y(k) = (s e € e € 0 ¢ 6) z(k)

Equation (3.1.3.1) is an implicit equation with z(k).
z(k) = Az(k — 1) ® Bu(k) 3.4

y(k) = Cu(k) (3.5)
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Figure 7 — Example an assembly line (event extension).
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with A = AjA, and B = A{B,. For this example this leads to :

e € € € € € € ¢€ E e € € € € € €
2 e € € € € € € € 2 € € € € € €
E € e € € € € € E € € e € € € €

AL = e € b e € € € € A= AsA, = E € € H € € € € B = A3By —
31 8 3 0 € € ¢ e 3 € 8 € € € e
5 3 10 5 2 0 € ¢ e 5 € 10 ¢ € & 2
e € € € ¢ € 0 ¢ €E € € € € e € €
e € € € € € € 0 E € € € € € e €

Mm M = m 0O W =
—
[es)

The (max, +) toolbox of Scilab, is very efficient to handle this kind of model
(see <http://scilab.org/contib> and also <http://maxplus.org>).

3.1.2 Counters Equations, the time point of view

From a dual point of view, the behavior of the previous system can be described by
considering a dynamic system in the time domain. A counter function is associated to each
transition, it aims to count the number of firing at a time ¢ for the corresponding transition,

formally for transition z; : Z — Z,t — x;(t) with ;(¢) the number of firing for transition x;.

For TEG of figure 6, the following system is obtained :

z1(t) = min(ui(t —1),14 zo(t))

zo(t) = x1(t—2)

z3(t) = min(uz(t —2), 1+ x4(t))

xy(t) = x3(t —b) (3.6)
z5(t) = min(xa(t —3),29(t — 1),3 + 24(t))

ze(t) = x5(t —2)

y(t) = we(t)

These dynamic equations are actually linear in the idempotent semiring Z;, (cf. example 30),

therefore :


http://scilab.org/contib
http://maxplus.org
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z1(t) = wi(t—1) D1 zy(t)

zo(t) = x1(t —2)

z3(t) = wug(t —2) D 1@ xy(t)

x4(t) = x3(t—>5) (3.7)
x5(t) = wza(t —3) Dao(t —1) ® 3 ® x4(t)

ze(t) = x5(t —2)

y(t) = (1)

t
or by considering the following state vector z(t) = (ml(t) zo(t) w3(t) wa(t) xs5(t) xﬁ(t)> ,

input vector u(t) = <u1(t) Ug(t))t and output vector y(t) = (y(t)) :

z(t—1)® z(t —2)

M o M M O, O
Mm o M = O O
Mm o o M O O
Mm W m M M O
Mmoo ;- - O O
Mm o o M O O
Mm o M M M O
Mm o o M o O
Mmoo o - O O
M o o M O, O
Mm o M M M O
Mm M M M M O

z(t—3)® z(t—5)® u(t—1)® u(t —2)

m m m o om o m ® 06 M o6 O 0
m M M M o, o O O O O M =
m m omomomom ®Om®m o
m m o m omomom ™ mm O
m MMM m ™0 m e o
N~ 0 ;M ;™

M M M M M O
Mm o o O - O
Mm M o O M O
M M M M M O
Mm o o - - O
Mm o o O O 0
M M m - M O
Mm M M M M O
m o o O 0o O

In a general manner the system can be represented in the following manner over /7

a b
x(t) = @ At —i) & @ Bju(t — ), (3.8)
y(t) = é} Ciz(t —1). (3.9)
=0

After some extension of the state (see for e.g. [18]), it is possible to get a recursive
formulation with a delay of one time unit, it consists in increasing the state in order to have only

temporization of one time unit on each place. Therefore, the system obtained is as follows :
w(t) = Agx(t) ® Ax(t — 1) & Boul(t), (3.10)
y(t) = Coz(t). (3.11)

Figure 8 yields the corresponding extension of the TEG of figure 6, it corresponds to the
following matrices Ay, A1, By et Cy:
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Figure 8 — Assembly line with temporization lower than or equal to 1 (temporal extension.)
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Ay

It is possible to obtain the following explicit formulation :

(3.12)
(3.13)

Ax(t — 1) @ Bu(t)

x(t)

= Cx(t)

y(t)

A By, given below :

AjA; and B =

with A =

1.3 Semiring of formal series

It is also possible to represent the TEG behavior in a synthetic manner in semiring of

some formal series, among them, the semiring of formal series in two commutative variables,

[, 6] and was

introduced by the (max,+) team of INRIA Rocquencourt (see cohen89a, [19], [5]). The aim of

this section is to recall how this semiring is build.

ax
m

~ and 9, with exponents in Z and boolean coefficient (e, ¢), it is denoted M
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3.1.3.1  Semiring Z ., [7]

Definition 103. The ~ transform of a signal is defined as follow :

() = @ (k) o

i€Z
Remark 104. This transform is analogous to the z transform of the classical system theory
which allows to code a discrete trajectory by a formal series.
Remark 105. Since v @ d(v) = @ d(k) @ v*1 = @ d(k — 1) ® +*, the y operator can be
i€Z i€Z
seen as a backward shift operator, i.e., x(k — 1) = ya(k).
Definition 106 (Semiring Z,.x [v])- The set of formal series in v with exponents in Z and
coefficients in Loy has an idempotent semiring structure. The neutral element of the addition
is the series defined as : ¢ = @ eY* (where ¢ = —o0 is the neutral element of the sum in
i€z

Zonax)- The neutral element of the product law is the formal series () = ey (where e = 0 is
the neutral element of the product law in Z,y). The sum and the product (actually a Cauchy

product) are defined as follows :

di(7) @ da(7) = Dpegldi(k) ® da(k))y*
di(y) @ da(7) = B;ep(di(h) @ da(k — )7

System 3.4 in Zy,ay, can be easily translated in Z ., [7] :

z(y) = vyAz(y) ® Bu(y)
y = Cz(y)

A transfer relation can be computed it represents the input/output behavior of the system

y(v) = C(vA)*Bu(y) = Hu(y)

It is also possible to consider model 3.1.3.1 in idempotent semiring Z,a, [7] :

z(y) = éviAix(v)G?évaju(v),

Jj=0
y(1) = D' Cx(y).
1=0
leading to the following model :

z(y) = Ax(y)® Bu(y)

y = Cz(y)
a b c
with A = @~'A;, B = @ +/B; et C = @+'C). Entries of matrices A,B and C are then
i=0 =0 1=0

polynomials. This formulation is not in a standard way, but it is then not necessary to increase
the state vector size. In the following this kind of model will be consider, but the reader should

have in mind that it can get easily a standard form.
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3.1.3.2 Monotonic Trajectories

The trajectories which are solutions of the previous systems are not necessarily monotone,
nevertheless the firing sequence associated to a transition of a TEG is not decreasing (the

occurrence date d(k) of the firing % is necessarily greater than or equal to d(k — 1)). Formally,
VkeZ dk)>dk—-1)<dk)=dk)edk-1).

is equivalent to
d(v) = d(v) ® vd(7) & d(v) = v"d(7).

This means that the ~ transform of a monotonic trajectory can be written as v*d(y) and
that the multiplication by v* of a non monotonic trajectory yields a monotonic non decreasing
trajectory. It is a kind of filter. The set of monotonic trajectories (¢.e., which can be written
v*d(7)) is an idempotent sub semiring Zy,.,[Y], it is denoted 7*Zpax[7]. Indeed it easy to check
that the sum and the product of non decreasing element is non decreasing, then they are closed
operations, and obviously the series e and ¢ are non decreasing. In the sequel the product by v*
will be omitted but as we will handle non decreasing trajectories the equality will have to be

understood "modulo v*". For instance :
370 1Y @5y =37 P 5°

In general manner the following simplifiaction rules will be considered :

/

et = v

min(n,n’)

The neutral element for the multiplication of the semiring v*Z,.,[7] is then the series e(v) =
e®ey®ey?® ... ®eyt™®. The neutral element for the addition of y*Zy,.[7] is then e(v) =
EDeyY® e ... ey, with e = —oo the neutral element of the addition of Z,,y .

Remark 107. In the sequel only monotonic series will be handle. Hence, in order to lighten the
notations, without ambiguity , Zuax[Y] must be understood as v*Zmax[7].
3.1.3.3 Semiring Z:,[4]

In a dual manner it is possible to define a transform for the trajectories considered in the

temporal domain.

Definition 108. The 0 transform od a signal is defined as follows :

d(0) = Pty ® o'

teZ

Definition 109 (Semiring Z.,i,[0]). The set of formal series in & with exponents in 7. ans

coefficients in Zumin has an idempotent semiring. The neutral element of the addition is the series
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e = @ ed" (where e = +o0 is the neutral element of the addition in Zomin)- The neutral element
tez
of the multiplication is series e(§) = ed° (where e = ( is the neutral element of the multiplication

Of Zonin). The sum and the product (Cauchy product) of formal series are defined as follows :

c1(6) @ c2(6) = Dienler(t) ® ea(t))d
c1(0) ®c2(0) = Djeplcr(d) ® 2t — )V

The system of equations 3.12 corresponds to the standardized model in the semiring

Zomin and can be transposed in the semiring Zy,i, [0]

x(6) = 0Ax(d) ® Bu(d)
y = Cz(9)

The input/output transfer relation can be computed :

y(0) = C(6A)*Bu(d) = Hu(9)

In an equivalent manner, it is possible to consider the system under the form given by
equation 3.1.3.1 in Zy,,[d] :

a b
z(8) = PoAx(0)® P & Bju(d),
=0 5=0
y(0) = @ d'Cia(d).
1=0
leading to the following model:

z(6) = Ax(d) ® Bu(d)
y = Cxz(9)

a

b c
with A = @ §°A;, B = @ 6’ B; et C = @ 6'C;. The elements of matrices A,B and C' are then
i=0 =0 1=0
polynomials.

3.1.3.4 Monotonic trajectories

As in the event domain the trajectories corresponding to the firing of transitions ot TEG
are monotonics (the number of events occurring at time (¢ + 1), ¢(t + 1), is necessarily greater

than or equal to the number of firing being occurred at time ¢, ¢(¢)). Formally,
VieZ c(t)=ct+1)<ct)=ct+1) D).

this is equivalent to
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This means that the § transform of a monotonic trajectory belongs to semiring (6~1)*Z i, [0].

The following simplification rules are then considered:
5t D 5t’ — 6ma:c(t,t’)

The neutral element of the multiplication law (61)*Z;, [] is series e(d) = e Ded D ed* B ... &
6. The neutral element for the addition (§)*Z,;,[6] is series £(0) = e B ed' Ped* & ... @

£61°, with ¢ = 400 the neutral element of the addition of Z,;,.

3.1.4 Two-dimensionnal description, semiring M&*[~, 0]

m
The choose between the temporal and the event domain will be driven by the applications.
Then it can be useful to keep the ability to switch between the two point of view by considering
a two-dimensional description of trajectories. Below the construction of a semiring of formal
series with two commutative variables, v and ¢, with exponents in Z and with boolean coefficient.

For the example of figure 6 the following equation is obtained :

Z1 E v € € € ¢ 1 0 ¢
T9 0 ¢ € € € ¢ T9 £ €
3| E € € v € ¢ T3 o e &2 Uy
T4 e € & € € ¢ T4 £ € Us
x5 e 6 ¢ &8 & T5 £ €
x e e € e 6 ¢ x £ €
0 0 (3.14)
Ty
1)
Zs3
Y = (6 € € € € e)
Ty
Ts
Te
corresponding to the following standard formalism :
r = Ax® Bu
(3.15)
y = Cu.

axr
m

To each transition of the TEG is associated an entry of the vector z € M$*[v, " (vector

corresponding to the internal transitions, in this example n = 6), u € M%[y, d]™ (vector
corresponding to the inputs transitions, inthis example m = 2) and y € M%[v, ]! (vector
associated to output transitions, in this example [ = 1). Matrices A € M [~,d]"*", B €
M2 [y, 8]™, C € My, 5], represents the interaction between transitions. The matrices
entries are polynomials of M¢[y, §]. Entry As¢ = ~* means that 3 tokens are in the place

between x4 and x5, in a dually manner, entry A, 3 = 5° means that a temporization of 5 times
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units is associated to the place between transitions z3 and x4.
By solving the implicit equation, by considering the result on fixed point equations, an input/ouput
transfer relation is obtained. In this example, the transfer matrix denoted H € M2 [, §]>™ is
given by :

H = CAB=(808) 62(0%)) . (3.16)

In a genaral manner, the entries of the transfer matrix representing a TEG are periodic
and causal series, which can be written in the following standardized form : p & g¢r*, with p
and ¢ polynomials with exponents in N and » a monomial with exponents in N. Polynomial
p characterizes the transient behavior of the series, polynomial ¢ represents a pattern which
is repeated periodically, the periodicity is given by r = ”d” where v/7 corresponds to the
production rate of the series, conversely 7/v is the cycle time of the series. An example of
periodic seriesis given on figure 9.

To summarize a TEG admits a model in the subsemiring of periodic and causal series.

3.2 Control Theory

3.2.1 State feedback controller synthesis

State feedback controller synthesis is now considered, the reader interested should

consult [14]. The architecture considered is given in figure 10, its state representation is given by

(3.17)

r = Ax ® Bu
y = Cx

with A € M%[v, 5] ", B € M%&[,5]™™ and C € M$2[y, 5]"*". The control is given by
the following expression :
u=Krdv

with K € M%7, §]™*". The system becomes

{x = Az ® B(Kz &) :>{:1: = (A® BK)r & Bv

y = Cx y = Cx

and the input/output transfer relation with controller K is :

y = C(A® BK)*Bv=Gguv.
Gk =  CA*(A*BK)*A*B
= CA*B(KA*B)*.

The objective is to synthesize the greatest controller K, such that Gx =< G,.s. The
optimal controller exists if G,y € Gy, it is given by (see [14] for the proof) : :

Ko = (HYG o4 A*B). (3.18)
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Remark 110. It must be noted that the output feedback controller and the state feedback

controller are linked as follows :

Fopt = Koptfgc

c.-a-d. FoptC = (Kopt%C')C’ j Kopt- It comes (FoptH)* = (FoptCA*B)* j (KoptA*B)* =
CA*B(F,CA*B)* = Gp,,, X CA*B(KuA*B)* = Gk,,,. In other words, the measurement
of all the state improves the efficiency of the control, c.-a-d. leads to a greater control and a

corrected system closer to the reference model.

3.2.2 Observer synthesis

In this section the synthesis of an observer allowing to get an estimation of unmeasured
state is proposed. It is done in an analoguous manner to the one of the classical linear systems
(i.e. observer in the Luenberger sense (see [20]). The architecture considered is given in Figure
11.

Matrices A, B, C' and R are assumed to beknown. Without lost of generality, the rows of
matrix C' are such that only one entry is different of ¢ and that this entry is equal to e. Practically
each row of matric C' allows to connect one state to the output, it then represents the location
of sensors yielding information of some state. The system is characterized by the following

equations :

r = Axr® Bu® Rw = A"Bu® A*Rw (3.19)
y = Cxr=CA"Bu® CA"Rw

and the observer can be written as follows :

T = AT®Bud L(j®y)
= Ai® Bu® LC: @ LCx (3.20)
g = Ci.

By introducing equation (3.19) and by solving the implicit equation, these equations
(3.20) become :

T = (A®LC)'Bu® (A® LC)"LCA*"Bu® (A® LC)*LCA*Rw. (3.21)

By considering (2.14), the following equality is obtained :

(A LC)* = A*(LCA*)*, (3.22)
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by introducing it in equation (3.21), the following state estimation appears :
t = AY(LCA*)'Bu@® A*(LCA*)"LCA*Bu @ A*(LCA*)"LC A* Rw,
by recalling that (LCA*)*LC'A* = (LC A*)™, this equation becomes:
& = AY(LCA")'Bu® A*(LCA*)"Bu ® A*(LCA")* Rw.

From equation (2.9), it comes (LC'A*)* = (LC'A*)*, hence the observer equation can be written

A*(LCA*)*Bu @ A*(LCA*)" Rw
— (A® LC)*Bu® (A& LC)*LCA*Ruw. (3.23)
(3.24)

=>
|

The goal of the observer synthesis is to compute the greatest observer matrix L such that

the estimated vector

2 be as close as possible to state z, by respecting the following constraint < x, formally

this can be written as follows :
(A® LC)*'Bu® (A® LC)*"LCA*Rw < A*Bu® A*Rw Y(u,w)

or in an equivalent manner :

(A® LC)*B =< A*B (3.25)
(A® LC)*LCA*R = A*R. (3.26)

Lemma 111. The greatest matrix L such that (A & LC)*B = A*B is given by :

Ly = (A*B)}(CA*B). (3.27)

Lemma 112. The greatest matrix L satisfying (A & LC)*LCA*R < A*R is given by :

Ly = (A"R)¢$(CA™R). (3.28)
Proposition 113. L, = Ly N\ L, is the greatest matrix such that :
T=At@Bud L,(§®dy) 2x=Ar® Bud Rw Y(u,w).

Corollary 114. Matrix L, ensures the equality between the estimated output 1 and output v, i.e.

C(A® L,C)B — CA*B,
C(A® L,C)*L,CA*R = CA*R.
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3.2.2.1 Application : Control with observer

Classically the observer can be used to estimate the state used to compute a closed loop
control (see section 3.2.1). Even if only outputs are measured, it will be shown this strategy is

more efficient than the output feedback.

The control strategy is despite in figure 12. According to equations 3.19 and 3.23, it leads

to estimated state expression 2 and to state of the system z as follows :

t = (A& LC)'Bu® (A LC)*LCA*Rw (3.29)
xr = Ar® Bu® Rw= A"Bu® A*Rw. (3.30)

The control law is given by :
u= Kzt &®v. (3.31)

To compute the observer, it is assumed that the exogenous uncontrollable inputs are null, i.e.

w = €. The transfer relation between input v and control « is then given by :

u = K(A® LC)*'Bu®wv
= (K(A® LC)*B)*v. (3.32)

The estimated state (3.29) becomes :
z = (A® LC)'B(K(A® LC)*B)*v.
The state of the system becomes :

x = A*Bu
— A'B(K(A® LC)*B)*v. (3.33)

And the system output is given by :

y = CA*B(K(A® LC)*B)*v. (3.34)

Proposition 115. If the reference model G,.; € G (i.e. it can be written as G.y = M*H with
H = CA* B the transfer relation of the system), then it exists a greatest controller K such that

the transfer relation in closed loop be lower than or equal to G,.y. This controller is given by :

Ko = HXG,erf((A® LC)*B). (3.35)
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To summarize, the following expression of control u is obtained :

=>
I

(A® LC @ BK,)i @ (B L) (“) (3.36)
Yy

u = Kyud@®v. (3.37)

Hereafter, the performances of this control strategy is analyzed (according to the just in time
criterion). Observer matrix L is supposed to respect the following inequality : L < L,, with
L, the optimal observer matrix of the proposition 113. It will be shown this strategy is more
efficient then the one using the output feedback F,,. In order to compare the both strategies, the
reference model is assuemd such that G,y € G;. Control ufpt is the control computed with K,

and control u”

opt 18 the one obtained with the controller Fy;.

ub, = Kou®wv (3.38)
ugpt = Fopty EB v. (339)

The obective is to show that the transfer function between ufpt and v is greater than the

one between v, and v. By considering equations (3.32), the controls become :

uby = (Kopt(A® LopuC)*B)*v (3.40)
W, = (FpCA*B)v. (3.41)

According to corollary 114, matrix L, is such that C(A & L,,,C)*B = C' A*B. Hence equation
(3.41) can be written :

'LLy (FoptC(A @D LoptC)*B)*’U. (342)

opt -

Proposition 116. If the reference model is such that G,.; € Gy, the control using oberver L,
and state feedback controller K, is greater than the control using a single output feedback F,,;,
c.-a-d. :

Y T
uopt j uopt .

3.2.2.2 lllustration

Example of figure (6) is considered. The input/ouptut model of the system is recalled :

H — (56(752)* 512(755>*>
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and the reference model to achieve : G,.; = (76°)*H € G :
Grog = (WFVH = (869" 62(26)).
By applying the results of proposition (113), the optimal observer is :

Low = CAXCA*BJCA*B
SRICTN
Y20(0%)*
€
9
v(76%)*
(76)*

and by considering the results of proposition 115, the state feedback controller is :

Kop = HRGrepf((A© LopC)"B)
¥ (70%)" 42 (y8%) 01 (v0°)" 6t (70%)" 6(yd%) 8% (70°)"
PP (40°)7 P0(18°)T AP (10°)T AP (48%)T AP(v8%) AP8R(10°) )

which leads to the following transfer relations :
u = (Kopu(A® LopC)*B)*v
(y0%) 8" 755
- ( 254 (v8%)*  (76%) )
y = CA*B(Kopu(A® L,C)* B)*
(8o 2007y ) v

3.2.3 Modified Observer-based controller

In this section will be proposed the using of an observer-based controller to compute the
state-feedback control law, which was introduced by L. Hardouin, Y. Shang, C. A. Maya and B.
Cottenceau in [22].In order to reduce the number of calculations, some algebraic modifications
were proposed in my work.

Formally, the following control law is considered u = P(v @& M) where & = Az ® Bu @

LOPt@ S y)

The synthesis objetive is to get the greatest control law such that the output y be smaller
than or equal to the desired output G,.sv. G,.¢, the reference model, which can be seen as a
specification to achieve, it is denoted G,.; € M%*[v, )™, its entries are given in M$2[, ]

but it can be equivalently given in an other semiring.
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From a practical point of view an interesting reference model is G,..; = H, it means that
the controller aims to preserve the input/output performances of the system while increasing as

much as possible the controlled input.

The controllers are given by:

Popt = CA*BXGy (3.43)
Mopt = Popty Popt$(A* BPopt) = Kopt (3.44)
And the observer Lopt:
L1 = (A"B)}(CA*B) (3.45)
L2 = (A*"R)}(CA*R) (3.46)

Lopt is the greatest observer matrix such that:

Lopt =inf (L1, L2) (3.47)

The state output can be written, respectively, as:

2= A*Bu= A*BP(M(A® LyC)*BP)*v (3.48)

y = Cx = CA*BP(M(A® LouC)*BP)*v (3.49)

Defining two auxiliary matrices () and k, its possible to simplify the control law u
described in [22] :

Q = (MA*B)*P (3.50)

K=QMA'L (3.51)

The control law u can be described as follows:
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u = Plvd M(A*Bu® A*Ly)) (3.52)
u = (MA*B)"P(v® MA*Ly) (3.53)
u = QU QMA"Ly (3.54)
u = Quo Ky. (3.55)

So, using the matrices Q and K previously defined, we can simplify and easily calculate
the control law « in time-domain, using the reference v and the output y. Now, its not necessary

to calculate the estimated state Z to obtain the control law w.
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Figure 10 — Model matching : state feedback architecture.
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Figure 11 — Observer architecture
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x =Ar ® BubR w Y
1y =Cx

\ 4

System
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Figure 12 — Control architecture using the estimated state
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Figure 13 — The Observer-based Controller
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4 Automated Conveyor System

The system located at the Laboratoire Angevin de Recherche en Ingénierie des Systemes
(LARIS) at the Université d’ Angers is a conveyor belt system that moves pallets through circuits
(see Figure 13). In its more general configuration, it allows by external signals the blocking of
pallets using buttons located in different parts of the system and also the dynamic change of
the paths that the pallets can follow through. The time in which is desirable to turn on or off
the buttons or to make the path modifications are the inputs of the system. Further, there are
many proximity sensors along the circuits which can detect the presence of the pallet. With this
information, it is possible to have as outputs the times in which a pallet (any pallet, there is
not, in principle, any distinction between them) passed through a given point. The entire system
receives commands from a programable logic controller, which in turn receives actions either

directly from its user interface or through a C++ program at a computer.

Figure 14 — Photo of the system in the Laboratoire Angevin de Recherche en Ingénierie des
Systemes (LARIS) at the Université d’ Angers.

In order for the system to be modeled by a TEG, the paths need to be static through all
the experiment (so, no changing of paths are allowed). Further, the buttons are programmed so,
when they are turned off (that is, the button is down and the pallet is allowed to move), they
automatically go on (up) again in 2 seconds. This guarantees that if more than one pallet is

waiting in line, when the button fires one time, only one pallet continues.



70 Chapter 4. Automated Conveyor System

There are two independent circuits, ten buttons (B1 to B10) and ten proximity sensors
(one sensor just before each button). The upper circuit has three pallets, all of them located
initially just before B1. The lower circuit has also three pallets, but two of them located just
before B5 and another just before B6. The pallets in the upper circuit move clockwise while
the ones in the lower circuit move counter-clockwise. For each stretch between two successive
buttons (for instance, the stretch B1 - B2), there is an associated timing and also an associated
capacity of pallets. The timing gives the time that a pallet needs to go from just before the initial
button to the successive one when there is nothing in the path (thus, it is the minimal time). These

timings were obtained through multiple experiments.

Figure 15 — Three pallets in a line, approaching a button

When the button “fires” once, only one pallet continues moving and the other two
continue waiting for another firing of the button. of the results was taken as the value. Thus, from
Figure 6.3 it is possible to conclude that, without anything in the path, a pallet takes in average 8
seconds 1 to go from just before B1 to just before B2. The capacity tells the maximum number
of tokens that this stretch can hold. Thus, the stretch B1 - B2 can hold at most 3 pallets. The
system is programmed so, if the following path is full, the button will not fire (go down). This
capacity constraint is inconsequential for the upper loop, since all the capacities are three and

there is only three pallets in the upper loop, but it is important for the lower one.

As programmed, in order for a button to fire it is necessary that three conditions hold:
(i) there must exist one presence token for that button, that is, there must be a pallet waiting

just before a button, (ii) there must exist at least one capacity token for that button, that is, there
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Figure 16 — Schematic picture of the transportation system

must exist at least one free space for a pallet in the following stretch (so, for example, BS is only
allowed to fire if there is at most 1 pallet in the stretch B5 - B6) and finally (iii) there must exists
at least one control token, which represents an external action in the system. The first two kind of
tokens obviously represent a “physical” constraint of the system, while the third one represents a
logical constraint in which the engineer can act to obtain a desired behaviour. When the button
fires, one of each token is consumed. Of course, the average of the values was not exactly an

integer amount of seconds. Rounded numbers were used.

The system is also programmed to make a forced synchronization between the upper and
lower circuits using the buttons B3 and B10. This means that, for these two buttons in particular,
there is an additional fourth token necessary for firing. B3 fires only if (but not if) there is a
presence token in B10 and B10 fires only if (but not if) there is a presence token in B3. This way,

their firings are always synchronized.



72 Chapter 4. Automated Conveyor System

4.1 System Description

A TEG model for this system is proposed in [21], by Dr. Vinicius Mariano Gongalves.
Before continuing, it is important to define the inputs u[k] and outputs y[k] of the system. Hence,
it will be defined as ui[k], 1 =1, 2, ..., 10 the time in which the kth control token is available for
the ith button. Further, yi[k],1=1, 2, ...,10 the time in which the kth palled arrived just before the
ith button. Note that these definitions comply with what one can act and observe in the system.
The modelling begins by analyzing each stretch. Suppose, to begin with, stretch B1 - B2. For
this stretch, which holds three pallets at most, one can think in three possible status for a pallet
(respective of one place in a TEG):
(1) - P1: Stopped, in the first place in line before B2;
(i1) - P2: Stopped, in the second place in line before B2;
(1i1) - P3: Stopped, in the third place in line before B2;
Also, one needs four actions (respective of one transition in a TEG), labeled as x1, x2, x3 and x4:
(i) - x1: Button B1 fired, began moving to B2;
(i) - x2: Began moving from the third place to the second place in line;
(i11) - x3: Began moving from the second place to the first place in line;

(iv) - x4: Button B2 fired, began moving to B3.

Note that:
(i) - x1 can only fire if there is at least one capacity token (that is, a free space for a pallet) in the
stretch B1 - B2, there is a presence token in the previous place (there is one, initially, see Figure
6.3) and at least one control token is available. Further, at every firing of x4, one capacity token
is restored to the stretch because one pallet is leaving. Since the stretch begins free of pallets
(see Figure 2.3), initially there are three capacity tokens;
(11) - A pallet can only begin to move from the third place in line to the second one if there are
no pallets in the second place. Thus, there must not exist a token/pallet in P2. Further, only one
token/pallet can be at P2 at a given time (because only one pallet can be at the second place) and
every time x3 fires the space becomes free to a new pallet to go to the second position;
(iii) - A pallet can only begin to move from the second place in line to the first one if there are
no pallets in the first place. Thus, there must not exist a token/pallet in P1. Further, only one
token/pallet can be at P1 at a given time (because only one pallet can be at the first place) and
every time x4 fires the space becomes free to a new pallet to go to the first position;
(iv) - Of course, x4 can only fire if there is at least one capacity token in the stretch B2! B3,
which initially is devoid of pallets and thus B2 has initially three capacity tokens. Further, there

must exist a presence token in P1 and also at least one control token for B2.

A final concern is that P3 can only have one token/pallet at a given time. The above

constraints naturally ensure this, and thus there is no need to force it artificially. Indeed, suppose
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Figure 17 — TEG for B1-B2

there are two token/pallets at P3 at a given time. Then, there must be one token/pallet in P2
because, otherwise, x2 would have fired and there would be just one token/pallet in P1. This, in
turn, implies that there must be at least one token/pallet in P1 because, otherwise, x3 would have
fired and there would be no token/pallet in P2. Hence, there would be four tokens in P1, P2 and
P3. This is impossible, because one of the constraints above ensures at most three tokens in the
stretch. Then, it remains to discuss the timings of P1, P2, P3. Clearly, the sum of them needs to
be 8 seconds (see Figure 16). One then needs to discover how much time it takes to a pallet to
move from the second to the first position and from the third to the second position. Experiments
show that this timing is of 2 seconds for both movements, and indeed this is true for all other
stretches (it 1s simply the time the belt takes to move a pallet a distance of one length of a pallet,
and thus the length of the pallet divided by the belt speed). Hence, the timing of P1 and P2 are 2

seconds and the timing of P3 is 8 - 2 - 2 = 4 seconds.

In an analogous way, models for all the stretches can be derived. It is necessary, though, to
be careful about initial conditions (number of pallets initially in the stretch) and maximum number
of pallets, according to Figure 15. After that, all these models can be connected (connecting the
model of the stretch B1 - B2 with the one of the stretch B2 - B3 and so on). The resulting TEG
can be seen in Figure 17. Note that the output transitions, drawn in green, are constructed in a
way that they represents the arrival time of a pallet in each button, which is what is measured by
the proximity sensor. For instance, y2[k] = 2x3[k] which is the time that the kth pallet arrives
at B2. Some of these output transitions have an associated place with tokens (B1, B5 and B6)
because, initially, there is already a pallet close to these buttons . Note, also, the aforementioned

synchronization between B3 and B10 in transition x7.
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4.2 System Modelling

For the TEG model presented in Figure 18, the system over the two-dimentional descrip-

[y, 0], presented in last chapter 3.1.4, is described as the following:

ax
m

tion M¢

State transition matrix A:

e e ede e

e v e e ¢

&

N
W W W W
LW WY W
W oW W W W
woWw W W W
LW WY W
W W W w W
W W w w w
LW WY W
WYV W W W
LW W W W
W Ww W W W
W W W W W
W w W
]
wow e Wy
™
w W W W
CwE W
[}

W LW W
W W
LW W W W
W oW W W W
W oW W W W
W oW W W Y

W W W
[
W W w
W W w
W W W
W W W

W W W

W W W
W W w
W W w
W W W

W Y W

£

£

Y € €

3
3

e 762 €

£

g € € € ¢ ¢
g € € € ¢ ¢
g € € € ¢ ¢
g € € € ¢ ¢
g € € € € ¢
g € € € € ¢
E € € € € ¢

e &4

€

3
3
3
3
3
£

W W W W

w oW W

W W W W

™

EWW/S

2]
W W Wy

cwuly w

0
Wy W

e 62

W

W

w

W W
W

N
Wi

e e e 610

£
£

888555’7255

g € € € ¢ ¢

)

£

£

o



4.2. System Modelling

75

Input matrix B:

Mm M M M M M ™M ™ M M M M M M M M ™ oM M O O

M m M ™M M O O O M M M M M M M O O O I O O oM

Mm M M M M M ™M ™ M M M M M M M D ™ M M ™ O O

Mm M ™ ™ M M ™ ™ M M M M D M M M O M M O O O

M O M O ™ o ™ M 22 O M M M O M oM O™ M O O O O

M m M M M O 22 O O M M M M M M O O O O O O oM

M M M O M 2 O M O M M M M O M oM ™ M O O O O

Mm M MM 2 M O, O O O, M M M M M M O, O O O M O oM

m 2 M ™ M M ™M ™ M M M M M M M M ™ M M ™ O O

Mm m MM M M O, O O M M M M M M M 2D O O O M O oM
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Output matrix C:

E € ¢ € ¢ € € ¢ ¢ ¢ ¢ ”)/52 9 9 9 E € ¢ & ¢ & ¢

g € 52 E € € ¢ ¢ ¢ ¢ ¢ € 9 9 9 E € ¢ ¢ ¢ & ¢

E &€ ¢ ¢ ¢ (52 E € € ¢ ¢ € 9 € 9 E € ¢ ¢ ¢ ¢ ¢

E € ¢ € ¢ € ¢ ¢ (52 g € € 9 3 3 E € € € ¢ € ¢

O — E € ¢ € ¢ € € ¢ ¢ ¢ ¢ € ’}/52 9 9 E € ¢ ¢ ¢ & ¢
B E € ¢ ¢ ¢ ¢ € ¢ ¢ ¢ ¢ € 9 € ’)/52 E € ¢ ¢ ¢ ¢ ¢
E € € € ¢ € € ¢ ¢ ¢ ¢ 3 3 £ 3 65 E € € € €& ¢

E € ¢ € ¢ € € ¢ ¢ ¢ ¢ € 9 9 9 g £ 52 e € & ¢

E € ¢ € ¢ ¢ € ¢ ¢ ¢ ¢ € 9 € 9 E & € € 52 g €

€ € ¢ ¢ ¢ ¢ € ¢ ¢ ¢ ¢ € 9 g 9 E & € € ¢ ¢ (52

The transfer function H = C'A*B can be seen in Appendix A.

4.3 Control System

In this section the modified observer-based controller will be used to compute the state-

feedback control law, which was described in the last chapter, section 3.2.3 .

For this problem the reference model G, will be defined as G,.; = H, it means that
the controller aims to preserve the input/output performances of the system while increasing as
much as possible the controlled input. The controlled system will be able to retard all control

entries, without losing performance.

All calculated controllers (M, P, () and K') can be seen in Appendix A.

4.3.1 Time domain representation of «

As seen in section 3.2.3, equation 3.55, the control law u depends of the output y and the
reference v. The automated conveyor system has 10 control inputs, in order to demonstrate the

procedure of convertion to time domain, the control input uy was chosen.

up = uy) + uy
uy = Qud Ky

The control law, given in the time domain for ug(t), can be represented using the (min-

plus)-algebra as follows:

€o00(t), &o1(t), ..., E19(t) are intermediated transactions introduced by our controller.
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Eoo(t) = 3uo(t — 45) & Syo(t — 75) @ 6yo(t — 80
Eo1(t) = 3&n (t
( (

§oa(t) = 3&oalt
§os(t) = 3&os(t
§os(t) = 3&os(t
§or(t) = 3&or(t
Sos(t) = 3&os(t
oo (t) = 3&oo(
& (1)

gog(t) =3 Og(t — 45) S¥) 8y3(t — 83) S¥) 9y3(t — 88

—45) @& 3y4(t — 56) B 4ys(t — 61) B Sy4(t — 68)
— 45) ® 2ys5(t — 50) B 3ys(t — 55) —62)
— 45) @ 2ys(t — 45) B 3ys(t — 50) B dys(t — 57)
— 45) @ Ay (t — 48) & 5y (t — 81) & Gy (t — 86)
—45) @ dys(t — 36) © Sys(t — 69) D Gys(t — T4)
t —45) @ byg(t — 68) @ 6yo(t — 68) & Tyo(t — 75)

~—

@ Tyo(t — 87)
@ Tyi(t — 79)
@ Tya(t — 75)
@ 10y3(t — 95)

45) ® 5y (t — 67) @ 6y (t — 72

\-/\_/\_/

(
(
(
(
D 4ys(t
(
(t—
(t—
(

= &oo(t) @ &o1(t) D ... B &os(t) B oolt)

u(t) = yo(t — 2) @ lyo(t — 4) ® 2yo(t — 30) @ 3yo(t — 34) @ 4yo(t — 2) ® 2y (t — 22) @

33/1(75 - 26) S 4y1 (t )

3yz(t — 40) @ 2ys(t — 24) @ 3ys(t — 28) @ 2yo(t — 18) @ 3yo(t — 22) © dyo(t — 26) @ €0(¢)

The control law,

given in the time domain for u%(t), can be represented using the

(min-plus)-algebra as follows:

§10(t) = 3&10(
§u1(t) = 3&u(
§12(t) = 3&ua(

(
& (
12(

13(t) = 3&13(t —
&1a(t) = 3&u(
&i5(t) = 3&s (1
&16(t) = 3&6(t
Gi7(t) = 3&i(t
&is(t) = 3&s(t

E19(t) = 3&19(

(1)

t—45)@6@0(t—75)@71}0( — 80
t —45) @ 6vy(t — 63) & 71}2( — 68

5> 5U0<t — 87)
EB 9’01 (t — 81)
S5, 8’02(t — 75)

~— ~— ~—

45) @ 9us(t — 83) @ 10us(t — 88) @ 11us(t — 95)
t— 45) @ duy(t — 56) B 5va(t — 61) @ 6v4(t — 95)
— 45) @ 3us(t — 50) @ 4vs(t — 55) B 5vs(t — 62)
— 45) @ 3ug(t — 45) @ 4vg(t — 50) & 5vg(t — 57)
— 45) @ 5ur(t — 48) @ 6us(t — 81) @ Toy(t — 86)
— 45) & bvs(t — 36) P 6us(t — 69) & Tug(t — 74)
t — 45) @ 6ug(t — 63) B Tvg(t — 68) @ Svg(t — 75)

=&10(t) B E(t) B ... D Es(t) B E1o(2)
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4uy (t —24) ® 5oy (t — 28) @ 6v1 (t — 32) B 3va(t — 18) B 3ug(t —22) D Hvg(t —26) B 3vs(t — 8) ®
4uz(t — 10) & bzt — 12) @ 6vs(t — 38) @ Tvg(t — 42) @ 8us(t — 46) @ 3vy(t — 18) & v, (t —
36) @ 4v7(t — 40) ® 3vs(t — 24) B 4vs(t — 28) @ 3ug(t — 18) B dvg(t — 22) @ Hvg(t — 26) B EI(?)

So, using the matrices Q and K previously defined, we can simplify and easily calculate
the control law « in time-domain, using the reference v and the output y. Now, its not necessary

to calculate the estimated state Z to obtain the control law u.
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4.3. Control System

Figure 18 — Full TEG
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To calculate the matrices Q, K, M, P and Lopt it was necessary to use a Toolbox,

developed in C++ language , to handle increasing pseudo-periodic series in semiring M

software are initiated in 1992 in the PhD of S. Gaubert and continuated in 1994 during the master
of Benoit Gruet. It is still in evolution in order to be improved until today. The C++ library
can be interfaced to Scilab and more efficiently with Scicoslab. This toolbox and interfaces are

downloadable in the following URL: <http://istia.univ-angers.fr/ hardouin/outils.html>. It was

v, 9],
introduced by the (max, plus) team of INRIA Roquencourt. The algorithms proposed in this

used the software CodeBlocks as development environment, to handle with the C++ language.
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5.1 Code

[mainO tint
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31
3z
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34
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35
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Figure 19 — Development environment - CodeBlocks

smatrix v(10,1);

smatrix R(2Z,22);
smatrix Lopt,Ll,LZ;
int 1,3;

smatrix CA RB CAB AR CRR;
smatrix Gref;
smatrix Popt, Fopt, Kopt;

I

The main code is presented as follows:

#ifndef _WIN32

#include "../include/lminmaxgd.h"
#else
#include "..\include\lminmaxgd.h"

using namespace std;
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#endif

#include "..\src\gd.cpp"
#include "..\src\poly.cpp"
#include "..\src\serie.cpp"
#include "..\src\smatrix.cpp"
#include "..\src\tools.cpp"

At first it was necessary to include some C++ libraries in order to work with formal
series, monomials, polynomials and to compute the star of a matrix. From now, will be shown
how to calculate all controllers, the transfer matrix H and how to proceed a simulation using the

toolbox.

1177777

int main() // Main Function
{

try

{

poly p,q;

gd r;

smatrix v (10,1);

g.init (0, 3) (3,5) (5,7) (6,10);
r.init (0,0);

v(0,0).init(p, g, r); // Reference v
v(1l,0)=v(0,0);
v(2,0)=v(0,0);
v(3,0)=v(0,0);
v(4,0)=v(0,0);
v(5,0)=v(0,0);
v(6,0)=v(0,0);
v(7,0)=v(0,0);
v(8,0)=v(0,0);
v(9,0)=v(0,0);

The reference v was defined using a polynomial, all entries have the same form, without

losing generality.

smatrix A(22,22); // Matrix A

smatrix Lopt,L1l,L2;

int i, 3;

smatrix CA,AB,CAB, AR, CAR;
smatrix Gref;

smatrix Popt, Fopt, M;
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The second step was the definition of all controllers and model. The state transfer matrix

;//(g"3,d%0) // Matrix A

L - o

6,5)=gd
6,9)=gd
6,13)=g
6,21)=g
7,6)=gd
7,8)=gd
8,7)=gd
8,9)=gd
9,0)=gd
9,8)=gd

i A - o

(
(
(
(
(
(
(
(
(
(

~ I 2 2 X X aa =~ =

10,9)=gd(1,4);
10,11)=9d(0,0);
11,0)=gd (0,0);
11,10)=gd (1, 2);
12,6)=gd(1,5);
12,13)=gd (0,0
13,12)=gd (1
13,15)=gd (
14,13)=gd(
14,15)=gd (

’

’

)i
2);
)i
)i
)i

’

(
(
(
(
(
(
(
(
(
(

A i

1 0
0,4
0,0

’

15,14
15,16
16,15
16,18
16,15

)y=gd (1,2
)
)
)
)
16,18)
)
)
)
)

gd (1,0
gd (0,5
gd (2,0
gd (0,5
gd (2,0
gd (0,7
gd (1,0
gd (0,2
=gd (2,0

’

’

’

’

’

’

17,16
17,18
18,17
18,20

’

’

’

)
)
)
)
)
)
)
)
)
)

’

19,18)=gd (0, 10) ;
19,20)=gd (1,0);
20,6)=gd(2,0);
20,19)=gd (0,2);
21,6)=gd(1,0);
21,20)=gd (0, 4) ;
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The output matrix C and input matrix B:

smatrix C(10,22); // Output Matrix C

(O 11)
)

=gd(1,2);
=gd (0, 2);
=gd(0,2);
=gd (0,2);
gd(l 2

smatrix B(22,10); // Matrix B

(0 0)
3,1)
6,2

=gd (1,0);

=gd (1,0);
=gd (1,0
=gd (1,0

Matrix R represents the connections between the uncontrollable inputs and the state

matrix. In our case R is defined as identity and we will not work with system disturbances.

smatrix R(22,22); // Matrix R = Identity

(0 0)

eI VR T S B S s B B < B SRS B T S B S

=gd (0, 0) ;

=gd (0, 0) ;
=gd (0, 0) ;
=gd (0, 0) ;
=gd (0,0);
=gd(0,0);
)
)i
)
)

’
’

’

=gd (0,0
gd (0,0

’

’

’
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’

18,18)=gd (0,0
19,19)=gd (0, 0
20,20)=gd (0,0
21,21)=gd (0,0

’

’

’

R ( )
R( )
R ( )
R ( )

Calculation of the Observer L,

smatrix As=star(A); // Ax
CA=otimes (C,As) ; // CAx

AB=otimes (As, B);
CAB=otimes (C, AB) ;
AR=otimes (As,R);
CAR=otimes (C,AR) ;

Ll=rfrac (AB,CAB);

L2=rfrac (AR, CAR) ;

Lopt=inf (L1,L2);

Lopt=prcaus (Lopt); // Observer L_opt

fstream f;

f.open ("/Users/Matheus/Documents/libminmaxgd/examples/Lopt.txt",io0s::0ut);
f<<Lopt;

f.close();

The desired behavior G, ; was defined equal to the transfer function G,.y = H = CA*B.
Controllers M and F,,,; are also calculated. It is important to mention that as we are working

with a real system, the use of causal controllers is required.

Gref=CAB; // Desired behavior Gref = CAxB =H

Popt=1lfrac(Gref,CAB);
M=otimes (AB, Popt) ;
M=rfrac (Popt, M) ;
M=1lfrac (M, Popt) ;
M=prcaus (M); // Causal M

Fopt=rfrac(M,C);
Fopt=prcaus (Fopt); // Causal Fopt

fstream g;
g.open ("/Users/Matheus/Documents/libminmaxgd/examples/Fopt.txt",ios::out);
g<<Fopt;

g.close();

fstream h;
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h.open ("/Users/Matheus/Documents/libminmaxgd/examples/M.txt", ios::out) ;
h<<M;
h.close();

Calculation of Q and K.

/=== === = = Control - - - - - — -
smatrix Q;

= otimes (As, B);

= otimes (Kopt,Q);
star (Q);

= otimes (Q,Popt);

Ol Ol OX ONN O
Il

= prcaus (Q); // Causal Matrix Q

fstream 1;
1.open("/Users/Matheus/Documents/libminmaxgd/examples/Q.txt",i0s:::out);
1<<Q;

l.close();

smatrix K;

= otimes (Q, Kopt) ;

K,As);

K, Lopt) ;

prcaus (K); // Causal Matrix K

= otimes

= otimes

= X =" X

(
(
(
(

fstream m;
m.open ("/Users/Matheus/Documents/libminmaxgd/examples/K.txt",i0s::out) ;
m<<K;

m.close () ;

To conclude, is presented the simulation, where will be compared the controlled system

responce, denoted by Y and the desired output, denoted by Y2.

smatrix Y;

Y=otimes (Lopt,C) ;
Y=oplus (A, Y);
Y=star (Y);
Y=otimes (Kopt,Y);
Y=otimes (Y, B);
Y=otimes (Y, Popt);
Y=star (Y);
Y=otimes (Popt,Y);
Y=otimes (B, Y);
Y=otimes (As, Y);
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Y=otimes (C,Y);

Y=otimes (Y, V) ;
cout<<"y"<<y<<endl;
smatrix Y2;
Y2=otimes (Gref, V) ;

cout<<"y2"<<y2<<endl;

return(0);

}

catch (mem_limite 1)

{

cout<<"Exception : too many coefficents in polynom "<<1l.memoire<<endl;
return(l);

}

catch(taille_incorrecte ob3j)

{ // 0 : r non causal

// 1 : tentative d’accés a un element d’une matrice avec un indice incorrect
// 2 : matrice de taille incompatible pour oplus, inf, otimes, rfrac, lfrac
// 3 : etoile de matrice carrée uniquement

cout<<"Exception "<<obj.erreur<<endl;

return(1l);

}

}

Using the M¢*[, §] C++ library we could easily work with periodic series, an effective
toolbox, that doesn’t need an huge computational effort to solve our problem. Simulation results
will be presented in the next chapter.
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6 Results

In order to test the efficacy of the observer-based controller a simulation was developed.
Remembering, the objective is to get the greatest control law such that the output y be smaller
than or equal to the desired output G, ¢v.The desired behavior of the system G, ¢, was defined
equal to the transfer function /, which means G,.; = H = CA*B.

It was performed a simple comparison between the controlled system responce, denoted
by Y and the desired output, denoted by Y2.

Y = Cx = CA*BP(M(A® Loy C)*BP)*v (6.1)

Y2 = Gyepv = Hu (6.2)

The following code represents how to calculate Y and Y2 using the Toolbox, developed

in C++ language , to handle increasing pseudo-periodic series in semiring M%*[, §], introduced

by the (max, plus) team of INRIA Roquencourt.

smatrix Y;

Y=otimes (Lopt,C) ;
Y=oplus(A,Y);
Y=star (Y);
Y=otimes (Kopt, Y);
Y=otimes (Y, B);
Y=otimes (Y, Popt);
Y=star (Y);
Y=otimes (Popt, Y);
Y=otimes (B, Y);
Y=otimes (As,Y);
(
(

Y=otimes (C,Y);

Y=otimes (Y, V) ;
cout<<"y"<<y<<endl;
smatrix Y2;

Y2=otimes (Gref,Vv);

cout<<"y2"<<y2<<endl;
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6.1 Simulation Results

The result obtained from the application changes some characters in the semiring
M2~ 0] representation (g < 7, d < ¢ and + < @). The simulation result, provided by

the console application is shown below:

Y:

[0,0] = g2 d*5+ g~3 d*"7+( g™4 d*53+ g5 d*59+ g~6 d*65) [ g3 d 45]«

[1,0] = g1 d*11+ g*2 d*13+ g~3 d~15+( g~4 d"61+ g~5 d~67+ g~6 d~73) [ g*3 d 45]+
[2,0] = g*1 d*15+( g~2 d*39+ g~3 d*45+ g~4 d"65)[ g~3 d~45]x*

[3,0] = ( g*l d*45+ g*2 d*51+ g3 d*57)[ g3 d*45]«

[4,0] = g2 d*5+( g3 d~42+ g~4 d*48+ g~5 d~54) [ g~3 d*45]«

[5,0] = g2 d*9+ g~3 d~11+( g~4 d~48+ g*5 d*54+ g6 d~60) [ g3 d*45]«

[6,0] = g~1 d~8+ g~2 d*14+ g~3 d*19+( g~4 d*53+ g~5 d*59+ g~6 d~65)[ g~3 d 45]«
[7,0] = g1 d*17+ g*2 d*23+ g~3 d~28+( g~4 d"62+ g~5 d~68+ g~6 d~74) [ g~3 d 45]+
[8,0] = ( g*l d"29+ g~2 d*35+ g3 d*41)[ g3 d*45]«

[9,0] = ( g~l d*35+ g~2 d*41+ g~3 d*47)[ g3 d*45]«

Y2 =

[0,0] = g2 d*5+ g~3 d*7+( g™4 d*53+ g5 d*59+ g"6 d"65)[ g3 d 45]«

[1,0] = g1 d*11+ g~2 d~13+ g~3 d~15+( g~4 d~61+ g~5 d~67+ g~6 d~73) [ g~3 d 45]+
[2,0] = g1 d*15+( g~2 d*39+ g3 d*45+ g~4 d~65)[ g~3 d~45]=

[3,0] = ( g~l d*45+ g~2 d*51+ g~3 d"57)[ g~3 d*45]«

[4,0] = g2 d*5+( g3 d~42+ g~4 d*48+ g~5 d~54)[ g~3 d~45]«

[5,0] = g2 d*9+ g~3 d~11+( g~4 d~48+ g~5 d~54+ g6 d~60)[ g3 d 45]«

[6,0] = g*1 d"8+ g~2 d*14+ g~3 d*19+( g~4 d~53+ g~5 d*59+ g~6 d"65)[ g~3 d~45]«
[7,0] = g*1 d*17+ g*2 d*23+ g~3 d"28+( g~4 d"62+ g~5 d"68+ g*6 d*74)[ g*3 d*45]«
[8,0] = ( g~l d*29+ g2 d*35+ g~3 d*41)[ g3 d*45]«

[9,0] = ( g~l d"35+ g~2 d*41+ g3 d*47)[ g3 d*45]«

Writing in standardized form, we have:

Yo = 4200 @367 @ (7467 @ 4767 @ 456%5) [1354)

Yi = 1M @420 @3 @ (1455 @ 45657 @ 40673 [135%) «
Yo = 410 @ (120% @ 435% @ 4159%)[135%] «

Yy = (410% @A20% @ ~3557)[156%]

Yi = 7280 @ (P62 @ 445" @ 425 1369 «

Yy = 7207 @301 @ (140% @ 205 @ 456%0)[135%]

Yo = 410° ®A20M @136 @ (1465 @ 7767 @ 456%5) [1354] «
Yo = 4107 @A20% B 302 @ (14552 @ 1569 @ 10674 [135%) «
Yo = (410% @~20% @364 [156%]

Yo = (410% @~20" @ ~354) 1364«
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Y2 = 7205 @307 @ (1467 @ 1767 @ A0597)[135%] «
Y21 = A6 @261 @ 4361 @ (44051 @ 255 @ A5573)[y35%]
Y2 = 41615 @ (126%0 @ 436% @ 455 364

Y25 = (416% @265 @ 4367) 1564

Y2, = 2200 @ (43692 @ 446" @ 4557 [y364]

Y25 = ~20° @430 @ (14658 @ 4557 @ A55%) [135%) «

Y2 = 708 @201 @436 @ (440% @ 207 @ 55 [y269]
Y2 = 4617 @426% @ 4502 @ (44052 @ 420% @ 15574 [y35%]
Y2 = (7162 @ 426% @ 43641364

Y2 = (7165 @ 4264 @ 4360T) 1359

As mentioned in Chapter 3, the system responses are periodic and causal series, which
can be written in the following standardized form : p & qr*, with p and ¢ polynomials with
exponents in N and  a monomial with exponents inN. Polynomial p characterizes the transient
behavior of the series, polynomial ¢ represents a pattern which is repeated periodically, the
periodicity is given by r = 4”07 where v/7 corresponds to the production rate of the series,

conversely 7/v is the cycle time of the series.

6.2 Simulation Analysis

Analyzing the response of the controlled system Y, some conclusions can be taken:

Yo, Y1, Ys, Y4, Y5, Y and Y7 have a transient behavior before reaching the steady state;

Y3, Yg and Yy only have the steady state;

The periodicity is given by r = 476" = 73§°;

The production rate is 7/v = 45/3.

At least, analysing the performance of the controlled system and the desired behavior, by
comparing the polynomials Yj and Y2, respectively, the output of the controlled system and

desired output.
Yy = 725° @ 7367 @ (y46%% @ 755% @ 40555 [y354)«
Y2 = 726° ® 1367 @ (71653 @ 1565 @ 46555) (13545«
Can be noticed that Y, = Y2;. Which means that the observer-based controller has

reached the objective. This result is present for all trajectories of Y, and Y'2;.
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7 Conclusion

The first general objective of the project - to develop a model for the automated conveyor
system located in LARIS using a TEG model proposed by Dr. Vinicius Mariano Gongalves in
his thesis [21] and the two-dimentional description M?*[v, 0] for (Max,+) linear systems, was

achieved.

Using the Observer-based Controller for (Max,+) linear systems, based on the work
introduced by Prof. Laurent Hardouin in [22] , the second general objective of the project was to
control the automated conveyor system. Some algebraic manipulations were proposed by me,
in order to simplify the way of obtaining the control law « in the time domain. Now, it is not
necessary to calculate the u using the estimated state 2. The control law can be calculated based

on the reference input v and the output of the system Y.

To calculate the observer-based controller it was necessary to use a Toolbox, developed
in C++ language , to handle with increasing pseudo-periodic series in semiring M%[v, d],

introduced by the (max, plus) team of INRIA Roquencourt.

After the calculation of the controllers, a simulation of the controlled system has been
proposed. The output of the controlled system Y was compared with the desired output Y2 =
Gresv. As we can observe in Chapter 6 specification has been reached. Therefore, the controlled
system has the same performance of the reference system G, but their controlled inputs v are

delayed as much as possible. For just-in-time problems this is a very important result.

As a possible continuation of this work, uncertain TEG models can be used to represent

possible modelling errors.
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APPENDIX A — Transfer Function and

[0,0]
[0,1]
[0,2]
[0,3]
[0,4]
[0,5]
[0,6]
[0,7]
[0,8]
[0,9]
[1,0]
[1,1]
[1,2]
[1,3]
[1,4]
[1,5]
[1,6]
[1,7]
[1,8]
[1,9]
[2,0]
[2,1]
[2,2]
[2,3]
[2,4]
[2,5]
[2,6]
[2,7]
[2,8]
[2,9]
[3,0]
[3,1]
[3,2]
[3,3]
[3,4]
[3,5]
[3,6]
[3,7]
[3,8]
[3,9]
[4,0]
[4,1]
[4,2]
[4,3]
[4,4]

Controllers

The transfer function H of the system is given by:

gt2
g5
gt4
gt
g™4

( g*4 d~50+ g”*5 d”55+
( g~4 d~45+ g”5 d”*50+

g™ 4
gt4
g™ 4
g™l
gr2
gt4
gt4
gt4

d~2+ g~3 d*4+ g4 d~30+ g"5 d*34+ g~6 d*38+( g7 d 75+ g~8 d~80+ g~9 d~87)[ g~3 4’
d~24+ g6 d~28+ g~7 d*32+( g8 d*69+ g9 d 74+ g~10 d~81) [ g3 d~45]«

d~18+ g~5 d~22+ g~6 d*26+( g~7 d~63+ g~8 d*68+ g~9 d~75)[ g~3 d*45]«

d”8+ g*5 d*10+ g~6 d~12+ g~7 d*38+ g8 d 42+ g"9 d*46+( g~l0 d*83+ g1l d*88+ g~12
d~18+( g~5 d~56+ g~6 d~61+ g~7 d*68) [ g3 d~45]«

d~62) [ g~3 d*45]«

d~57) [ g~3 d~45]«

d~36+ g*5 d™40+( d~48+ g~7 d~81+ g~8 d~86) [ g3 d~45]«

d~24+ g"5 dr28+( d~36+ g~7 d~69+ g8 d~74) [ g3 d~45]«

d~18+ g"5 d~22+ g~6 d*26+( g*7 d*63+ g~8 d*68+ g~9 d*75)[ g~3 d*45]«

d~8+ g~2 d~10+ g~3 d~12+ g*4 d~38+ g5 d*42+ g"6 d~46+( g7 d~83+ g~8 d~88+ g~9 d*
d~2+ g~3 d*4+ g4 d~8+ g~5 d"32+ g6 d~36+ g7 d~40+( g*8 d~77+ g9 d~82+ g~1l0 d~8
d*26+ g5 d*30+ g6 d~34+( g7 d*71+ g~8 d~76+ g*9 d~83) [ g*3 dr45]+«

d*16+ g5 d*18+ g”6 d*20+ g~7 d~46+ g~8 d*50+ g9 d 54+ ( g*l0 d*91+ g~1l d*96+ g~1
d"26+( g~5 d~64+ g~6 d~69+ g7 d*76) [ g3 d~45]x

g6
gt6
g6
gt6

( g~4 d~58+ g~5 d"63+ g~6 d~70) [ g~3 d~45]+
( g~4 d*53+ g~5 d~58+ g6 d~65)[ g~3 d~45]«

g™4
gt4
gn4
g™l
g2
gr2
gt4
gr2

dr44+ g~5 d~48+( g~6 d~56+ g~7 d~89+ g8 d~94)[ g3 d~45]«
d~32+ g~5 d*36+( g~6 d~44+ g~7 d*77+ g~8 d”82) [ g3 d~45]x

d~26+ g~5 d*30+ g~6 d~34+( g~7 d*71+ g*8 d~76+ g9 d”*83)[ g”~3 d*45]«
d*12+ g~2 d*16+ g~3 d"20+( g~4 d~42+ g»5 d"61+ g*6 d*66) [ g3 d~45]«
d*6+ g~3 d*10+ g4 d*14+( g~5 d"36+ g6 d*55+ g*7 d"60) [ g~3 d*45]«
d*4+ g”3 d”8+( g4 d~30+ g5 d*49+ g~6 d*54) [ g~3 d*45]«

dr20+ g~5 d*24+ g~6 d*28+( g*7 d"50+ g~8 d”~69+ g~9 d~74) [ g3 d~45]«
dr4+( g~3 dr42+ g~4 d”47+ g5 d”68) [ gt3 dr45]«

( g"2 d*36+ g~3 d 41+ g™4 dr62) [ g~3 dr45]«
( g*2 d*31+ g~3 d*36+ g~4 d~57)[ g~3 d~45]=

g2
gr2
g2
g™l
g2
g™l
gr2
g™l

d~22+ g3 d~26+( g*4 d~48+ g5 d~67+ g6 d*72) [ g3 d~45]«
d*10+ g3 d*14+( g*4 d*36+ g*5 d*55+ g~6 d~60) [ g~3 d~45]«

d*4+ g3 dr8+( g~4 d~30+ g~5 d*49+ g6 dr54) [ g*3 dr45]+«

d~22+ g*2 d*26+ g~3 d*30+( g*4 d*67+ g~5 d*72+ g~6 d*79) [ g~3 d*45]«

d*16+ g3 d*20+ g4 d*24+( g5 d*61+ g~6 d~66+ g*7 d*73) [ g*3 d*45]«

d*10+ g2 d*14+ g»3 d*18+( g4 d*55+ g~5 d"60+ g*6 d*67)[ g*3 d*45]«

d*2+ g~3 d*4+ g*4 d~30+ g5 d~34+ g6 d38+( g7 d*75+ g~8 d~80+ g~9 d*87) [ g*3 d”
d”10+( g*2 d*48+ g3 d*53+ g4 d*60) [ g”3 d*45]«

( g*1 d*42+ g2 d*47+ g~3 d~54) [ g~3 dr45]
( g~1 d*37+ g~2 d~42+ g3 d~49) [ g~3 d~45]+

g™l
gtl
g™l
g3
gt4
g3
gt6
gr2

d~28+ g”2 d~32+( g~3 d~40+ g4 d~73+ g~5 d*78) [ g3 d~45]«
d*16+ g2 d*20+( g*3 d*28+ g4 d*61+ g~5 d~66) [ g~3 d~45]«

d~10+ g”2 d~14+ g~3 d*18+( g4 d~55+ g~5 d*60+ g~6 d*67)[ g~3 d~45]«
d~19+ g4 d~23+ g*5 d*27+( g6 d*64+ g~7 d*69+ g~8 d~76) [ g~3 d*45]«
d~13+ g»5 d~17+ g~6 d*21+( g7 d~58+ g~8 d~63+ g~9 d~70)[ g~3 d~45]«
d~7+ gt4 dr11+ g~5 dr15+( g~6 dn52+ g~7 dA5T7+ gt8 dr64) [ gt3 dra5]«
d~27+ g7 d~31+ g~8 d~35+( g9 d~72+ g~10 d~77+ g~ll d~84) [ g~3 dr45]«
d*2+ g*3 d*7+( g~4 dr45+ g~5 d*50+ g6 dr57) [ gt3 dr45]«
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( g*3 d*39+ g4 d*44+ g~5 d~51) [ g~3 d~45]=
( g*3 d*34+ g4 d*39+ g~5 d~46) [ g~3 d45]x

g~5 d~37+ g*6 d~70+ g7 dr75) [ g3 dr45]x

d~13+ g~4 d~17+( g~5 d~25+ g~6 d~58+ g~7 d*63)[ g3 d~45]«

d~7+ g*4 d*11+ g*5 dr15+( g6 dr52+ g~7 d~57+ g~8 d~64) [ g~3 d~45]«

g"5 d"29+ g~6 d~33+( g~7 dA70+ g*8 dAT75+ g9 dr82) [ g3 dr45]w
d*19+ g6 d~23+ g7 d*27+( g8 d~64+ g9 d*69+ g~10 d~76) [ g*3 d~45]«
g"5 d~17+ g*6 d~21+( g~7 d~58+ g8 d*63+ g9 d~70) [ g3 dr45]
g*8 d*37+ g9 d 41+ ( g~l0 dr78+ grll d83+ grl2 d~90) [ g3 dr45]=
d~6+ g~3 d*8+ g4 d~13+( g~5 d"51+ g6 d~56+ g7 d~63)[ g3 d~45]«

d~2+ g3 d*7+( g4 dr45+ g*5 d*50+ gt6 dr57) [ gt3 dr45]«

d~40+ g5 d*45+ g6 d~52) [ g3 dr45]«

g3
g”™3
g3
g™4
g”™5
gt4
g™
gtz
gr2
g3
g™4
gt4
g™4
gt4
g”™b5
gt4
gn7
gtz
g™l
gtz

gt4
gt4
g”™5
gt4
g™7
gtz
g™l
g™l
g2

(gr4
(9”5
(gr4
(gn7
(gr2
(g”l
(gn1

d~25+ gn4 dr29+(

dr25+

dr13+
d~33+

d”2+ (
dr31+
d~19+
d~13+
d~30+
dr24+
d~18+
d~38+
d~11+

g™4
g”™5
g”™5
g”™5
g™5
gt6
g”5
g8
g”™3

d”35+ (

gne

d~43+

d*23+( g*6 d"31+

d~17+
d”35+
d”~29+
dr23+
d”~43+
drle+

gr6
gr6
gn7
gte6
g™ 9
gt4

d”21+ (
d™40+ (
d”34+ (
dr28+ (
d~48+ (
dr21+(

g~7 d*76+ g~8 d~81)[ g~3 d*45]«

g~7 dr64+ g~8 dr69) [ g~3 dr45]«

g~7 d*58+ g~8 d"63+ g~9 d~70) [ g~3 d~45]«
g7 d~75+ g~8 d~80+ g~9 d~87) [ g 3 dr45]«
g~8 d*69+ g~9 d~74+ g~10 d~81)[ g~3 d~45]x
g~7 d*63+ g~8 d"68+ g*9 d~75)[ g~3 d 45]«
g~10 d~83+ g~11 d~88+ g~12 d”~95)[ g~3 d~45]«
g"5 d*56+ g~6 d*61+ g*7 d~68) [ g~3 d 45]«

d"5+ g*2 d*10+ g~3 d*15+( g4 d*50+ g~5 d*55+ g~6 d~62) [ g~3 d~45]«
d~5+ g~3 d*10+( g4 d*45+ g~5 d*50+ g~6 d~57) [ g3 d*45]x

( g*4 d*36+ g5 d*4l+ g~6 d~48) [ g~3 d~45]«

( g*4 d*24+ g~5 d*29+ g~6 d~36) [ g~3 d~45]=

d~18+
d~39+
d~33+
dr27+
d~47+
d~20+
d~14+

g”™5
g5
gt6
g5
g8
g3
g2

dr23+
dr44+
d~38+
d~32+
dr52+
dr25+
d~19+

g"6

gt6
g™
gt6
g™ 9
gt4
g”"3

d”28+ (
d™49+ (
d™43+ (
dn37+(
d"57+ (
d”30+ (
dr24+(

g~7 d~63+ g~8 d~68+ g9 dr75)[ g3 dr45]x
g~7 d~84+ g~8 d~89+ g9 d~96) [ g3 dr45]x

9”8 d~78+ g~9 d~83+ g~10 d~90) [ g~3 d~45]+
g~7 d~72+ g~8 dr77+ g9 dr84) [ g3 dr45]x
g~10 d~92+ g~1l d~97+ g~12 d~104) [ g*3 dr45]+
g~5 d~65+ g~6 d 70+ g~7 d*77) [ g3 dr45]

g4 d~59+ g5 d 64+ g6 drT1) [ g3 dr4A5]w

d~9+ g2 d*14+ g~3 d~19+( g4 d*54+ g~5 d*59+ g~6 d~66) [ g~3 d~45]«
d~2+ g3 dr9+( g4 dr45+ g~5 dr50+ gt6 dA5T) [ gt3 dr45]«

( g*4 d*33+ g"5 d*38+ g~6 d~45)[ g~3 d"45]=

g”4 d~27+ g*5 d*32+ g6 dr37+( gt7 dr72+ gn8 drT77+ g~9 d~84) [ g~3 dr45]«

d~51+
d~45+
d~39+
d”59+
d~32+
dr26+
d~21+

g”5
gt 6
g”*5
g”™8
g*3
gr2
gr2

dr56+
d"50+
dr44+
dr64+
d~37+
d"31+
dr26+

g"6
g™
g6
g™9
g™4
g”3
g”3

d~63
d~57
d~51
dr71
d~44
d”38
d~33)

)
)
)
)
)
)

l
[
l
[
l
[
[

g”3 d*45]
g~3 dr45]
g*3 d*45]
g3 dr45]
g*3 d*45]
g"~3 dr45]
g*3 d*45]

g~l dr12+ g~2 drl4+( g~3 dr24+ g~4 d*57+ g~5 dr62) [ g~3 dr45]«
g~2 d*2+( g~3 d*12+ g*4 d~45+ g5 d~50) [ g~3 d~45]«
( g*4 d*39+ g"5 d*44+ g~6 d~51) [ g~3 d~45]«

g*2 d*14+ g3 d~18+(

g*l d 18+ g~2 d 20+ (

g~4 d*57+ g~5 dr62+ g6 d~69) [ g*3 dr45]«
g”3 d*8+ g~4 d~12+( g*5 d~51+ g6 d~56+ g7 d~63) [ g3 d~45]«
g”2 d*2+ g3 dr6+( g4 dr45+ g~5 dA50+ gt6 dA5T) [ gt3 dra5]«
g~5 d~22+ g*6 d 26+ ( g~7 dr65+ g~8 dr70+ g9 drT77) [ g3 dr45] s
( g~2 d”~38+ g3 d~43+ g4 d~50) [ g~3 d~45]+

( g*1 d*32+ g~2 d*37+ g~3 d~44) [ g~3 d"45]=

( g™l d*27+ g2 d*32+ g~3 d~39)[ g~3 d~45]=

g~3 d*30+ g*4 d*63+ g5 d~68) [ g*3 d45]«
g~1 d"6+ g2 d*8+( g~3 d~18+ g~4 d~51+ g5 d~56) [ g*3 dr45]+
g”2 d*2+ g3 d*6+( g4 d*45+ g~5 d*50+ g~6 d~57)[ g~3 d*45]«
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Lopt

[0,0]
[0,1]
[0,2]
[0,3]
[0,4]
[0,5]
[0,6]
[0,7]
[0,8]
[0, 9]
[1,0]
[1,1]
[1,2]
[1,3]
[1,4]
[1,5]
[1,6]
[1,7]
[1,8]
[1,9]
[2,0]
(2,1]
[2,2]
[2,3]
[2,4]
[2,5]
[2,6]
(2,7]
[2,8]
[2,9]
[3,0]
[3,1]
[3,2]
[3,3]
[3,4]
[3,5]
[3,6]
[3,7]
[3,8]
[3,9]
[4,0]
[4,1]
[4,2]
[4,3]
[4,4]
[4,5]
[4,6]
[4,7]
[4,8]
[4,9]
[5,0]
[5,1]

The observer L;:

g0 d*0+ g1 d*2+ g~2 d*4+ g”3 d*30+ g~4 d*34+ g~5 d*38+( g~6

9”3 d"22+ g*4 dr26+ g5 d 30+ ( gt6 dr6T7+ ghT drT2+ gt8 drT9) |

g~3 d~18+ g*4 d~22+ g5 d*26+( g*6 d*63+ g7 d"68+ g~8 d~75) I

g3 d*8+ g~4 d~10+ g5 d~12+ g~6 d~38+ g~7 d*42+ g~8 d 46+ ( g*
g”3 d~18+( g~4 d*56+ g~5 d*61+ g*6 d*68) [ g*3 d*45]«

( g~3 d*50+ g~4 d~55+ g5 d~62)[ g~3 d~45]«

( 9”3 d*45+ g~4 d~50+ g5 d~57) [ g*3 d~45]«

g"3 d"36+ gt4 d 40+ ( g~5 dr48+ gt6 dr81+ gn7 d86) [ g3 dr45]w
g"3 dr24+ g~d dr28+( g5 dA36+ gn6 dr69+ giT drT74) [ gt3 dr45]«
g”3 d~18+ g4 d*22+ g5 d*26+( g*6 d*63+ g7 d"68+ g~8 d~75) I

g0 d*4+ g~1 d~6+ g~2 d*8+ g~3 d~34+ g~4 d*38+ g~5 d 42+ ( g~6

g2 d*0+ g~3 d~26+ g4 d~30+ g~5 d*34+( g~6 d~71+ g7 d 76+ g*
g"3 dr22+ g~d dr26+ g~5 dr30+( gn6 dr6T7+ grT drT2+ g8 drT9) [

d~75+ g*7 d*80+ g~8 d~87
9”3 d~45] %
9”3 d~457+
9 d~83+ g~10 d~88+ g~11

g~3 dr45]+
d~79+ g7 d~84+ g~8 d~91l
8 d~83) [ g~3 d~45]«

g~3 d*45] %

g”3 d~12+ g*4 d~14+ g5 d*16+ g6 d*42+ g~7 d*46+ g~8 d~50+( g~9 d~87+ g~l0 d~92+ g ll

g”"3 d"22+( g*4 d"60+ g5 d*65+ g6 d*72) [ g”3 d*45]«%

( g~3 d*54+ g~4 d759+ g5 d"66) [ g3 d"45]+«

( g”"3 d*49+ gn4 d”54+ g”5 d”61)[ g~3 d"45]~

g”3 d~40+ g4 d 44+ ( g*5 d"52+ g”6 d*85+ g~7 d~90) [ g”3 dr45]x
g”"3 d"28+ g*4 d”32+( g”5 d*40+ g6 d*73+ g”7 d*78) [ g”3 d"45]
g*3 d"~"22+ g*4 d*26+ g”5 d*30+( g6 d*67+ g~7 d*72+ g~8 d"~79) [
g”0 d*"6+ g*1 d*"8+ g”2 d*10+ g~3 d"36+ g~4 d"40+ g5 d"44+( g”6
gl d”r0+ g~2 d*2+ g~3 d728+ gt4 d732+ g”5 d"36+( g6 d 73+ g7
g~3 d”*24+ g4 dr28+ g5 d”32+( g6 dr69+ g*7 d~74+ gn8 d781) [

g”3 d~45]x
d~81+ g~7 d”86+ g”8 d~”¢
d~78+ g”~8 d~85)[ g*3 d*

g3 d~45]

g”3 d~14+ g~4 d"~1l6+ g”5 d"18+ g”6 d"44+ g7 d"48+ g”8 d"52+( g9 d"89+ g~10 d"94+ g~ll

g~3 d*24+( g*4 d*62+ g~5 d*67+ g~6 d~74)[ g~3 dr45]1«
( g*3 d*56+ g4 d*61+ g~5 d~68) [ g~3 d~45]x

( g*3 d*51+ g4 d*56+ g~5 d~63)[ g~3 d~45]=*

g"3 d~42+ gt4 dr46+( g~5 dA54+ gr6 dr8T+ g7 dr92) [ g3 dr45] s
g"3 dr30+ g~4 d 34+ ( g5 dr42+ gn6 dr75+ g~7 dr80) [ g~3 dr45]«
g~3 d~24+ g*4 d~28+ g5 d*32+( g*6 d 69+ g7 drT74+ g~8 dn8l) |

g"0 d~8+ g1 d*10+ g~2 d~12+ g~3 d~38+ g~4 d~42+ g5 d 46+ ( g°
g"0 d*0+ g1 d*2+ g~2 d*4+ g”3 d*30+ g~4 d*34+ g~5 d*38+( g~6

g”3 d"26+ g*4 d~30+ g5 dr34+( gr6 dAT1+ g7 drT6+ gn8 dn83) |

9”3 d~457 %
6 d*83+ g~7 d~88+ g~8 dA
d~75+ g~7 d~80+ g~8 d~87
9”3 d~457+

g~3 d~16+ g~4 d~18+ g5 d*20+ g6 d*46+ g~7 d~50+ g~8 d~54+( g~9 d~9l+ g~10 d~96+ g~ 1l

g"3 d"26+( g4 dr64+ g~5 dr69+ g6 drT6) [ gt3 dr45]+
( g*3 d*58+ g4 d*63+ g~5 d~70) [ g~3 d~45]=

( g*3 d*53+ g4 d*58+ g~5 d"65)[ g~3 d~45]«

g~3 d~44+ gr4 dr48+( g~5 dA56+ gr6 dr89+ gn7 dr94) [ g3 dr45] s
g~3 dr32+ gr4 d”36+( g°5 drdd+ gn6 dATT+ g~T dr82) [ gh3 dr45]«
g~3 d~26+ g*4 d 30+ g5 dr34+( gr6 d 71+ goT7 drT76+ gn8 dn83) |

g”"3 d"45]*

g”0 d~8+ g1 d*12+ g~2 d*~16+( g~3 d~38+ g~4 d*57+ g5 d*62) [ g3 d*45]«

g”0 d~0+ g~1 d™4+ g”2 d*8+( g3 d"30+ g™4 d~49+ g5 d~54) [ g3
g~1l d~0+ g2 d 4+ ( g”3 d*26+ g*4 d 45+ g~5 d”50) [ g~3 d745]«x
g~3 d*16+ g4 d*20+ g~5 d”*24+( g6 d 46+ g*7 d"65+ g~8 d*70) [
g”1l d~0+( g2 d*38+ g~3 d"43+ g4 d*64) [ g*3 d"45]«

( g”1 d~32+ g”2 d~37+ g3 d”58) [ g~3 d"45]x

( g*1 d*27+ g”2 d"32+ g3 d~53) [ g*3 d"45]x

g”1l d*18+ g”2 dr22+( g3 d"~44+ g~4 d763+ g5 d"68) [ g”3 d*45]+x
g~1l d*6+ g2 d*10+( g~3 d"32+ g4 d*51+ g5 d"56) [ g”3 d*45]=x
g”1l d~0+ g2 d™4+( g”3 d*26+ g4 d 45+ g~5 d”50) [ g”3 d745]+%
g”0 d*10+ g1 d 14+ g~2 d"~18+( g”3 d*40+ g*4 d"59+ g~5 d 64) [
g”0 d*"2+ g*1 d"6+ g”2 d*10+( g*3 d~32+ g”4 d*51+ g5 d~56)[ g~

d~45]

g~3 d*45] %

g”3 d"45]x
3 d~45]
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= g1 d*2+ g~2 d*6+( g*3 d~28+ g4 d~47+ g~5 dr52) [ gh3 dr45]
= g3 d~18+ g"4 d*22+ g~5 d*26+( g6 d 48+ g~7 dr67+ g~8 dr72) [ g~3 dr45]«
= g1 d*2+( g"2 d*40+ g~3 d*45+ g~4 d"66) [ g~3 d*45]«

= ( g™l d"34+ g2 d~39+ g”3 d~60) [ g~3 d~45]«

= ( g™l d*29+ g2 d~34+ g”3 d*55)[ g3 d~45]«

= g~1 d"20+ g2 d*24+( g~3 d 46+ gr4 dr65+ gn5 drT70) [ g3 dr45]

= g1 d*8+ g~2 d*12+( g~3 d*34+ g~4 d~53+ g~5 d~58) [ g~3 dr45]«

= g~1 d"2+ g2 dr6+( g~3 dr28+ grd dr4T+ gt5 dA52) [ gh3 dr45]«

= g”0 d*12+ g*1 d*16+ g2 d*20+( g3 d*57+ g~4 d"62+ g~5 d~69) [ g~3 d~45]«
= g0 d*4+ g~1 d"8+ g~2 d*12+( g3 d~49+ g~d dr54+ g~5 dr6l) [ gt3 dr45]«

= g0 d"0+ g~1 d*4+ g"2 d~8+( g~3 d*45+ g~4 d*50+ g~5 d~57)[ g~3 d*45]«

= g3 d~20+ g4 d*24+ g~5 dr28+( g6 d 65+ g~7 dr70+ g~8 dr77) [ g~3 dr45]«
= g~0 d~0+( gl d~38+ g~2 d 43+ g~3 d~50) [ g~3 d~45]«

= ( g*0 d"32+ g~1 d~37+ g~2 d~44) [ g~3 d~45]«

= ( g"0 dr27+ g~l d”32+ g~2 d~39) [ g~3 d~45]+

= g70 d~18+ g~l d*22+( g~2 d~30+ g~3 d~63+ g~4 d~68)[ g~3 d~45]«

= g~0 d*6+ g~1 d*10+( g~2 d*18+ g~3 d~51+ g~4 d~56) [ g~3 d~45]+«

= g0 d"0+ g~1 d*4+ g*2 d"8+( g~3 d*45+ g~4 d*50+ g~5 d"57)[ g~3 d*45]«

= g~0 d~18+ g~l d*22+ g~2 d*26+( g"3 d*63+ g~4 d*68+ g~5 d~75)[ g~3 d*45]«
= g0 d"10+ g~1 d*14+ g~2 d*18+( g~3 d*55+ g~4 d*60+ g~5 d~67)[ g~3 d 451«
= g”0 d"6+ g~1 d*10+ g2 d~14+( g~3 d"51+ g~4 d~56+ g5 d~63)[ g~3 d~45]«
= g2 d"0+ g~3 d”*26+ g*4 d~30+ g5 d~34+( g*6 d~71+ g~7 d~76+ g~8 d~83)[ g3 d~45]«
= g0 d*6+( gl d*44+ g~2 d*49+ g~3 d*56) [ g~3 d~45]«

( g~0 d”~38+ g~1 d~43+ g2 d~50) [ g~3 d~45]«

= ( g*0 d"33+ g~1 d~38+ g”2 d~45)[ g3 d~45]«

= g”0 d~24+ g*1 d*28+( g*2 d*36+ g3 d*69+ g4 d~74) [ g3 dr45]x

= g~0 d~12+ g*1 d 16+ ( g~2 d*24+ g3 d*57+ g4 dr62) [ g3 dr45]x

= g*0 d"6+ g~1 d*10+ g2 d*14+( g~3 d"51+ g*4 d~56+ g5 d~63)[ g*3 d~45]«
= g0 d”20+ g~l d*24+ g~2 d~28+( g"3 d*65+ g~4 d*70+ g~5 d*77)[ g~3 d~45]1«
= g”0 d*12+ g*1 d*16+ g2 d*20+( g3 d*57+ g~4 d"62+ g~5 d"69) [ g~3 d~45]«
= g0 d"8+ g~1 d"~12+ g2 d"16+( g~3 d"53+ g~4 d~58+ g~5 d~65)[ g~3 d~45]«
= g*1 d"0+ g2 d*2+ g~3 d*28+ g4 d*32+ g”5 d*36+( g6 d*73+ g~7 d~78+ g~8 d”85) [ g”3 d*45]«
= g0 d"8+( gl d*46+ g~2 d~51+ g~3 d~58)[ g~3 d~45]«

= ( g*0 d*40+ g~1 d~45+ g2 d~52) [ g~3 d~45]«

= ( g*0 d"35+ g~1 d~40+ g~2 d~47)[ g~3 d~45]«

= g"0 d"26+ g~1 d*30+( g*2 d*38+ g3 d*71+ g4 d~76) [ g3 dr45]x

= g~0 d"14+ g~1 d~18+( g~2 d*26+ g3 d*59+ g~4 d”64) [ g3 d~45]«

= g0 d*8+ g~1l d"12+ g2 d*16+( g~3 d"53+ g*4 d~58+ g~5 d~65)[ g*3 d~45]«
= g0 d"22+ g~l d*26+ g~2 d*30+( g3 d 67+ g~d d 72+ g~5 dr79) [ g~3 dr45]«
= g0 d*14+ g~1 d*18+ g~2 d*22+( g"3 d*59+ g~4 d*64+ g~5 d~71)[ g~3 d*45]«
= g0 d~10+ g~1 d*14+ g~2 d~18+( g~3 d~55+ g~4 d*60+ g~5 d~67)[ g~3 d~45]«
= g~0 d"0+ gl d*2+ g~2 d*4+ g”3 d*30+ g~4 d~34+ g~5 d~38+( g~6 d~75+ g~7 d~80+ g8 d*87)[ g*
= g0 d~10+( g~1l d~48+ g~2 d~53+ g~3 d~60)[ g3 d~45]«

= ( g*0 d*42+ g~1 d~47+ g2 d~54) [ g~3 d~45]+

= ( g*0 d"37+ g1 d~42+ g»2 d~49) [ g3 d~45]«*

= g0 d~28+ g~l d~32+( g2 d~40+ g~3 d 73+ g~4 dr78) [ g~3 dr45]«

= g0 d*16+ g~l d*20+( g2 d~28+ g~3 d*61+ g~4 d"66)[ g~3 d~45]«

= g”0 d*10+ g~1 d*14+ g~2 d*18+( g"3 d*55+ g~4 d*60+ g~5 d"67)[ g~3 d*45]«
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~
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[
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~

10,0] = g~0 d~0+ g1 d~26+ g~2 d*30+ g~3 d~34+( g4 d*71+ g~5 d*76+ g~6 d*83)[ g~3 d 45]«
10,1] = g~1 d~18+ g~2 d~22+ g*3 d 26+ ( g*4 d*63+ g5 d*68+ g~6 d~75) [ g~3 d~45]=

10,2] = g~1 d~14+ g~2 d~18+ g3 d*22+( g*4 d*59+ g~5 d*64+ g~6 d~71) [ g~3 d~45]=

10,3] = g~l1 d*4+ g2 d~6+ g~3 d*8+ g4 d~34+ g~5 d*38+ g~6 d*42+( g7 d 79+ g~8 d*84+ g~9 d"91)[ g
10,4] = g~1 d*14+( g2 d~52+ g~3 d*57+ g~4 d~64) [ g~3 d~45]«

10,5] = ( g*1 d~46+ g2 d~51+ g~3 d*58) [ g~3 d~45]«

10,6] = ( g*l d*41+ g*2 d~46+ g~3 d*53)[ g3 d~45]x

10,71 = g~1 d*32+ g~2 d*36+( g3 d*44+ g~4 d*77+ g~5 d*82)[ g~3 d*45]«

10,8] = g*1 d*20+ g~2 d*24+( g”3 d*32+ g~4 d*65+ g~5 d*70) [ g~3 d*45]«
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[10,9] = g~1 d~14+ g~2 d~18+ g~3 d*22+( g4 d*59+ g~5 d~64+ g~6 d~71) [ g~3 d~45]«
[11,0] = g~0 d~0+ gl d*2+ g~2 d~28+ g3 d*32+ g~4 d"36+( g5 d*73+ g~6 d~78+ g~7 d~85)[ g3 ¢
[11,1] = g~2 d*20+ g~3 d"24+ g4 d"28+( g~5 d"65+ g*6 d~70+ g~7 d~77) [ g*3 d~45]«
[11,2] = g~2 d*16+ g~3 d*20+ g*4 d~24+( g~5 d"61+ g~6 d"~66+ g~7 d~73)[ g~3 d~45]«
[11,3] = g~2 d"6+ g3 d"8+ g~4 d~10+ g5 d*36+ g6 d 40+ g~7 d~44+( g~8 d~81+ g~9 d*86+ g 10 ¢
[11,4] = g~2 d*16+( g3 d~54+ g~4 d*59+ g~5 d*66) [ g~3 d*45]«

[11,5] = ( g2 d~48+ g~3 d*53+ g~4 d~60)[ g~3 d*45]«

[11,6] = ( g2 d~43+ g~3 d*48+ g~4 d~55)[ g~3 d~45]«

[11,7] = g~2 d~34+ g3 d*38+( g™4 d*46+ g5 d*79+ g~6 d~84) [ g~3 d~45]«

[11,8] = g~2 d*22+ g~3 d"26+( g~4 d*34+ g~5 d"67+ g~6 d~72) [ g~3 d 45]«

[11,9] = g~2 d*16+ g~3 d"20+ g4 d~24+( g~5 d*61+ g*6 d~66+ g~7 d~73)[ g~3 d~45]«
[12,0] = g~1 d*17+ g~2 d*21+ g3 d"25+( g~4 d"62+ g~5 d~67+ g~6 d~74) [ g~3 d~45]+
[12,1] = g~1 d"9+ g2 d*13+ g~3 d~17+( g~4 d~54+ g~5 d"59+ g~6 d~66) [ g~3 d 45]+
[12,2] = g~1 d*5+ g2 d~9+ g~3 d*13+( g4 d*50+ g~5 d*55+ g~6 d~62)[ g~3 d~45]«
[12,3] = g~4 d~25+ g~5 d*29+ g6 d*33+( g~7 d*70+ g~8 d~75+ g~9 d~82) [ g 3 d~45]«
[12,4] = g~0 d~0+ gl d*5+( g~2 d~43+ g~3 d~48+ g4 d~55)[ g3 d*45]«

[12,5] = ( g*l d"37+ g~2 d~42+ g~3 d*49) [ g~3 d~45]+«

[12,6] = ( g*1 d”32+ g~2 d*37+ g~3 d*44)[ g~3 d*45]«

[12,7] = g*1 d*23+ g*2 d*27+( g*3 d*35+ g4 d*68+ g~5 d*73) [ g~3 d"45]x

[12,8] = g~1 d*11+ g”2 d*15+( g~3 d*23+ g~4 d*56+ g~5 d"61)[ g~3 d*45]«

[12,9] = g~1 d*5+ g2 d~9+ g~3 d*13+( g4 d*50+ g~5 d*55+ g~6 d"62)[ g~3 d*45]«
[13,0] = g~2 d*19+ g~3 d*23+ g4 d"27+( g~5 d*64+ g~6 d"69+ g~7 d~76) [ g*3 d~45]«
[13,1] = g~2 d*11+ g3 d*15+ g4 d*19+( g5 d*56+ g~6 d~61+ g~7 d~68) [ g~3 d~45]«
[13,2] = g*2 d"7+ g3 d*11+ g~4 d~15+( g~5 d"52+ g~6 d"57+ g*7 d"64)[ g*3 d*45]«
[13,3] = g~5 d*27+ g~6 d*31+ g~7 d"35+( g~8 d*72+ g~9 d~77+ g~10 d~84)[ g~3 d~45]«
[13,4] = g~0 d*0+ g1 d"2+ g~2 d*7+( g*3 d*45+ g~4 d~50+ g~5 d*57) [ g3 d~45]«
[13,5] = g~1 d"0+( g~2 d*39+ g3 d*44+ g~4 d~51)[ g~3 d~45]=

[13,6] = ( g*2 d”34+ g~3 d*39+ g~4 d*46)[ g~3 d*45]«

[13,7] = g*2 d*25+ g*3 d*29+( g*4 d*37+ g5 d*70+ g~6 d*75) [ g~3 d"45]x

[13,8] = g~2 d*13+ g~3 d*17+( g*4 d*25+ g5 d~58+ g~6 d~63) [ g~3 d~45]«

[13,9] = g~2 d*7+ g3 d~11+ g4 d*15+( g5 d~52+ g~6 d*57+ g~7 d~64)[ g~3 d*45]«
[14,0] = g~2 d*23+ g~3 d*27+ g*4 d"31+( g~5 d*68+ g~6 d~73+ g~7 d~80) [ g3 d~45]«
[14,1] = g~2 d*15+ g~3 d*19+ g4 d"23+( g5 d*60+ g~6 d~65+ g~7 d~72) [ g~3 d~45]«
[14,2] = g*2 d*11+ g~3 d*15+ g*4 d"19+( g~5 d"56+ g~6 d"~61+ g~7 d~68) [ g*3 d~45]«
[14,3] = g~5 d*31+ g~6 d"35+ g~7 d"39+( g~8 d*76+ g~9 d~81+ g~10 d"88)[ g~3 d~45]«
[14,4] = g~0 d*4+ g~1 d"6+ g~2 d*11+( g~3 d 49+ g~4 d 54+ g~5 d~61)[ g~3 d~45]«
[14,5] = g~0 d~0+ g1 d~5+( g2 d*43+ g~3 d~48+ g~4 d~55)[ g~3 d~45]«

[14,6] = g~1 d*0+( g~2 d"38+ g~3 d~43+ g4 d~50) [ g~3 d~45]+

[14,7] = g~2 d*29+ g~3 d”33+( g~4 d*41+ g~5 d*74+ g~6 d~79) [ g~3 d 45]«

[14,8] = g~2 d*17+ g~3 d*21+( g™4 d*29+ g5 d*62+ g~6 d~67) [ g~3 d~45]«

[14,9] = g~2 d*11+ g~3 d*15+ g*4 d~19+( g~5 d"56+ g~6 d~61+ g~7 d~68)[ g~3 d~45]+
[15,0] = g~3 d*25+ g~4 d*30+ g5 d~35+( g~6 d*70+ g~7 d~75+ g~8 d~82) [ g~3 d~45]+
[15,1] = g~3 d*17+ g~4 d*22+ g5 d"27+( g~6 d*62+ g~7 d~67+ g8 d~74) [ g~3 d~45]+
[15,2] = g~3 d*13+ g~4 d*18+ g5 d"23+( g~6 d"58+ g~7 d"63+ g8 d~70) [ g3 d~45]«
[15,3] = g~6 d~33+ g~7 d*38+ g~8 d~43+( g~9 d*78+ g~10 d~83+ g~11 d~90) [ g3 d~45]«
[15,4] = g~1 d"6+ g2 d*11+ g~3 d~16+( g~4 d~51+ g~5 d"56+ g~6 d*63)[ g~3 d 45]+
[15,5] = g~0 d~0+ g~1 d"5+ g~2 d~10+( g~3 d*45+ g~4 d*50+ g~5 d~57)[ g~3 d~45]«
[15,6] = g~1 d*0+ g2 d~5+( g~3 d*40+ g~4 d~45+ g~5 d~52)[ g~3 d~45]«

[15,7] = ( g3 d"31+ g~4 d~36+ g~5 d*43)[ g~3 d*45]«

[15,8] = ( g3 d~19+ g~4 d~24+ g5 d*31)[ g~3 d~45]«

[15,9] = g~3 d*13+ g~4 d*18+ g5 d"23+( g~6 d*58+ g~7 d"63+ g8 d~70) [ g3 d~45]«
[16,0] = g~3 d*30+ g~4 d~35+ g~5 d~40+( g~6 d~75+ g~7 d~80+ g~8 d~87) [ g~3 d~45]+
[16,1] = g~3 d*22+ g*4 d*27+ g”5 d*32+( g6 d*67+ g~7 d~72+ g~8 d~79) [ g~3 d~45]«
[16,2] = g~3 d~18+ g*4 d*23+ g5 d"28+( g6 d*63+ g~7 d~68+ g~8 d~75) [ g~3 d~45]«
[16,3] = g~6 d*38+ g~7 d*43+ g8 d~48+( g~9 d"83+ g~10 d*88+ g~1l d*95) [ g~3 d~45]x
[16,4] = g~1 d*11+ g2 d*16+ g3 d*21+( g4 d*56+ g~5 d~61+ g~6 d~68) [ g~3 d~45]«
[16,5] = g~0 d*5+ g*1 d~10+ g~2 d*15+( g3 d*50+ g~4 d*55+ g~5 d~62)[ g~3 d*45]«
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[16,6] = g~0 d*0+ g~1 d~5+ g~2 d*10+( g~3 d*45+ g~4 d*50+ g~5 d~57)[ g~3 d~45]«
[16,7] = g~2 d"0+( g~3 d*36+ g4 d 41+ g~5 d~48) [ g~3 d~45]=

[16,8] = ( g~3 d*24+ g~4 d*29+ g~5 d~36) [ g~3 d~45]«

[16,9] = g~3 d*18+ g~4 d"23+ g5 d~28+( g*6 d"63+ g~7 d"68+ g8 d~75) [ g3 d~45]«
[17,0] = g~3 d*37+ g~4 d*42+ g5 d~47+( g~6 d*82+ g~7 d~87+ g8 d~94) [ g~3 d~45]«
[17,1] = g~3 d*29+ g~4 d~34+ g5 d~39+( g*6 d~74+ g~7 d*~79+ g8 d~86) [ g3 d~45]«
[17,2] = g~3 d*25+ g~4 d*30+ g5 d"35+( g~6 d*70+ g~7 d~75+ g8 d~82) [ g~3 d~45]«
[17,3]1 = g~6 d*45+ g~7 d"~50+ g*8 d"55+( g*9 d*90+ g~10 d*95+ g~11l d~102)[ g~3 d"45]1x*
[17,4] = g~1 d~18+ g2 d*23+ g~3 d"28+( g4 d*63+ g~5 d~68+ g~6 d~75) [ g~3 d~45]«
[17,5] = g~0 d*12+ g~1 d~17+ g2 d~22+( g*3 d"57+ g~4 d~62+ g5 d~69) [ g3 d~45]«
[17,6] = g”0 d*7+ g~1 d"12+ g”*2 d"17+( g”3 d*52+ g”4 d*57+ g”5 d"64)[ g~3 d"45]~
[17,7] = g~1 d~0+ g2 d*7+( g3 d~43+ g~4 d~48+ g~5 d~55)[ g~3 d~45]«

[17,8] = ( g”3 d"31+ g™4 d"36+ g*5 d"43)[ g~3 d"45]+«

[17,9] = g~3 d*25+ g~4 d~30+ g5 d"35+( g*6 d~70+ g~7 d~75+ g8 d~82) [ g3 d~45]«
[18,0] = ( g”3 d"39+ g”4 d"44+ g”~5 d"51)[ g*3 d"45]+«

[18,1] = ( g~3 d"31+ g~4 d~36+ g~5 d*43)[ g~3 d*45]«

[18,2] = ( g~3 d*27+ g~4 d~32+ g5 d*39) [ g~3 d~45]+«

[18,3] = ( g6 d*47+ g~7 d*52+ g~8 d”59)[ g*3 d"45]«

[18,4] = ( g~1 d~20+ g~2 d~25+ g~3 d~32)[ g~3 d~45]«

[18,5] = ( g”0 d”14+ g~1 d"~19+ g*2 d"26) [ g~3 d"45]«

[18,6] = ( g~0 d~9+ g~1 d*14+ g2 d~21)[ g~3 d~45]«

[18,7] = g~0 d~0+ g1 d*2+( g~2 d*12+ g~3 d~45+ g~4 d~50) [ g~3 d~45]+«

[18,8] = ( g2 d~0+ g~3 d”33+ g~4 d~38)[ g~3 d~45]«

[18,9] = ( g"3 d"27+ g™4 d"32+ g~5 d”39)[ g*3 d"45]«

[19,0] = ( g~3 d*49+ g~4 d*54+ g5 d*61)[ g*3 d*45]«

[19,1] = ( g~3 d~41+ g~4 d~46+ g~5 d~53) [ g~3 d 45]+

[19,2] = ( g~3 d"37+ g™4 d~42+ g5 d*49) [ g*3 d*45]«

[19,3]1 = ( g6 d*"57+ g~7 d*62+ g~8 d"69)[ g~3 d"45]«

[19,4] = ( gl d*30+ g~2 d*35+ g3 d*42) [ g3 d*45]«

[19,5] = ( g0 d"24+ g~1 d"29+ g”*2 d"36) [ g~3 d"45]~

[19,6] = ( g~0 d~19+ g~1l d*24+ g2 d*31)[ g3 d*45]«

[19,7] = g~0 d*10+ g~1 d*12+( g~2 d*22+ g~3 d”55+ g~4 d~60) [ g~3 d~45]«

[19,8] = g~1 d"0+( g~2 d*10+ g3 d*43+ g~4 d~48) [ g~3 d~45]=

[19,9] = ( g3 d"37+ g™4 d"42+ g”*5 d"49)[ g~3 d"45]«

[20,0] = g~2 d*12+( g~3 d*51+ g*4 d*56+ g5 d*63) [ g3 d 45]«

[20,1] = g*2 d*4+( g~3 d*43+ g~4 d~48+ g~5 d~55)[ g~3 d~45]+

[20,2] = g~2 d~0+( g~3 d"39+ g~4 d~44+ g~5 d~51)[ g~3 d~45]«

[20,3] = g~5 d*20+( g6 d~59+ g~7 d*64+ g~8 d~71)[ g~3 d*45]«

[20,4] = ( gl d*32+ g~2 d~37+ g3 d*44)[ g3 d*45]«

[20,5] = ( g0 d"26+ g~1 d"31+ g~2 d"38)[ g~3 d"45]«

[20,6] = ( g~0 d"21+ g~l d"26+ g~2 d*33)[ g*3 d*45]«

[20,7] = g~0 d*12+ g~1 d*14+( g~2 d*24+ g~3 d*57+ g~4 d~62) [ g~3 d~45]«

[20,8] = g~0 d~0+ g1 d*2+( g2 d~12+ g~3 d~45+ g~4 d~50) [ g~3 d~45]«

[20,9] = g~2 d*0+( g~3 d*39+ g~4 d~44+ g5 d~51) [ g~3 d~45]+

[21,0] = g~1 d*12+ g~2 d*16+( g~3 d*55+ g~4 d~60+ g~5 d~67)[ g~3 d 45]«

[21,1] = g~1 d*4+ g*2 d"8+( g~3 d*47+ g~4 d~52+ g~5 d~59) [ g~3 d~45]«

[21,2] = g~1 d*0+ g2 d~4+( g3 d~43+ g~4 d~48+ g~5 d~55)[ g~3 d*45]«

[21,3] = g~4 d*20+ g~5 d"24+( g~6 d*63+ g~7 d"68+ g~8 d~75)[ g~3 d~45]«

[21,4] = ( gl d"36+ g~2 d~41+ g~3 d~48) [ g3 d*45]«

[21,5] = ( g”0 d"30+ g”1 d"35+ g*2 d"42)[ g~3 d"45]+«

[21,6] = ( g~0 d”25+ g~1 d~30+ g~2 d*37)[ g~3 d~45]+

[21,7] = g~0 d*16+ g~1 d*18+( g~2 d*28+ g~3 d”~61+ g~4 d~66) [ g 3 d 45]«

[21,8] = g~0 d*4+ g~1 d~6+( g2 d~16+ g~3 d*49+ g~4 d~54) [ g~3 d*45]«

[21,9] = g~1 d~0+ g*2 d~4+( g~3 d*43+ g~4 d~48+ g~5 d~55)[ g~3 d~45]«
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Feedback controller M:
M =
[0,0] = g~0 d"2+ g~1l d*4+ g~2 d*30+ g~3 d~34+ g~4 d~38+( g~5 d~75+ g~6 d~80+ g~7 d~87)[ g3 d~
[0,1] = g~1 d~0+ g~2 d"26+ g~3 d~30+ g*4 d~34+( g~5 d*71+ g*6 d*76+ g~7 d~83) [ g3 d 45]«
[0,2] = g2 d*24+ g"3 d*28+ g~4 d"32+( g~5 d"69+ g~6 d~74+ g~7 d*81)[ g~3 d*45]«
[0,3] = g2 d~0+ g~3 d"24+ g~4 d~28+ g5 d*32+( g*6 d~69+ g~7 d 74+ g~8 d~81)[ g~3 d 45]«
[0,4] = g2 d"22+ g3 d~26+ g4 d*30+( g5 d~67+ g~6 d*72+ g~7 d~79) [ g~3 d*45]«
[0,5] = g2 d*20+ g3 d*24+ g~4 d~28+( g~5 d"65+ g~6 d~70+ g~7 d*77) [ g~3 d~45]+«
[0,6] = g2 d*18+ g"3 d*22+ g~4 d"26+( g~5 d"63+ g~6 d~68+ g~7 d*75) [ g~3 d*45]+«
[0,7] = g2 d*12+ g*3 d*16+ g~4 d~20+ g~5 d~46+( g~6 d"62+ g~7 d 69+ g8 d~95) [ g3 d 45]«
[0,8] = g2 d*10+ g3 d*12+ g~4 d~18+ g~5 d~42+ g~6 d 46+ ( g~7 d 67+ g~8 d*88+ g~9 d~95) [ g~3
[0,9] = g2 d*8+ g~3 d~10+ g~4 d~12+ g5 d*38+ g~6 d 42+ g~7 d~46+( g~8 d~83+ g~9 d~88+ g~10 ¢
[0,10] = g~1 d*4+ g2 d"6+ g~3 d*8+ g4 d~34+ g~5 d*38+ g~6 d 42+ ( g~7 d*79+ g~8 d~ 84+ g 9 d~¢
[0,11] = g~0 d*2+ gl d*4+ g~2 d*6+ g~3 d~32+ g~4 d~36+ g~5 d 40+ ( g~6 d~77+ g~7 d*82+ g~8 d~8
[0,12] = g~2 d*17+ g~3 d*21+( g*4 d*58+ g5 d*63+ g~6 d~70) [ g~3 d~45]«
[0,13] = g~2 d~18+( g~3 d"56+ g~4 d*61+ g5 d*68) [ g3 d 45]«
[0,14] = g~2 d~14+( g~3 d~52+ g*4 d~57+ g5 d~64)[ g3 d 45]+
[0,15] = ( g2 d"50+ g~3 d"55+ g~4 d~62) [ g~3 d~45]+«
[0,16] = ( g2 d~45+ g~3 d~50+ g~4 d*57) [ g~3 d~45]+«
[0,17] = ( g2 d”38+ g~3 d~43+ g~4 d~50) [ g~3 d~45]+«
[0,18] = g~2 d*36+ g~3 d*40+( g4 d*48+ g~5 d*81+ g~6 d~86)[ g~3 d~45]+«
[0,19] = g~2 d"26+ g~3 d*30+( g~4 d*38+ g~5 d*71+ g~6 d~76) [ g~3 d~45]x
[0,20] = g~2 d~24+ g3 d*28+( g*4 d*36+ g5 d*69+ g~6 d~74) [ g~3 d~45]«
[0,21] = g~2 d~20+ g~3 d*24+( g*4 d*32+ g"5 d*65+ g~6 d~70) [ g~3 d~45]x
[1,0] = g~0 d"10+ g1 d”~36+ g~2 d~40+ g~3 d*44+( g~4 d*81l+ g~5 d"86+ g6 d~93)[ g3 d~45]«
[1,1] = g~0 d*6+ g~l d"32+ g~2 d"36+ g~3 d*40+( g~4 d*77+ g5 d*82+ g~6 d~89) [ g~3 d 45]=
[1,2] = g~0 d*4+ g~1 d~30+ g~2 d~34+ g3 d*38+( g*4 d~75+ g5 d~80+ g~6 d~87)[ g~3 d 45]«
[1,3] = g0 d"2+ g~1l d"6+ g~2 d*30+ g3 d~34+ g~4d d~38+( g~5 d 75+ g~6 d~80+ g~7 d~87)[ g3 d~
[1,4] = g~0 d*2+ g~l d~28+ g~2 d"32+ g3 d*36+( g*4 d~73+ g5 d*78+ g~6 d~85)[ g~3 d 45]«
[1,5] = g~0 d~0+ g~l d*26+ g~2 d~30+ g~3 d~34+( g~4 d*71+ g~5 d"76+ g~6 d~83) [ g~3 d~45]«
[1,6] = g~1 d~24+ g2 d~28+ g~3 d~32+( g~4 d~69+ g~5 d*74+ g~6 d~81)[ g~3 d 45]«
[1,7] = g1 d*18+ g"2 d"22+ g~3 d"26+ g~4 d~52+( g~5 d"68+ g~6 d*75+ g~7 d~101)[ g3 d*45]«
[1,8] = g1 d 16+ g2 d*18+ g~3 d~24+ g~4 d~48+ g5 d~52+( g*6 d*73+ g7 d*94+ g~8 d~101) [ g~3
[1,9] = g1 d*12+ g~2 d*16+ g~3 d~18+ g~4 d~44+ g5 d~48+ g~6 d~52+( g7 d*89+ g~8 d~94+ g 9 ¢
[1,10] = g~0 d~8+ gl d*12+ g~2 d~14+ g~3 d~40+ g4 d~44+ g~5 d~48+( g6 d~85+ g~7 d"90+ g 8 ¢
[1,11] = g~0 d~10+ g~1 d*12+ g~2 d~38+ g~3 d~42+ g~4 d~46+( g~5 d~83+ g~6 d 88+ g~7 d~95) [ g~3
[1,12] = g~1 d*23+ g~2 d*27+( g~3 d*64+ g~4 d*69+ g~5 d~76) [ g~3 d~45]«
[1,13] = g~1 d~24+( g~2 d"62+ g~3 d*67+ g4 d~74) [ g3 d 45]+
[1,14] = g~1 d*20+( g*2 d”58+ g~3 d~63+ g~4 d~70) [ g~3 d 45]«
[1,15] = ( g*l d"56+ g~2 d"61+ g~3 d*68) [ g~3 d*45]«
[1,16] = ( g*1 d*51+ g~2 d*56+ g~3 d~63)[ g~3 d~45]«
[1,17] = ( g*1 d~44+ g~2 d*49+ g~3 d~56) [ g~3 d~45]«
[1,18] = g~1 d*42+ g~2 d*46+( g~3 d*54+ g~4 d*87+ g~5 d~92)[ g~3 d~45]«
[1,19] = g~1 d*32+ g~2 d"36+( g~3 d*44+ g~4 d*77+ g~5 d~82)[ g~3 d*45]«
[1,20] = g~1 d*30+ g~2 d"34+( g~3 d*42+ g~4 d*75+ g~5 d~80) [ g~3 d~45]«
[1,21] = g~1 d*26+ g~2 d*30+( g~3 d*38+ g~4 d*71+ g~5 d*76)[ g~3 d~45]«
[2,0] = g~0 d*16+ gl d*20+( g2 d*57+ g~3 d~62+ g~4 d~69) [ g~3 d~45]«
[2,1] = g~0 d*12+ g1 d*16+( g2 d*53+ g~3 d~58+ g~4 d~65)[ g~3 d~45]«
[2,2] = g~0 d*10+ g*l d*14+( g2 d*51+ g~3 d"56+ g~4 d~63)[ g~3 d~45]«
[2,3] = g~0 d"6+ g~l d*10+ g~2 d*14+( g~3 d~51+ g~4 d 56+ g~5 d*63) [ g~3 d~45]«
[2,4] = g0 d*8+ g~1l d~12+( g~2 d~49+ g~3 d~54+ g4 d~61)[ g*3 d 45]+
[2,5] = g~0 d~6+ g~l d*10+( g2 d 47+ g~3 d~52+ g~4 d~59) [ g~3 d~45]+«
[2,6] = g~0 d*4+ g~1 d~8+( g~2 d~45+ g3 d~50+ g4 d~57) [ g3 d 45]«

[2,7] = g1 d*2+ g~2 d*28+( g~3 d~44+ g™4 d*51+ g5 d*77) [ g*3 d*45]«
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[2,8] = g1 d~0+ g~2 d~24+ g~3 d~28+( g~4 d~49+ g5 d~70+ g~6 d~77) [ g~3 d~45]=
[2,9] = g2 d*20+ g”3 d~24+ g~4 d*28+( g5 d~65+ g~6 d*70+ g~7 d*77)[ g~3 d~45]«
[2,10] = g*1 d*16+ g2 d*20+ g~3 d*24+( g*4 d"61+ g*5 d~66+ g~6 d*73) [ g~3 d 45]+
[2,11] = g~0 d*14+ g~1 d~18+ g2 d~22+( g*3 d"59+ g~4 d~64+ g5 d~71) [ g3 d~45]«
[2,12] = g~0 d"3+( g~1 d*40+ g2 d*45+ g~3 d~52) [ g~3 d~45]=

[2,13] = ( g0 d"38+ g~l d~43+ g2 d*50) [ g~3 d*45]«

[2,14] = ( g~0 d*34+ g~1 d*39+ g~2 d"~46)[ g~3 d*45]«

[2,15] = ( g0 d*37+ g~l d~44+ g~2 d*77)[ g*3 d*45]«

[2,16] = ( g~0 d*32+ g~1 d*39+ g~2 d~72)[ g~3 d*45]«

[2,17] = ( g~0 d~25+ g~1 d*32+ g~2 d”65)[ g~3 d~45]«

[2,18] = g~0 d~22+( g~1 d~30+ g*2 d~63+ g3 d"68)[ g3 d 45]+

[2,19] = g~0 d*12+( g1 d*20+ g~2 d~53+ g~3 d~58)[ g~3 d~45]«

[2,20] = g~0 d~10+( g~1 d~18+ g~2 d~51+ g~3 d"56) [ g~3 d 45]+*

[2,21] = g~0 d*6+( g~l d*14+ g~2 d~47+ g3 d~52) [ g~3 d~45]+

[3,0] g0 dr26+ g~1l d~30+( g~2 d 67+ g~3 drT72+ gr4 drT79) [ gn3 dr45]«

[3,1] = g~0 d*22+ g1 d*26+( g2 d*63+ g~3 d"~68+ g~4 d~75)[ g~3 d~45]«

[3,2] = g~0 d*20+ g1 d*24+( g*2 d"61+ g3 d~66+ g4 d*73)[ g3 d~45]x

[3,3] = g~0 d"16+ g~1 d"20+ g"2 d*24+( g3 d"61+ g~4 d*66+ g~5 d~73)[ g~3 d*45]«
[3,4] = g~0 d~18+ g1 d"22+( g*2 d~59+ g~3 d~64+ g~4 d*71)[ g3 d~45]x

[3,5] = g~0 d*16+ g~1 d”20+( g*2 d"57+ g3 d"62+ g4 d*69) [ g3 d~45]x

[3,6] = g~0 d*14+ gl d*18+( g2 d*55+ g~3 d"60+ g~4 d~67)[ g~3 d~45]«

[3,7] = g0 d"8+ g~l d*12+ g~2 d*38+( g~3 d*54+ g~4 d*61+ g~5 d"87)[ g~3 d*45]«
[3,8] = g~0 d~4+ g~1 d*10+ g~2 d~34+ g3 d~38+( g~4 d"59+ g~5 d~80+ g6 d~87)[ g~3 d~45]«
[3,9] = g~0 d"2+ g~l d*4+ g2 d~30+ g~3 d*34+ g~4 d~38+( g~5 d 75+ g~6 d~80+ g~7 d~87)[ g~3 d 45]«
[3,10] = g~0 d~0+ g1 d*26+ g~2 d~30+ g~3 d~34+( g4 d*71+ g~5 d*76+ g~6 d"83)[ g~3 d*45]«
[3,11] = g~0 d*24+ g~1 d"28+ g2 d~32+( g~3 d"69+ g*4 d~74+ g5 d*81) [ g3 d~45]«
[3,12] = g~0 d*13+( g~1 d*50+ g2 d~55+ g~3 d*62)[ g3 dr45]«

[3,13] = ( g~0 d~48+ g~1 d*53+ g~2 d~60)[ g~3 d*45]«

[3,14] = ( g~0 d~44+ g~1 d*49+ g~2 d”56) [ g~3 d~45]«

[3,15] = ( g~0 d*47+ g~1 d*54+ g~2 d~87)[ g~3 d*45]«

[3,16] = ( g~0 d~42+ g~1 d*49+ g~2 d”82)[ g~3 d~45]«

[3,17] = ( g0 d~35+ g~1l d~42+ g~2 d~75) [ g~3 d~45]«

[3,18] = g~0 d~32+( g~1 d~40+ g~2 d~73+ g~3 d*78) [ g~3 d 45]«

[3,19] = g~0 d~22+( g~1 d~30+ g~2 d~63+ g3 d"68) [ g3 d 45]+

[3,20] = g~0 d*20+( g~1 d*28+ g2 d*61+ g3 d"66) [ g3 d 45]«

[3,21] = g~0 d*16+( g~1l d~24+ g2 d*57+ g~3 d"62)[ g3 d*45]«

[4,0] g~l dr19+ g~2 dr23+ g3 d"27+( g~4 dr64+ gt5 dr69+ gt6 d~T76) [ gt3 drA5]«
[4,1] = g*1 d~15+ g2 d~19+ g~3 d*23+( g4 d~60+ g~5 d*65+ g~6 d~72) [ g~3 d*45]«
[4,2] = g~1 d*13+ g2 d~17+ g~3 d*21+( g4 d~58+ g~5 d*63+ g~6 d~70)[ g~3 d~45]«
[4,3] = g2 d*13+ g3 d*17+ g~4 d*21+( g5 d*58+ g~6 d*63+ g~7 d~70)[ g~3 d*45]«
[4,4] = g~1 d*11+ g”2 d~15+ g~3 d*19+( g4 d~56+ g~5 d*61+ g~6 d~68)[ g~3 d~45]«
[4,5] = g*1 d*9+ g"2 d*13+ g~3 d*17+( g*4 d~54+ g*5 d~59+ g6 d*66) [ g3 d 45]+
[4,6] = g~1 d*7+ g~2 d*11+ g~3 d*15+( g~4 d*52+ g~5 d*57+ g~6 d~64)[ g~3 d 45]«
[4,7] = g2 d*5+ g~3 d*9+ g4 d”35+( g*5 d"51+ g6 d~58+ g~7 d~84)[ g3 d~45]«
[4,8] = g3 d*7+ g~4 d*31+ g~5 d"35+( g~6 d*56+ g~7 d*77+ g~8 d~84)[ g~3 d 45]«
[4,9] = g4 d"27+ g»5 d~31+ g~6 d~35+( g~7 d~72+ g~8 d*77+ g~9 d~84)[ g~3 d*45]«
[4,10] = g~3 d*23+ g~4 d"27+ g5 d"31+( g*6 d"68+ g~7 d~73+ g8 d~80) [ g3 d~45]«
[4,11] = g*2 d*21+ g3 d*25+ g4 d*29+( g5 d*66+ g~6 d~71+ g~7 d~78) [ g~3 d~45]«
[4,12] = g~0 d*2+ g~1 d"6+ g~2 d*10+( g~3 d*47+ g~4 d*52+ g~5 d~59) [ g~3 d~45]«
[4,13] = g~0 d*2+ g1 d*7+( g~2 d*45+ g~3 d~50+ g~4 d~57)[ g~3 d~45]«

[4,14] = g~1 d*3+( g~2 d*41+ g~3 d~46+ g4 d~53) [ g~3 d~45]+

[

[

[

[

[

[

]
]
]
]
]
4,15] = g*0 d*1+( g”1 d"39+ g"2 d"44+ g3 d~51)[ g3 d"45]«
]
]
]
]
]

4,16] = ( g™l d*34+ g~2 d*39+ g3 d*46) [ g~3 d~45]«
4,17] = ( g*1 d*27+ g*2 d~32+ g~3 d*39)[ g3 d~45]x
4,18] = g*1 d*25+ g~2 d*29+( g”3 d*37+ g~4 d*70+ g~5 d*75)[ g~3 d*45]«
4,19] = g~1 d*15+ g~2 d*19+( g~3 d*27+ g~4 d*60+ g~5 d*65)[ g~3 d*45]«
4,20] = g*1 d*13+ g~2 d*17+( g”3 d*25+ g~4 d*58+ g~5 d*63)[ g~3 d*45]«
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[4,21] = g~1 d*9+ g2 d*13+( g3 d*21+ g~4 d"54+ g~5 d~59) [ g~3 d~45]«
[5,0] = g2 d"25+ g3 d~30+ g4 d*35+( g5 d~70+ g~6 d*75+ g~7 d~82)[ g~3 d*45]«
[5,1] = g2 d"21+ g3 d*26+ g4 d*31+( g5 d"66+ g6 d*71+ g~7 d~78) [ g~3 d*45]«
[5,2] = g*2 d*19+ g3 d~24+ g4 d*29+( g5 d"64+ g~6 d*69+ g~7 d~76)[ g~3 d*45]«
[5,3] = g3 d*19+ g4 d*24+ g~5 d"29+( g~6 d~64+ g~7 d"69+ g~8 d*76) [ g~3 d*45]+«
[5,4] = g2 d*~17+ g3 d~22+ g4 d*27+( g5 d~62+ g~6 d*67+ g~7 d~74)[ g~3 d*45]«
[5,5] = g2 d*15+ g3 d~20+ g4 d*25+( g5 d"60+ g~6 d*65+ g~7 d~72) [ g~3 d*45]«
[5,6] = g*2 d~13+ g3 d~18+ g~4 d*23+( g5 d~58+ g~6 d*63+ g~7 d~70)[ g~3 d*45]«
[5,7] = g3 d*12+ g4 d*17+ g~5 d*43+( g~6 d"57+ g~7 d"64+ g*8 d~90) [ g*3 d*45]«
[5,8] = g*4 d~15+ g5 d~38+ g~6 d*43+( g~7 d~62+ g~8 d*83+ g~9 d~90)[ g~3 d 45]«
[5,9] = g5 d*33+ g6 d*38+ g~7 d~43+( g~8 d~78+ g~9 d~83+ g~10 d~90) [ g~3 d~45]«
[5,10] = g~4 d*29+ g~5 d"34+ g~6 d~39+( g~7 d*74+ g~8 d~79+ g9 d~86) [ g~3 d~45]+
[5,11] = g~3 d*27+ g*4 d~32+ g*5 d*37+( g6 d*72+ g~7 d~77+ g~8 d~84) [ g~3 d~45]«
[5,12] = g~1 d*8+ g2 d~13+ g~3 d*18+( g4 d~53+ g~5 d*58+ g~6 d~65) [ g~3 d*45]«
[5,13] = g~0 d*6+ g*1 d*11+ g~2 d*16+( g3 d*51+ g~4 d*56+ g~5 d*63)[ g~3 d*45]«
[5,14] = g~0 d*2+ g~1 d*7+ g~2 d*12+( g~3 d 47+ g~4 d*52+ g~5 d~59) [ g~3 d~45]«
[5,15] = g~0 d"5+ g*1 d*10+( g2 d*45+ g~3 d*~50+ g~4 d~57) [ g~3 d~45]«

[5,16] = g~0 d~0+ g1 d*5+( g~2 d~40+ g~3 d~45+ g~4 d~52)[ g3 d*45]«

[5,17] = ( g2 d"33+ g~3 d*38+ g*4 d*45)[ g*3 d*45]«

[5,18] = ( g2 d”31+ g~3 d*36+ g~4 d*43)[ g~3 d*45]«

[5,19] = ( g2 d"21+ g~3 d"26+ g*4 d*33)[ g*3 d*45]«

[5,20] = ( g2 d*19+ g~3 d"24+ g*4 d*31)[ g*3 d*45]«

[5,21] = ( g2 d*15+ g~3 d*20+ g*4 d*27)[ g*3 d*45]«

[6,0] = g*2 d~30+ g3 d~35+ g4 d*40+( g5 d~75+ g~6 d~80+ g~7 d~87)[ g~3 d*45]«
[6,1] = g2 d*26+ g3 d*31+ g~4 d"36+( g~5 d*71+ g~6 d~76+ g~7 d*83)[ g~3 d 45]+«
[6,2] = g*2 d"24+ g3 d"29+ g"4 d*34+( g5 d"69+ g"6 d*74+ g~7 d*81)[ g~3 d*45]«
[6,3] = g3 d*24+ g4 d*29+ g"5 d~34+( g~6 d~69+ g~7 d~74+ g~8 d~81)[ g3 d~45]+
[6,4] = g2 d*22+ g3 d*27+ g4 d*32+( g5 d"67+ g~6 d*72+ g~7 d*79) [ g~3 d*45]«
[6,5] = g*2 d"20+ g3 d~25+ g4 d*30+( g5 d"65+ g~6 d*70+ g~7 d~77)[ g~3 d*45]«
[6,6] = g*2 d*18+ g3 d”23+ g4 d*28+( g5 d"63+ g~6 d*68+ g~7 d~75)[ g~3 d*45]«
[6,7] = g3 d*17+ g4 d*22+ g~5 d~48+( g~6 d~62+ g~7 d"69+ g~8 d*95) [ g~3 d~45]+«
[6,8] = g*4 d*20+ g5 d~43+ g"6 d*48+( g*7 d"67+ g~8 d*88+ g~9 d~95)[ g~3 d*45]«
[6,9] = g5 d"38+ g6 d~43+ g7 d~48+( g8 d~83+ g9 d~88+ g~10 d~95)[ g~3 d~45]«
[6,10] = g~4 d~34+ g~5 d*39+ g6 d 44+ ( g~7 d*79+ g~8 d~84+ g~9 d~91) [ g~3 d~45]«
[6,11] = g~3 d~32+ g*4 d*37+ g*5 d 42+ ( g~6 d*77+ g~7 d~82+ g~8 d~89) [ g~3 d~45]«
[6,12] = g~1 d~13+ g~2 d*18+ g~3 d*23+( g4 d~58+ g~5 d"63+ g~6 d~70) [ g~3 d~45]«
[6,13] = g~0 d*11+ g*l d*16+ g~2 d~21+( g~3 d~56+ g*4 d*61+ g5 d"68) [ g3 d~45]x
[6,14] = g~0 d*7+ g1 d~12+ g~2 d*17+( g3 d*52+ g~4 d*57+ g~5 d~64)[ g~3 d*45]«
[6,15] = g~0 d*10+ g~1 d*15+( g~2 d*50+ g~3 d"55+ g~4 d~62)[ g~3 d~45]«

]
]
]
]
]
]
[6,16] = g~0 d"5+ g*1 d*10+( g*2 d~45+ g~3 d"50+ g”4 d"57)[ g~3 d"45]«
]
]
]
]
]

[6,17] = g~1 d*3+( g~2 d”38+ g3 d~43+ g4 d~50) [ g~3 d~45]+
[6,18] = g~1 d*0+( g~2 d"36+ g~3 d~41+ g4 d~48) [ g3 d~45]«
[6,19] = ( g*2 d~26+ g~3 d*31+ g~4 d~38)[ g~3 d~45]«
[6,20] = ( g*2 d*24+ g~3 d*29+ g~4 d”~36)[ g~3 d*45]«
[6,21] = ( g*2 d~20+ g~3 d*25+ g~4 d~32)[ g~3 d~45]«
[7,0] = ( g2 d*39+ g~3 d*44+ g~4 d~51)[ g~3 d*45]«
[7,1] = ( g2 d*35+ g~3 d*40+ g~4 d~47)[ g~3 d~45]«
[7,2] = ( g2 d*33+ g~3 d*38+ g~4 d~45)[ g~3 d*45]«
[7,3] = ( g~3 d*33+ g~4 d*38+ g5 d*45)[ g3 d*45]«
[7,4] = ( g2 d*31+ g~3 d*36+ g~4 d~43)[ g~3 d*45]«
[7,5] = ( g2 d*29+ g~3 d*34+ g~4 d*41)[ g~3 d*45]«
[7,6] = ( g~2 d*27+ g~3 d*32+ g~4 d~39)[ g~3 d*45]«
[7,7] = ( g3 d*26+ g~4 d*33+ g~5 d"59) [ g~3 d*45]«
[7,8] = ( g~4 d*31+ g~5 d*52+ g~6 d"59)[ g~3 d*45]«
[7,9] = ( g5 d*47+ g~6 d*52+ g~7 d*59) [ g~3 d*45]«
[7,10] = ( g*4 d~43+ g~5 d*48+ g~6 d~55)[ g~3 d~45]«
[7,11] = ( g3 d~41+ g~4 d*46+ g~5 d~53)[ g~3 d*45]«
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( g™l d*22+ g”2 d*27+ g~3 d~34)[ g3 dr45]«
( g*0 d*20+ g1 d*25+ g~2 d~32)[ g"3 d*45]«
( g~0 d*16+ g1 d*21+ g~2 d~28) [ g~3 d~45]«
( g*0 d*19+ g1 d*26+ g~2 d"59) [ g~3 d~45]«
( g~0 d*14+ g1 d*21+ g~2 d~54) [ g~3 d~45]=
( g*0 d*7+ g~1 d~14+ g~2 d~47)[ g~3 d~45]«

g"0 d*2+( g~1l d*12+ g~2 d~45+ g3 d~50) [ g~3 d~45]«
( g~1 d*2+ g~2 d~35+ g~3 d~40)[ g3 d~45]«
( g~1 d*0+ g~2 d~33+ g~3 d*38)[ g~3 d~45]x
( g”2 d*29+ g~3 d~34+ g~4 d~41) [ g~3 dr45]«
g1l d*12+( g*2 d*51+ g~3 d*56+ g~4 d63)[ g~3 d*45]«

g*1l d*8+( g~2 d*47+ g~3 d~52+ g4 d~59) [ g~3 dr45]«
9”1l d*6+( g*2 d*45+ g3 d*50+ g4 d~57) [ g3 d*45]«
g2 dr6+( g~3 dr45+ g*4 dr50+ g5 dn57) [ gt3 draB]«
g1 d*4+( g~2 d*43+ g~3 d~48+ g4 d~55)[ g~3 d45]«
g~1l d*2+( g*2 d*41+ g3 d*46+ g4 d53) [ g3 dr45]«
g*1l d*0+( g*2 d*39+ g3 d*44+ g~4 d~51)[ g*3 d45]

*
g2 dr20+( g3 d*38+ g~d dr45+ g~5 drT71) [ gh3 dr45]«
g~3 d*20+( g*4 d*43+ g~5 dr64+ g~6 d*71) [ g~3 dr45]«
g~4 d*20+( g5 d*59+ g~6 d*64+ g~7 d*71)[ g~3 d*45]«

g3 d*16+( g4 d~55+ g~5 d*60+ g~6 d*67)[ g~3 d*45]«
g2 d*14+( g3 d*53+ g~4 d*58+ g~5 d*65)[ g~3 d*45]«

g1l d*34+ g~2 d~39+ g~3 d~46) [ g~3 dr45]+
g0 d~32+ g~1l d*37+ g2 d~44) [ g~3 dr45]«
9”0 d~28+ g1 d~33+ g2 d*40) [ g3 dr45]«

9”0 d~26+ g~1 d~33+ g2 d"66) [ g3 dr45]«
g~0 d~19+ g~1 d*26+ g2 d~59) [ g~3 d 45]«
g”0 d~14+( g~1l d"24+ g~2 d*57+ g3 d*62) [ g*3 d*45]«
g~0 d*4+( g~l d~14+ g2 d*47+ g*3 d~52) [ g3 dr45]
g”0 d~2+( g*l d*12+ g2 d*45+ g~3 d~50) [ g~3 d"45]x
( g™l d*8+ g~2 d~41l+ g~3 d~46) [ g~3 d~45]1«
A0 dr16+ g~l d*20+( g~2 d~57+ g~3 d*62+ g*4 d*69)
0 d*12+ g~1 d*16+( g~2 d*53+ g~3 d"58+ g4 d~65)
0 d"10+ g~1 d~14+( g~2 d~51+ g3 d~56+ g4 d~63) [ g3 d~45]«
A0 dr6+ g™l d*10+ g2 dr14+( g*3 dr51+ gt4 dr56+ g~5 d63) [ g~3 dr45]x
0

0

~ o~~~ o~~~

[
[
[
g”0 d*31+ g”~1 d"38+ g”*2 d*71)[ g*3 d"45]~
[
[

[ g”"3 d"45] %
[ g”3 d"45]«
d*8+ g”1 d*12+( g”2 d*49+ g”3 d"54+ g4 d"6l)[ g3 d"45]+«
d~e+ g”l d"10+( gn2 d"47+ g”3 d"52+ g4 d"59)[ g”3 d"45]1%
g”0 d*4+ g~1 d*8+( g”2 d*45+ g”3 d"50+ g”4 d"57) [ g3 d"45]«
g~1l d"~2+ g”~2 d”28+( g~3 d"~44+ g™4 d~51+ g”5 d*77) [ g*3 d*45]+«
g”l d~0+ g”*2 d”24+ g”3 d"28+( g”4 d*49+ g”5 470+ g*6 d*77)[ g~3 d"45]%*
gt2 d"20+ g”*3 d*"24+ g”4 d*28+( g”5 d*65+ g”6 d*70+ g*7 d*77) [ g~3 d*45]
g”l d*16+ g~2 d*20+ g~3 d*24+( g™4 d*61+ g”5 d"66+ g*6 d*73)[ g*3 d"45]+«
g”0 d*14+ g~1 d*18+ g”*2 d*22+( g*3 d*59+ g~4 d"64+ g”5 d"71) [ g~3 d"45]«%
g”0 d"3+( g~1 d*40+ g~2 d*45+ g”3 d"52) [ g”3 d"45]«%

g~0 d~38+ g”1 d"43+ g”*2 d”50)[ g”3 d*45]«

(

( g~0 d*34+ g1 d*39+ g~2 d~46) [ g3 d~45]«
( g~0 d*37+ g1 dr44+ g~2 d~77) [ g*3 dr45]x
( g~0 d*32+ g1 d*39+ g~2 d~72)[ g"3 d 457«
( g~0 d*25+ g1 d*32+ g~2 d"65)[ g3 dr45]=

g"0 d*22+( g1l d*30+ g~2 d*63+ g~3 d*68)[ g~3 d*45]«
g~0 d*12+( g1 d*20+ g~2 d*53+ g~3 d~58)[ g~3 d~45]«
g"0 d*10+( g*1l d*18+ g~2 d*51+ g~3 d"56) [ g~3 d*45]«
g"0 d*6+( g~l d*14+ g~2 d~47+ g3 d~52) [ g~3 d~45]«
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[0,0]
[0,1]
[0,2]
[0,3]
[0,4]
[0,5]
[0,6]
[0,7]
[0,8]
[0, 9]
[1,0]
[1,1]
[1,2]
[1,3]
[1,4]
[1,5]
[1,6]
[1,7]
[1,8]
[1,9]
[2,0]
(2,1]
[2,2]
[2,3]
[2,4]
[2,5]
[2,6]
(2,7]
[2,8]
[2,9]
[3,0]
[3,1]
[3,2]
[3,3]
[3,4]
[3,5]
[3,6]
[3,7]
[3,8]
[3,9]
[4,0]
[4,1]
[4,2]
[4,3]
[4,4]
[4,5]
[4,6]
[4,7]
[4,8]
[4,9]
[5,0]
[5,1]

The matrix K is given by:

g”~0
g2
gr2
g2
gr2

gt2
gr2
gr2
g”0
g”™o0
gtl
g™l
gtl

d”2+ gl d*4+ g*2 d*30+ g3 d*34+ g4 d*38+( g5 d*75+ g~6 d~80+ g~7 d*87)[ g*3 d”
d*22+ g3 d*26+ g4 d*30+( g5 d*67+ g~6 d~72+ g*7 d*79) [ g*3 dr45]+«
d~18+ g3 d*22+ g4 d*26+( g5 d*63+ g~6 d"68+ g*7 d*75) [ g*3 d*45]«
d”8+ g”3 d~10+ g~4 d~12+ g~5 d*38+ g6 d*42+ g7 d*46+( g8 d"83+ g~9 d~88+ g*l0 &

d~18+( g~3 d~56+
( g*2 d*50+ g~3 d~55+
( g~2 d*45+ g~3 d~50+

d~36+
d~24+
d~18+
d~10+

d”2+ gl d~28+ g~2 d~32+ g3 d*36+( g*4 d*73+ g5 d*78+ g6 d”85) [

g*3
g”3
g*3
g™l

d~40+ (
d~28+ (

g™4 d~61+ g~5 d768) [ g3 d*45]«
g*4 d"62) [ g”3 d~45]x

g™4 d”"57) [ g~3 d"45] %

g*4 d~48+ g~5 d*81l+ g”6 d"86) [ g”3 d"~45]x

g*4 d*36+ g~5 d 69+ g”6 d~74) [ g”3 d"45]1«x

dr22+ g”4 d*26+( g~5 d"63+ g6 d*68+ g*7 d*75)[ g3 d*45]«
d*36+ g~2 d~40+ g”3 d*44+( g~4 d"81l+ g5 d”86+ g6 d~93) [

d~24+ g2 d~28+ g~3 d*32+( g4 d*69+ g~5 d*74+ g~6 d*81)[ g~3 d*45]«
d~12+ g2 d*16+ g~3 d*18+ g~4 d~44+ g~5 d~48+ g6 dr52+( g*7 d*89+ g8 dr94+ g~9 o

d”24+( gr2 dr62+
( g*1 d*56+ g2 d~61+
( g*1 d*51+ g~2 d~56+

gr2
gr2
gr2
gnl

g™l
g™l
g™l
g™l
g™l

g™l
g™l
g™l
g™l
g™l

d”~46+ (
d”34+ (

g"3 dr67+ g~4 dr74) [ g”3 dr45]«
9”3 d~68) [ g3 d~45]«
g~3 d*63) [ g3 d~45]x

9”3 d~54+
9”3 dr42+

gn4
gt4

dr28+ g~3 d*32+( g4
d~20+( g~2 d~57+ g~3
d*8+ g1l d*12+( g~2 d*49+ g~3 d*54+ g~4 d*61)[ g~3 d~45]«

d*4+ g1 d*8+( g2 d~45+ g3 d~50+ g4 d”57) [ g~3 d*45]«

d*20+ g~3 d*24+ g~4 d*28+( g*5 d"65+ g~6 d*70+ g~7 d*77) [ g3 d~45]«
g~2 d~50) [ g”3 d 4571+«

g~2 d~77) [ g~3 d~45]«

g*2 d*72) [ g~3 d*45]+%

g*2 d”63+ g~3 d*68) [ g~3 d 45]x

g*2 d*51+ g3 d~56) [ g~3 d*45]«

d*4+ gl d"8+( g2 d~45+ g~3 d*50+ g~4 d~57) [ g~3 d 45]=

dr26+ g~1 d*30+( g*2 d”~67+ g~3 d*~72+ g*4 d*~79) [ g3 d~45]1«

d*18+ g~1 d*22+( g*2 d"59+ g*3 d"~64+ g*4 d*71) [ g3 d~45]«

d*14+ g~1 d*18+( g*2 d~55+ g*3 d"~60+ g*4 d*67) [ g3 d~45]1«

d*2+ g1l d*4+ g”2 d*~30+ g~3 d*34+ g~4 d~38+( g5 d~75+ g~6 d~80+ g7
g”2 d~60) [ g”3 d"45]x

d~43+
dr44+
d~39+
dr30+
d~18+

d~53+
dr54+
d~49+
d~40+
d~28+

d 14+ g1 dA18+(
d~19+ g72 d~23+ g~3 dr27+(
d~11+ g»2 d*15+ g~3 d*19+(
d*7+ g~2 d*11+ g~3 d~15+( g~4 d*52+ g~5 d"57+ g6 d~64) [ g~3 d~45]«
d~27+ g5 d*31+ g6 dr35+( gh7 drT2+ g~8 drT7T7+ gr9 dr84) [ gh3 dr45]«
d~2+ g~1 d*7+( g*2 d~45+ g~3 d~50+ g4 d~57) [ g3 d~45]«

g”l dr42+
g™l d"*30+
g”l d"24+
g”0 d"~l6+
g”™o0
g”0
gr2
( g0 d"38+
( g”0 d"~37+
( g~0 d"32+
g”0 d"22+(
g”0 d"~10+(
g”™o0
g”~0
g”™o0
g”~0
g”o0
( g~0 d"48+
( g~0 d~47+
( g~0 dn42+
g”0 d"32+(
g”0 d"20+(
g”™o
g™l
g™l
g™l
gt
g”™o0
g”™o0

gtl
g™l
gtl
gr2
gr2

g~2 d~87) |
g2 d~82) |
gr2 d~T73+
g2 d 61+
g~2 d~55+

d~87+ g”5 d*92) [ g3 d~45]x
d~75+ g5 d~80) [ g3 d"45]«
d~69+ g5 d~74+ g6 d*81)[ g3 d*45]«
d~62+ g4 d*69) [ g3 d"45]«

g3 d~45] %
g~3 dr45] %

g”3 d~78) [ g~3 d"45]+

9”3 d~66) [ g~3 d~45]«

g~3 d*60+ g~4 d*67)[ g~3 d*45]1«

g~4 dr64+ g~5 d*69+ g~6 d~76) [ g 3 dr45]«
g4 d*56+ g~5 d*61+ g*6 d~68)[ g~3 d 45]«

d*1+( g*1 d~39+ g~2 d*44+ g~3 d~51) [ g3 dr45]«

( g~1 d*34+ g~2 d~39+ g3 d~46) [ g~3 d~45]+

d”25+ g2 d~29+( g~3 d~37+ g4 d~70+ g~5 dr75) [ gt3 dr45]

d~13+ g2 d~17+( g~3 d~25+ g4 d~58+ g~5 d*63) [ g3 d~45]«

d~7+ g~2 d*11+ g3 d*15+( g~4 d*52+ g~5 d"57+ g~6 d~64) [ g~3 d~45]«
d~25+ g3 d~30+ g4 d*35+( g5 d~70+ g~6 d~75+ g~7 d~82) [ g~3 dr45]«
d~17+ g*3 d~22+ g*4 d*27+( g5 d*62+ g~6 d 67+ g~7 d*74)[ g~3 d*45]«

g”"3 d"45]

g”3 d"~45]«

d~87) [ g3 d~»
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APPENDIX A. Transfer Function and Controllers

~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~

~

~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ ~ ~ ~ ~
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OW 0O J o U b W N K O W OoWw Joy U d WNhEFE O WOoWw Joy U b WDNhE O WOow J oy Ul b WDNhE O WwOow Joy Ul b W

~

= g»2
= g°5
= g”0
= g”o0
= g”0

= g°2
= g»2
= g°2
= g»2
= g”5
= g”0
= g”0
= g”0
= g~1

(gr2
(gr2
(gr2
= (g"5
(970
(g70
(970

d~13+ g3 d~18+ g4 d*23+( g*5 d*58+ g6 d”63+ g~7 d*70) [ g3 d~45]x
d~33+ g~6 d~38+ g7 d~43+( g*8 d~78+ g9 d~83+ g~10 d~90) [ g~3 d45]«
dr6+ gl dA11l+ g~2 dr16+( g~3 dA51+ g~d dr56+ g~5 dr63) [ g~3 dr45]«
d~5+ gl dr10+4( g2 d~45+ g~3 d*50+ g~4 d~57)[ g~3 dr45]«

d~0+ g~l d*5+( g”2 d*40+ g~3 d~45+ g4 d~52) [ g~3 d"45]«

= ( g*2 d"31+ g3 d~36+ g4 d~43) [ g3 d~45]«

= ( g*2 d*19+ g3 d~24+ g4 d~31) [ g~3 d~45]+

d"~13+
d~30+
dr22+
d~18+
d~38+
d~11+
d~10+

g”*3
g3
g”*3
g3
gt 6
gtl
g™l

d*18+ gn4 d"23+(
d”35+ g™4 d"™40+(
dr27+ gn4 d”32+(
d~23+ g™4 d"28+(
d*43+ g”7 d~48+(
dr16+ g~2 d 21+
d*15+( g”~2 d”50+

g”™5
g”™5
g”™5
g”™b5
g”8
g3
g3

d~58+ g*6 d*63+ g~7 d*70) [ g3 d*45]«
d~75+ g*6 d~80+ g~7 d*87) [ g3 dr45]+
d~67+ g*6 d~72+ g~7 dr79) [ gt3 dr45]«
d~63+ g*6 d*68+ g*7 d*75) [ g*3 d*45]«

d”83+ g”9 d”88+ g~10 d”95) [ g”*3 d"45]x
d~56+ g*4 d”6l+ g”5 d"68) [ g”3 d"45]x
d”"55+ g™4 d”62) [ g~3 d"45]«

d~5+ g*1 d*10+( g*2 d 45+ g3 d*50+ g~4 d~57) [ g~3 d~45]+
dr0+( g~2 d~36+ g3 d~41+ g4 dr48) [ g3 dr45]

= ( g"2 d"24+ g~3 d~29+ g~4 d~36) [ g~3 d~45]«

= g2 d*18+ g”3 d*23+ g~4 d*28+( g"5 d*63+ g~6 d*68+ g~7 d*75)[ g~3 d*45]«

d~39+
d"31+
dar27+
ar47+
d~20+
d~19+
dr1l4+

g”3
g™3
g”™3
gr6
g™l
g™l
g™l

d~44+ g4 d~51) [
d~36+ g4 d~43) [
d~32+ g™4 dr39) [
d~52+ g7 d~59) [
d~25+ g~2 dr32) [
d~26+ g2 d~59) [
d~21+ g2 d~54) [

g™3
g*3
g3
g”~3
g3
g3
g3

= g"0 d*2+( g*l d~12+ g2 d*45+ g~3 d”50) [ g"3 d*45]«*

= ( g™l d"0+ g~2 d*33+ g~3 d~38)[ g~3 d~45]«

= ( g*2 d"27+ g3 d~32+ g4 d*39) [ g3 d~45]«

d~12+( g~2 d*51+ g~3 d"56+ g~4 d~63) [ g~3 d~45]«

d*4+( g*2 d~43+ g3 d~48+ g4 d*55) [ g3 d~45]«

dr0+( g~2 d~39+ g”3 d~44+ g4 d*51)[ g3 d~45]«

d"59+ g6 d~64+ g~7 d~71) [ g3 dr45]«

d~37+ g2 d~44) [ g*3 d"45]

d~38+ g2 d*71) [ g3 d~45]«

d~33+ g2 d"66) [ g*3 d"45]

d~24+ g2 d*57+ g~3 d*62) [ g3 d~45]x

d~2+( g*l d~12+ g»2 d~45+ g~3 d*50) [ g3 d~45]«

d~0+( g*2 d~39+ g3 d*44+ g4 dr51) [ g3 dr45]x

d*16+ g~1 d~20+( g*2 d~57+ g3 d~62+ g4 d*69) [ g3 d~45]«
d~8+ g~l d*12+( g2 d~49+ g~3 d*54+ g~4 d*61)[ g3 d*45]x
dr4+ g*l dr8+( g~2 dr45+ g~3 d50+ gt4 d~57) [ gr3 dr45]«
d~20+ g3 d~24+ g4 d*28+( g5 d~65+ g6 d~70+ g~7 d*77) [ g3 d~45]x
d"43+ g2 d~50) [ g*3 d"45]

d~44+ g2 d*77) [ g*3 d~45]«

d"~39+ g2 d~72) [ g*3 d"45]x

d~30+ g2 d~63+ g~3 d*68) [ g3 d~45]x

d~18+ g»2 d~51+ g~3 d~56) [ g3 d~45]«

= g~0 d*4+ g~1 d”8+( g2 d~45+ g3 d~50+ g4 dA57) [ g3 dr45]

= g~1
= g~1l
= g~1
= g™
= (970
= (g~0
= (g”0
= g~o0
= g~o0
= g~1
= g~o0
= g”o0
= g~o0
= g”2
= (g~0
(g70
(g"0
g”™0
g”™0

d”20+ (
d~32+
d~31+
d~26+
d”~14+ (

d”38+
d~37+
dr32+
d”22+ (
d”~10+ (

g”5
g™l
g™l
g™l
grl

g™l
gnl
g™l
gnl
g™l

The matrix () is given by:

= g~0 d*0+ g1 d*2+ g~2 d*4+ g~3 d~30+ g~4 d~34+ g~5 d~38+( g~6 d~75+ g~7 d*80+ g8 d~87) [
= g”3 d"0+ g4 d*24+ g*5 d"28+ g~6 d~32+( g~7 d"69+ g~8 d*74+ g9 d*81)[ g3 dr45]«

g

A
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[0,2]
[0, 3]
[0,4]
[0,5]
[0,6]
[0,7]
[0,8]
[0,9]
[1,0]
[1,1]
[1,2]
[1,3]
[1,4]
[1,5]
[1,6]
[1,7]
[1,8]
[1,9]
[2,0]
[2,1]
[2,2]
[2,3]
[2,4]
[2,5]
[2,6]
(2,7]
[2,8]
[2,9]
[3,0]
[3,1]
[3,2]
[3,3]
[3,4]
[3,5]
[3,6]
[3,7]
[3,8]
[3,9]
[4,0]
[4,1]
[4,2]
[4,3]
[4,4]
[4,5]
[4,6]
[4,7]
[4,8]
[4,9]
[5,0]
[5,1]
[5,2]
[5,3]
[5,4]
[5,5]
[5,6]
[5,7]
[5,8]

g”3 d*~18+ g*4 d"22+ g”~5 d*26+( g”6 d*63+ g~7 d*68+ g”8 d"75) [
g”3 d"8+ g*4 d~10+ g~5 d”12+ g”6 d"~38+ g7 d"42+ g”~8 d*46+( g*9 d”83+ g~1l0 d”88+ g~ll
g”3 d*18+( g4 d"~56+ g”5
( g~"3 d*50+ g”*4 d"55+ g”5
( g*3 d*45+ g~4 d~50+ g”5
d~36+ g~4 d~40+( g”5
d~24+ g~4 d”~28+( g”5
d~18+ g”*4 d"22+ g”~5 d*26+( g”6 d*"63+ g~7 d*68+ g”8 d"75) [
d*8+ g~1 d*10+ g~2 d”36+ g~3 d"40+ g™4 d"44+( g~5 d"81+ g~6 d"86+ g~7 d"93)[ g”3 d
d~0+ g~1 d*2+ g”2 d"6+ g~3 d*30+ g”4 d~34+ g”5 d"38+( g6 d"~75+ g*7 d"80+ g”~8 d"87
d~24+ g~3 d"28+ g™4 d"32+( g*5 d"69+ g*6 d"74+ g~7 d"81) [
d~12+ g”~3 d*16+ g*4 d~18+ g”5 d~44+ g~6 d"~48+ g7 d"52+( g”8 d"89+ g”~9 d"94+ g~1l0
d~24+( g”3 d"62+ g*4
( g*2 d~56+ g3 d"6l+ g4
( g”2 d*51+ g”3 d"56+ g™4

g”*3
g3
g”*3
g”~0
g”™o0
gr2
gr2
gr2

gr2
gr2
gr2
g”0
g™l
g”0
g3
g”~0

g”0
g”~0
g”~0
g0
g™l
g”~0
g”~0
g0

g”0
g”™o0
g”0
gr2
g3
gr2
g”™5
g”™o0
gnl

gr2
gr2
gr2
g*3
gt4
g3
gt6
g™l
g0
g™l

dar42+
d~30+
drz24+
dar12+

d~22+ g1 d~26+ g~2 d 30+
d~16+ g"2 d~20+ g~3 d 24+

g*3
g3
g”~3
gnl

d~46+( g™4
d~34+( g™4

d~61l+ g”6 d*68) [ g3 d~45]~

d~62) [ g~3 d*45]1«

d~57) [ 9”3 d~45]x

d~48+ g~6 d781+ g~7 d~86) [ g~3 d"~45]«
d"36+ g”6 d*69+ g*7 d~74) [ g~3 d~45]«

d*67+ g~5 d~74) [ g~3 d"45]=%

d~68) [ g”3 d~45]x

dr63) [ 9”3 d*45]x%

d~54+ g~5 d787+ g*6 d~92)[ g~3 d"45]=*
d*42+ g~5 d~75+ g*6 d°80) [ g3 d~45]«

d~28+ g™4 d*32+( g*5 dr69+ g6 drT74+ g~7 d~8l) |
d~16+ g2 d*20+( g*3 dA57+ g4 dr62+ g~5 dr69) [
d~6+ g2 d*10+ g~3 d~1l4+( g~4 d~51+ g~5 d~56+ g~6 d~63)[ g*3 d*45]«
d~0+ g~1 d*4+ g~2 d~8+( g~3 d*45+ g~4 d~50+ g5 d~57)[ g3
d~20+ g4 d*24+ g~5 d*28+( g”6 d*65+ g~7 d*70+ g*8 d*77) [
d~0+( g~1 d*38+ g~2 d*43+ g~3 d~50) [ g~3 d~45]=

( g~0 d*32+ g~1 d~37+ g2 d~44) [ g~3 d~45]+

( g~0 d*27+ g~1 d~32+ g~2 d*39) [ g~3 d~45]«

d~18+ g~1 d*22+( g2 d~30+ g"3 d"63+ g~4 d~68) [ g~3 d~45]«
d~6+ gl d*10+( g2 d*18+ g~3 d~51+ g~4 d~56) [ g~3 d~45]«
d~0+ gl dr4+ g~2 d~8+( g3 d*45+ g4 d~50+ g~5 d~57) [ g°3

g”3 d*67+ g*4 d*72+ g5 dr79) [

(
( g*4 d"61l+ g”5 d"66+ g~6 d*73)

[
d~10+ g~1 dr14+ g~2 dr18+( g~3 d55+ g~4 d~60+ g~5 d~67) [
d”0+ gl d*2+ g*2 d*4+ g”3 d*30+ g~4 d~34+ g~5 d*38+( g6
d*10+ ( g™l d~48+ gn2
( g~0 dr42+ g~l dr47+ g 2
( g~0 d*37+ g~l dr42+ g~2

d~28+
d~le+
d~10+
d~19+
d~13+

dr25+
d~19+
dr13+
d~33+

g™l
g™l
g™l
g”*3
gt4

g™4 d~30+ g”~5 d"35+
g”5 d"~24+ g*6 d"29+
g™4 d~18+ g5 d"23+
g~7 d"38+ g”8 d"43+

d~32+( g~2
dr20+( g~2

d~53+ g*3 d*60) [ g*3 d*45]«
d~54) [ g~3 d~45]«
d~49) [ g~3 dr45]+«
d~40+ g~3 d*73+ g*4 d*78) [ g3 dr45]«
d~28+ g~3 d*61l+ g4 d*66) [ g3 d*45]«

d~14+ g~2 d*18+( g3 d~55+ g4 d~60+ g~5 d*67) I
d~23+ g4 d~27+( g~5 d~64+ g6 d~69+ g~7 d 76) |
d~17+ g5 d*21+( g*6 d~58+ g7 d~63+ g~8 d~70) I
d*7+ g~3 d 11+ g*4 d~15+( g~5 d*52+ g~6 d"57+ g~7 d~64) [ g~3 d~45]«
d~27+ g~6 d*31+ g7 d*35+( g8 dr72+ g~9 dr77+ g~l0 dn84) [ gt3 dr45]x
d~0+ g~1 d*2+ g”2 d~7+( g~3 d*45+ g~4 d~50+ g~5 d~57) [ g3
d*1+( g*2 d*39+ g~3 d*44+ g~4 d~51) [ g~3 dr45]

( g~2 d*34+ g~3 d~39+ g4 d~46) [ g~3 dr45]+

d~25+ g3 d*29+( g*4 d~37+ g5 d*70+ g~6 d*75) [ g3 d~45]«
d~13+ g”3 d~17+( g~4 d~25+ g5 d~58+ g~6 d*63)[ g3 d~45]«
d~7+ g3 dr1l+ g*d dr15+( g°5 dn52+ gt6 dA5T7+ gt7 dr64) [ gh3 dr45]«

g”6 d~70+ g~7 d*75+ g~8 d~82
g”7 d~64+ g*8 d”"69+ g9 d*76
g”"6 d"~"58+ g7 d"63+ g”8 d~70)
g”9 d*78+ g~10 4”83+ g~1l d~90)

( ) [
( ) [
( [
(

g”3 d"45]

g”3 d"~45]x

g~3 d*45]

g~3 d*45]+
g~3 d*45]«

d~45] *
g”3 d”45]*

d”45] *

g3 d"r45]

g3 d"r45]

g3 d"r45]

d*75+ g~7 d*80+ g”~8 d~ 87

g~3 d*45]
g~3 dr45]+
g~3 d*45] %

dr45] *

g~3 d*45]x
g~3 d*45]x
g~3 d*45]+
[ g3 d*45]1«

d*6+ g2 d*11+ g~3 d~16+( g~4 d~51+ g~5 d~56+ g~6 d~63)[ g*3 d*45]«
d~0+ g~1 d*5+ g2 d~10+( g~3 d~45+ g4 d~50+ g~5 d*57)[ g*
d~0+ g~2 d*5+( g~3 d~40+ g~4 d~45+ g5 d~52) [ g3 d~45]

( g*3 d*31+ g4 d*36+ g~5 d~43) [ g~3 dr45]=

( g~3 d*19+ g~4 d~24+ g5 d~31) [ g~3 d~45]«

3 d~45] %



112 APPENDIX A. Transfer Function and Controllers

,9] = g*3 d*13+ g*4 d~18+ g5 d*23+( g*6 d*58+ g7 d*63+ g”8 d*70) [ g”3 dr45]«
,0] = g~3 d*30+ g~4 d*35+ g~5 d~40+( g~6 d*75+ g~7 d~80+ g8 d~87)[ g~3 d~45]«
,1]1 = g*4 dr24+ g~5 dr29+ g~6 d~34+( g~7 dr69+ g~8 drT74+ gh9 dn81) [ gh3 dr45]w
,2] = g*3 d*18+ g~4 d~23+ g5 d*28+( g*6 d*63+ g*7 d*68+ g8 d~75)[ g3 dr45]x
,3] = g”6 d*38+ g~7 d*43+ g8 d 48+ ( g*9 d*83+ g*l0 d*88+ g1l d*95) [ g3 d*45]«
,4] = g*l d*11+ g~2 d~16+ g*3 d*21+( g*4 d*56+ g5 d*61+ g6 d"68) [ g3 d 45]«

= g”0 d*5+ g*1 d*10+ g~2 d*15+( g~3 d~50+ g*4 d*55+ g5 d*62)[ g*3 d*45]«
= g0 d~0+ g~1 d"5+ g~2 d*10+( g3 d~45+ g~4 d*50+ g~5 d~57)[ g~3 d~45]«

= g*2 d"0+( g*3 d~36+ g4 d*41+ g°5 dr48) [ g3 dr45]x

= ( g3 d"24+ g~4 d*29+ g5 d*36) [ g*3 d~45]+«

= g”3 d*18+ g*4 d*23+ g5 d*28+( g6 d*63+ g~7 d"68+ g~8 d~75) [ g~3 d~45]«

~

~

~

~

~

,0] = ( g*3 d*39+ g4 d~44+ g~5 d~51) [ g~3 d~45]x

,1]1 = ( g*4 d*33+ g"5 d*38+ g~6 d~45)[ g~3 d~45]x

,2] = ( g*3 d*27+ g*4 d*32+ g~5 d~39) [ g~3 dr451+

,3] = ( g*6 d*47+ g~7 d*52+ g~8 d*59) [ g~3 d*45]«

,41 = ( g*1 d”20+ g”2 d*25+ g~3 d*32)[ g”3 d*45]x

,5] = ( g*0 d*14+ g~1 d*19+ g~2 d*26) [ g~3 d~45]x
(

g0 d~9+ g~1 d~14+ g~2 d~21)[ g~3 d*45]«
= g~0 d~0+ g~1 d*2+( g*2 d~12+ g~3 d~45+ g~4 d~50) [ g3 d~45]%

= ( g*2 d*0+ g~3 d*33+ g~4 d~38)[ g~3 d*45]«

( g~3 d"27+ g~4 d~32+ g5 d~39) [ g~3 d~45]«

= g”2 d*12+( g~3 d~51+ g*4 d~56+ g5 d*63)[ g3 d*45]«

= g3 d*6+( g*4 d*45+ g~5 d*50+ g~6 d~57)[ g~3 d~45]«

= g”2 d~0+( g*3 d~39+ g4 d*44+ g~5 d~51)[ g3 dr45]«

= g~5 d"20+( g~6 d"59+ g~7 d~64+ g8 d T71)[ g3 dr45]+

= ( g"l d"32+ g~2 d"37+ g~3 d~44) [ g~3 d~45]+

= ( g*0 d"26+ g~1 d~31+ g~2 d~38)[ g3 d~45]«

= ( g*0 d*21+ g~1 d"26+ g2 d~33) [ g~3 d~45]«

= g~0 d~12+ g*1 d*14+( g~2 d*24+ g3 d*57+ g4 d62) [ g3 dr45]

= g~0 d"0+ g~1 d*2+( g*2 d~12+ g~3 d~45+ g~4 d~50) [ g3 d~45]«

= g2 d~0+( g"3 d*39+ g~4 d~44+ g~5 d~51)[ g~3 d~45]«

= g*0 d*12+ g”1 d*16+ g~2 d*20+( g"3 d*57+ g~4 d*62+ g~5 d*69)[ g~3 d*45]«
= g1 d"6+ g~2 d*10+ g3 d~14+( g~4 d"51+ g5 d~56+ g6 d~63)[ g~3 d~45]«
= g0 d"0+ g~1 d*4+ g"2 d"8+( g~3 d 45+ g~4 d*50+ g~5 d*57)[ g~3 d*45]«

= g3 d”20+ g4 d*24+ g~5 d~28+( g6 d 65+ g~7 dr70+ g~8 dr77) [ g~3 dr45]«
= g”0 d~0+( g*l d~38+ g2 d*43+ g~3 d~50) [ g"3 d*45]«

= ( g*0 d"32+ g~1 d~37+ g”2 d~44) [ g~3 d~45]«

( g~0 d*27+ gl d*32+ g~2 d~39) [ g~3 d~45]=

9”0 d~18+ g~l dr22+( g~2 d*30+ g3 d*63+ g4 d~68) [ g3 dr45]«

g~0 d*6+ g*1 d~10+( g*2 d~18+ g3 d~51+ g4 d~56) [ g~3 d~45]«

g~0 d*0+ g~1 d~4+ g~2 d~8+( g~3 d 45+ g~4 d~50+ g5 d~57) [ g~3 d~45]+

~ ~

~

~ 0~ ~ 0~ ~ 0~ ~ 0~ ~ ~ ~ ~ ~ ~ ~ ~

~

~

~
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