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SOLVABILITY OF (MAX,+) AND (MIN,+)-EQUATION
SYSTEMS

KAREL ZIMMERMANN

Properties of (max,+)-linear and (min,+)-linear equation systems are used to study solv-
ability of the systems. Solvability conditions of the systems are investigated. Both one-sided
and two-sided systems are studied. Solvability of one class of (max,+)-nonlinear problems will
be investigated. Small numerical examples illustrate the theoretical results.

Keywords: max-algebraic and min-algebraic linear equation systems, solvability condi-
tions, two-sided max-/min- algebraic linear equation systems

Classification: 90C31,15A99

1. INTRODUCTION

Systems of max-linear equation systems and related optimization problems were studied
since the sixties of the last century under various names in the literature e.g. in [I
2, B, [, [6]. Later some authors studied also such systems with interval coefficients in
the right-hand sides and/or in matrices of the systems (see e.g. [0] and references
therein). Variables appeared originally in the equation systems only on one side of the
equations (so called one-sided systems in [I]-[4])). Later appeared papers studying
so called two-sided equation systems with variables on both sides of the equations see
e.g. [1,[6]. Approximate solution methods of the two-sided equations were proposed in
[6, [7,[8]. Some authors use as a basic algebraic structure other structures than (max,-+)-
or (min,+)-algebra, which are used in this paper. For instance in [4] the author studies
one sided systems on (min-product)-algebra study. The present paper studies conditions
of solvability of (max,+)-linear and (min,+)-linear equation systems and one class of
nonlinear equation systems. Small numerical examples illustrate the theoretical results.

2. THEORETICAL BACKGROUND

In this section we will consider systems of so called one-sided (max,+)-linear and (min,+)-
linear equations. We will recall some known results which were proved in the cited
literature (e.g. [I, 2]), which form a theoretical background for further investigation.
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Systems of one-sided (max,+)-linear/(min,+)-linear equations have the following
form:

r?ea}((aij + Z'j) =b;, i €1, (].)
rirél?(aij +a;)=0b;, i€l (2)

where I = {1,...,m}, J = {1,...,n}, aij, b € R, i € I, j € J. The set of all
solutions of system (], will be denoted M (A,b), M'(A,b) respectively. Systems
, will be called one-sided systems, because they contain variables only on one side
of the equations. We will summarize in this section several known properties of the
systems (the proofs see e.g. [II, 2]).

We can introduce also a more compact matrix-vector notation to describe the systems
above. If we set

(Ao xz); =max(ai; +x;), i € I, (A0 x); =min(a;; + ), i €1,
jeJ jedJ

Aoz=((Aox),...(Aox)n)T, Ad = ((Ad z),...(Adx))T,
then systems can be written in the matrix-vector form as Aox = b, Ao’z =b.
Definition 2.1.

An element z™a* (™) of any set M C R™ with the property z < z™8 (g > p™in)
for all x € M is called maximum (minimum) element of M.

Lemma 2.1.

(a) Let M=(A,b) = {z € R" | Ao x <b}. Then the set M=(A,b) has the maximum
element T(A,b) with the following components:
7;(A,b) = min(b; —ay), j € J. (3)
If set M(A,b) = {x € R" | A o x = b} is non-empty, then it has the unique
maximum element and it is defined by relation .
M(A,b) # 0 if and only if T(A4,b) € M(A,b).
(b) Let M=(A,b) = {x € R" | A o’ z > b}. Then the set M=(A,b) has the minimum
element z(A4,b) with the following components:
z;(Ab) = r?ealx(bi —a;j), j€J. (4)

If set M'(A,b) = {z € R" | A o’x = b} is non-empty, then it has the unique
minimum element and it is defined by relation .

M'(A,b) £ 0 if and only if x(A,b) € M'(A,b).

Proof. See [Il 2.
We will bring a motivation based on examples of machine time scheduling problems,
which have appeared in literature (see [T}, 2]). O
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Example 2.1.
We have to carry out n operations at each of m places (worksops). Each operation

j € J is carried out without interruption. Operation j € J = {1,...,n} at place
i € I ={1,...,m} needs processing time a;; units of time, i.e. if z; is the time at
which the operation j begins, then the operation is finished at place i at time z; + a;;.
All n operations are therefore finished at place 7 at time equal to max;es(a;; + ;). Let
bi, © € I denotes a required time at which all operations at place (workshop) ¢ should be
finished. It means that feasible starting times of operations ; must satisfy the following
system of m inequalities:

max(aij + l‘j) <b;, i€l

jeJ

Our aim is to find out whether there is possible to find such starting times, which avoid
unnecessary waiting times for all ¢ € I i.e. whether it is possible to solve the following
equation system with respect to variables x;, j € J:

max(aij + l‘j) =b;, iel.
jeJ

3. SOLVABILITY OF (MAX,+)- AND (MIN,+)-LINEAR EQUATION SYSTEMS

In general only the inequalities AoT(A,b) < b, A o'z(A,b) > b hold for T(A,b), z(A,b).
The next Theorem establishes necessary and sufficient conditions under which
Aoz(A,b) =b, Aodz(A,b)=0.

Theorem 3.1.
(a) Let b € R™. Then T(A,b) € M(A,b) if and only if
(Vi € I)(3j(i) € J) such that T;¢;(A,b) = mm(bk —agj)) = bi — agj). (5)

(b) Let b € R™. Then z(A,b) € M'(A,b) if and only if
(Vi € I)(3j(i) € J) such that x;;)(A,b) = mea;{(bk —agj)) = bi — aji).  (6)

Proof. We will prove only part (a). Part (b) can be proved by analogy.
Let condition be fulfilled. It follows from that we have for each i € I:

@ij(o) + Tj00) (4,0) = aijie) +min(be — agj) = aya) +bi — aga) = bie (7)
Since Z(A,b) € M<(A,b), it holds for all j # (i) (a;; + T;(A,b)) < b; (see Lemma
5.1)(a)). Therefore
glea}((aij +7;(A,0)) = ai) + Tj(i) (A, b) = b;. (8)
Let us assume that condition (5) is not fulfilled for an index ¢ € I. Then 7;(A4,b) =

minger(by — arj) < b; —a;; for all j € J, i.e. (AoZ(A,b)); < b; and T(A,b) & M(A,b).
|

The following Theorem establishes structural conditions of matrix A, which ensure
the solvability of systems Aox = b, Ao’z =b.
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Theorem 3.2.
(a) Let matrix A satisfy the following conditions:
(Vi € I)(3j(3) € J) such that MAX @ij = Qyj(s) = MAX Arj(s)- (9)
J T
Let T(A,b) be defined as in (3). Then Aoz(A,b) = b for any b € R™.
(b) Let matrix A satisfy the following conditions:
(Vi € I)(3§(3) € J) such that 5116151 aij = Qij() = 13161? Arj(i)- (10)
Let (A, b) be defined as in (4). Then Ao'z(A,b) = b for any b € R™.

Proof. We will prove only part (a). Part (b) can be proved by analogy.
If conditions @[) are satisfied, we have T;(;y(A,0) = min,e; —a,;;) = —a;j(;) for all
i € I. Let ¢ € I be arbitraily chosen. It holds:

T]I.lg}(aij +7;(A,0)) = a;i) — ajy = 0.

Since a;; + T;(A,0) < 0 for all j € J, we obtain maxjc(a;; + Z(4,0)) = a;;u) +
Zj(;)(A,0) = 0. We add b; to both sides of this equality and have b; on the right-hand
side. On the left-hand side we obtain:

I}lea}(((lij + T(A, O)) + b, = Qij(i) T Tj() (A, O) + b, = Qij(i) — Qij(i) T b; = b,
Since i € I was arbitrarily chosen, it holds Aoz (A4,b) = b. d

4. SOLVABILITY OF TWO-SIDED SYSTEMS

Let us consider equation two-sided equation systems

4 — b = 11
I}lg;(au + ;) Ilglg}( ik T Yk), 1 €1, (11)
min(ai; + ;) = min(bix +yp), @ € 1, (12)

o+ ;) = min(b; icT 13
I}lg(au + ;) IglelIJl( ik T Yk), 1 €1, (13)

where a;;,b;;, € R. Using a more compact matrix-vector notation the systems can be
written as Aox = Boy, A o’z = B o'y, Aox = B 0'y.

Assume that matrices A, B satisfy for each ¢ € I relations @ i.e. it holds max;e s a;; =
Aij(;) = MaXpe] Grj(;) and maxgej big = big(;) = Maxyeg byg(;)- Then according to Theo-
rema) AoZ(A,b) = Boy(B,b) = b. Therefore the pair (Z(A4,b)),7(B,b)) is a solution
of the two-sided system .

Similarly if matrices A, B satisfy for each ¢ € I relations i.e. it holds min;cj a;; =
Qij(i) = Milyes apj(;y and minge j bix = by ;) = Minyer byp (i), then according to Theorem
b) Ao'z(A,b) = Bo'y(B,b) = b. Therefore the pair (z(A,b)),y(B,b)) is a solution
of the two sided system (|12]).

Finally if relations (9) hold for matrix A and relations for matrix B, then
AoZ(A,b) = Bo'y(B,b) = b and therefore the pair (Z(A,b),y(B,b)) is a solution of
system (L3). B B
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5. SOLVABILITY OF ONE CLASS OF (MAX,+)-NONLINEAR EQUATION
SYSTEMS

Let us consider the following equation systems:

max(aij +p7;j(l‘j)) = bi, 1 E I, (14)
jeJ
min(ai; + pi;(x;)) = b, i €1, (15)
jeJ

where p;; : R — R is a strictly increasing continuous function and p;;(0) = 0 for all
iel,jeld.

Let P be the matrix with elements p;;(.),7 € I,j € J, M(A, P,b) denote the set of
solutions of system and M’(A, P,b) denote the set of solutions of system

Lemma 5.1.

(a) Let T,;(A, P,b) = min,erpy; (br — ar;),j € J. If T(A, P,b) € M(A, P,b), then
T(A, P,b) is the maximum element of the set M (A, P,b).

(b) Let 2;(A, P,b) = max,c;p,; (br — ar;),j € J. If (A, P,b) € M'(A, P,b), then
z(A, P,b) is the minimum element of the set M'(A, P,b).

Proof. We will prove only part (a) of the theorem, part (b) can be proved by analogy.
Let « be any element of M (A, P,b) and j € J arbitrarily chosen. Then z; < p;jl (b, —
arj) Vr € I. It follows that z; < T;(A, P,b). O

Theorem 5.1.

(a) Assume the system satisfies the following relations:
(Vi € Iymaxai; = aiji); (Vi € Dminp, ;) (=arj(i)) = Py (=aije)- (16)
Then equation system is solvable for any b € R™.
(b) Assume the system satisfies the following relatons:
(Viel) IJnel? Aij = Qij(i); (Viel) I?gfpr_jl(i)(*arj(i)) = Pl-_jt)(*aij(i))- (17)
Then equation system is solvable for any b € R™.

Proof. We will prove only part (a), part (b) can be proved by analogy.
Let relations hold. Then it is Z; (A4, p,b) = pi_jl(bi —a) i€l jeld.
It holds for b = 0 and an arbitrarily chosen ¢ € I:

gleaf(aij + i (T; (A, P,0))) = asi) + pija) (Tja) (A, p, 0)) (18)

and further
@ij(i) + Pijen) (WM P,y (=arjo)))- (19)
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and according to the assumption we have:
. —1 —1
@i (:) TDij (i) (rglel?prj(i)(_a'rj(i))) = Q45(3) TDij(i) (pij(i)(_aij(i))) = Q5 (i) —Qij(s) = 0. (20)

It holds further p;;() (%) (A, P,b)) = pij (p;jb)(bi — aij(iy)) = bi — a;5(;) so that

aijay + Pij (i) (Ti(0) (A9, 0) = @iy + pigay (03 (bi — i), (21)
and further
Qi (4) +pij(i)(p;j%i)(bi — (i) = Qij() + bi — agy = bi (22)
It follows from relations - that
r;lea}((aij + i (T (A, P,D))) = aijiy + pij(i) (@) (A, P,b)) = b; (23)
Since i € I was arbitrarily chosen, it follows that T(A, P,b) € M(A, P,b), which
implies the solvability of system . O
Remark 5.1.

Taking into account the application to machine-time scheduling in Example[2.1} Theo-
rem[3.1]may be interpreted as conditions of synchronization of two machine-time schedul-
ing problems. Part (a) gives conditions of synchronization of termination times of all
operations at place i, part (b) gives conditions of synchronization of release times.

Remark 5.2.

Let us note that, according to author’s knowledge, a universal polynomial algorithm
for solving two-sided systems of the form - has not been published until now.
The general systems without any preliminary assumptions were solved only approxi-
mately (see e.g. [7,[§]). The results following from Theorem make possible to point
out a special class of two-sided systems, for which solutions can be found without any
problems with the complexity of the caculations.

Remark 5.3.

The results of this paper concerning solvability of the systems can be extended to
other max- or min-algebras considered in the literature, e.g. to max- or min-product
algebra defined on positive numbers (see [4]). The role, which plays number 0 as the
neutral element of the plus operation, which replaces in the (max,+)-algebra the mul-
tiplication will play in (max-product)-algebra number 1 as neutral element of the usual
multiplication (see [2] []).

We will illustrate the results on small numerical examples.

Example 5.1.
(a) Let m =n =3 so that I =J = {1,2,3}.

A:

=W
G = N
oW s
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Matrix A satifies conditions @, indexes i, j(7) and elements a;;(;) for i € I are the
following:

i=1, j(1) =3, ayju) = a3 = 4,1 =2, j(2) =1, agje) = az1, i = 3, j(3) =
2, agzg = 5.

If b = (0,0,0)7, then

Z(A,0) = (T1(A,0), T2(4,0), T5(4,0)T = (Tj2)(4,0),Z;5)(A4,0), T;1)(4,0)T =
(=3,=5,—4)T

If b= (4,8,5)7, then

(A,b) = T(A,0) + b = (4,8,5)T and AoZ(A,b) = b = (4,8,5)T. Tt is further
(Ab) = (=3,-5,—-4)" 4+ (4,8,5)" = (1,3,1)7.

T
x
Let m =n =3 so that [ = J ={1,2,3}.

4
B=|1
1

N Ot W
(2 O O

Matrix B satifies conditions @[), indexes 4, j(7) and elements b;;(;) for i € I are the
following:

bij1) = b11 =4, baj2) = ba2 =5, bj(3) = b3z = 5.

Let b= 0. Then %(B,0) = (—4, -5, —5)T and Boy(B,0) = 0.

Let b= (4,8,5)T. Then it is:

U(B,b) = §(B,0) + b = (4,8,5)7 and Boy(B,b) = b = (4,8,5)". Tt is further
y(Bb) = (747 =5, 75)T + (47 8, 5)T = (07 3, O)T

Let us consider two-sided system Aox = Boy. It is Aoz(A,0) = Bogy(B,0) = 0.
It follows that the pair (Z(4,0), ¥(B,0)) = ((-=3,-5,—4)T,(-4,-5,-5)T) is a
solution of the two-sided system and both sides of the system are equal to b =
(0,0,0)T. If b = (4,8,5)T, then the pair (T(A,b),5(B,b)) = (1,3,1)7,(0,3,0)T
solves the two-sided system and both sides of the system are equal to (4,8,5)7.
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