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Solution of linear equations and inequalities
in idempotent vector spaces

Nikolai Krivulin

Abstract—Linear vector equations and inequalities are consid-
ered defined in terms of idempotent mathematics. To solve the
equations, we apply an approach that is based on the analysis of dis-
tances between vectors in idempotent vector spaces. The approach
reduces the solution of the equation to that of an optimization
problem in the idempotent algebra setting. Based on the approach,
existence and uniqueness conditions are established for the solution
of equations, and a general solution to both linear equations and
inequalities are given. Finally, a problem of simultaneous solution
of equations and inequalities is also considered.

Keywords—Ildempotent vector space, Linear equation, Linear
inequality, Tropical optimization problem, Existence condition

I. INTRODUCTION

Many applications of idempotent mathematics [1]-[9]
involve the solution of linear equations and inequalities
defined on finite-dimensional semimodules over idempotent
semifields (idempotent vector spaces). One of the problems
that often arise is to solve an equation having the form

Ax =d,

where A and d are given matrix and vector, x is an
unknown vector, and multiplication is thought of in terms
of idempotent algebra. Since the equation can be considered
as representing linear dependence between vectors, the de-
velopment of reasonable solution to the problem holds both
practical and theoretical interest. Of particular importance
are the methods that offer solutions in a compact vector
form suitable for development of efficient computational al-
gorithms and related software tools, including those intended
for implementation in vector and parallel computers.
Along with the above equation, an inequality

Ax <d

that is considered component-wise constitutes another prob-
lem of interest in the idempotent algebra setting.

Among the early investigations of the problem of solving
the equation and of its interplay with linear dependence of
vectors are the works [1]-[3]. Further development of the
question is given in many studies, including [4], [9]-[14].

To solve the equation where the matrix has no (idem-
potent) zero entries, an approach based on the concept of a
covering set of rows for the matrix A is proposed in [1], [2].
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With the approach, existence conditions are established and
a procedure to find all solutions of the equation is described
in terms of the covering sets. The maximum solution to
the equation is given in the form = = A~ ® d, where
A~ is a pseudoinverse matrix in the initial idempotent
semimodule (called there extremal inverse matrix), and ®
denotes matrix-vector multiplication in a dual semimodule.
In [10], [11], the above approach is extended to investigate
linear dependence in idempotent semimodules.

The development of the theory and methods in [3] is
aimed in particular at the solution of equations when the
matrix A may have zero entries. The operation of pseu-
doinversion is extended to such matrices (the matrix A~ is
called conjugate to A). For the solution, existence conditions
in the form of an equality A(A~ ®d) = d, where ® is the
multiplication in a dual semimodule, are given and unique-
ness conditions are established. A procedure is proposed to
determine the linear dependence between vectors. The results
are further developed in [9] to offer a combinatorial and an
algebraic techniques for the solution of equations.

In [4], [12], [13], a notion of a subsolution to the equation
is introduced as any vector « that satisfies the condition
Az < d. A residuation operation \ is defined so that A\d
represents the maximal subsolution of the equation. It is
shown that when an ordinary solution exists, it can be written
in terms of a dual semimodule and then A\d = A~ ® d.
For an extended equation Ax & b = d, where © denotes
idempotent vector addition, a necessary and sufficient condi-
tion for the existence of its subsolutions is given in [4], [13]
in the form of an inequality b < d that however suggests
only necessary conditions for the actual solution.

Another approach that is based on the application of
an idempotent analogue for the matrix determinant, known
as dominant, is proposed in [14]. A solution technique is
developed which uses Cramer’s rule with the dominant in
place of determinant. The implementation of the approach
requires, however, that some sufficient constraints for both
the matrix A and the vector d to satisfy.

In this paper another solution approach is described which
uses the analysis of distances between vectors in idempotent
vector spaces. As a metric, we take a distance function that
involves only main binary operations of the semimodule
supplemented with the operation of pseudoinversion. This
allows to represent subsequent results in a compact vector
form only in terms of the initial semimodule and give them
clear and natural geometrical interpretation in the plane with
the Cartesian coordinates. The results presented are based
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on implementation and further refinement of solutions that
were first published in the papers [15]-[17] (see also [18])
and were not fully available in English.

We start with a brief overview of preliminary algebraic
definitions and results. Furthermore, the problem of solving
the equation under study reduces to an optimization problem
of finding the minimal distance from a vector to a linear
span of vectors. We derive a comprehensive solutions to the
optimization problem under quite general conditions. The
obtained results are applied to give existence and uniqueness
condition as well as to offer a general solution of the
equation. Furthermore, a complete solution to the inequality
is given. Finally, a problem of simultaneous solution of
equations and inequalities is also considered.

II. PRELIMINARIES

In this section, we present algebraic definitions, notations,
and results based on [15], [17] to provide a background
for subsequent analysis and solutions. Additional details and
further results can be found in [2]-[9].

A. Idempotent Semifield

We consider a set X endowed with addition & and mul-
tiplication ® and equipped with the zero 0 and the identity
1. The system (X,0,1,,®) is assumed to be a linearly
ordered radicable commutative semiring with idempotent
addition and invertible multiplication, and it is commonly
called idempotent semifield.

Idempotency of addition implies that x & x = x for all
x € X. For any x € Xy, where X; = X\ {0}, there
exists an inverse ' such that +~! ® = 1. Furthermore,
the power z9 is defined for any = € X4 and a rational q.
Specifically, for any integer p > 0, we have
7P = (z7 1P

In what follows, we drop the multiplication sign ® and
use the power notation only in the above sense.

The linear order defined on X is assumed to be consistent
with a partial order that is induced by idempotent addition
to involve that « < y if and only if x ® y = y. From the
last definition it follows that addition possesses an extremal
property in the form of inequalities

r<zrdy, y<zdy,
and that both addition and multiplication are isotonic.

Below, the relation symbols and the operator min are
thought in terms of the above linear order.

Note that we have = > 0 for all z € X. We also assume

that the set X includes (or can be extended by) a maximal
element oo such that x < oo for all x € X.
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Examples of the linearly ordered radicable idempotent
semifield under consideration include

Rmax,+ = (RU{—oc}, —00,0, max, +),
Ruin,+ = (RU {400}, +00,0, min, +),
Rimax,x = (R4 U{0},0, 1, max, x),
Rumin,x = (R4 U{+o0}, +00,1, min, x),

where R is the set of real numbers, R; = {z € R|z > 0}.

Specifically, the semifield Ry,ax, + has its null and identity
defined as 0 = —oo and 1 = 0. For each z € R, there exists
an inverse x~! equal to —x in conventional arithmetic. For
any z,y € R, the power x¥ corresponds to the arithmetic
product zy. The order induced by the idempotent addition
coincides with the natural linear order on R. The maximal
element is given by +oo.

In Ryin,x, we have 0 = +oo and 1 = 1. The inverse
and power notations have the same interpretation as in the
conventional algebra. The relation < defines a reverse order
to the linear order on R. The role of the maximal element
is performed by 0.

The semifields Rpnax,+, Rmin,4+> Rmax,x, and Ryin x
are isomorphic to each other. Fig. 1 offers a diagram that
represents isomorphism maps for these semifields.

y=-=
[Rma.x,—‘r -— IRmin,+
y=—x
y=Inx y=¢€" y=Inzx y=e"
y=1/z
[Rmax,x -— IRmin,><
y=1/x

Fig. 1. Isomorphism of Rmax,+, Rmin,+, Rmax,x » and Ruyin, x -

As an example of an idempotent semiring that is not a
simifield, one can consider

lRmax,min = <|R U {*OO, +OO}, —00, +00, max, Hlil’l).

In this semiring, it holds that 0 = —oco and 1 = +o0.
Inverse elements with respect to the multiplication ® defined
to be min do not exist, whereas the power notation is
undefined. The order induced by the addition ¢ corresponds
to the natural linear order. The maximal element is +o0.

Now we introduce a distance function p on X as follows.
For any z,y € X4, we define

plz,y) =y lzdzly

Since the function p takes values in the segment [1,00),
it is natural to put p(x,y) = 1 when x =y = 0. We also
assume that p(z,y) = oo if one of the arguments z and y
is zero while the other is not.
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In the semifield Ryax 4+ for all z,y € R, the function
p coincides with the ordinary distance d(x,y) = |z — y|.
Due to the isomorphism between semifields, the function
p induces a distance function in each semifield Ryax,x »
Rmin,+»> and Rppin, x . Specifically, in Ryax, x , we have

pla,y) =y 'z @z ly).

The function p possesses the symmetry property and
satisfies the triangle inequality in all semifields Rmax +,
Rmax,x > Rmin,4+, and Rmpmin,x . Moreover, for every such
semifield, the function can always be converted into an actual
metric by scaling its value by an appropriate isomorphism.
Below, for simplicity, we leave out the isomorphism maps,
and take the function p as a metric for all semifields.

B. Idempotent Vector Space

Consider the Cartesian power X" with column vectors as
its elements. A vector with all elements equal to O is the
zero vector. A vector is regular if it has no zero elements.

For any two vectors a = (a;) and b = (b;) in X™, and a
scalar x € X, addition and scalar multiplication are defined
component-wise as follows

{a @b} =a; Dby, {za}; = xa;.

Endowed with these operations, the set X™ forms a
semimodule over the idempotent semifield X and it is
referred to as the idempotent vector space.

Fig. 2 gives geometrical illustrations of the addition in the

space [anaxt . with the Cartesian coordinates on the plane.
Note that the left example can equally refer to [R?mmX .
y A
a ad® b bl aq 0
ba -
b
a9 b b 2
adb
- az
0 b1 a1 @

Fig. 2. Vector addition in R?

max,+ *
Idempotent addition of two vectors in [anax’ . follows the
“rectangle rule” that defines the sum as the upper right vertex
of a rectangle formed by lines drawn through the end points
of the vectors, parallel to the coordinate axes.

Scalar multiplication of vectors in [R?mx’ 4 s equivalent
to shifting the end point of the vector in the direction at
45° to the axes (see Fig. 3, left), whereas in [anax’X it has
conventional geometrical interpretation (Fig. 3, right).

For any vectors a,b € X", the extremal property of

addition leads to component-wise vector inequalities

a<ad®b, b<adb.

16

'
Ta Ta
xras rao
a
a
2 a
a2
T > >
0 ai xay 0 ai ray

Fig. 3. Scalar multiplication in RZ,, . (left) and in RZ . (right).

Furthermore, vector and scalar inequalities @ < b and
x <y imply that the inequalities

a®c<bdec, ra < zb, zc < yc

are valid for all ¢ € X™, and so both vector addition and
scalar multiplication are isotone in each argument.

C. Matrix Algebra

Consider matrices having entries in X. For conforming
matrices A = (a;5), B = (b;;), and C = (c¢;;), matrix
addition and multiplication together with multiplication by
a scalar x € X follow the conventional rules

{A® B};j = a;j @ b;j, {BC}i; = @bikckja
k
{JCA}l] = xaij.

Specifically, a matrix A = (a;;) € X"™*" is multiplied by
a vector = (x;) € X™ to result in a vector with elements

{Aw}i = ;121D - D QinTyp-

The matrix operations is component-wise isotone in each
argument.

A matrix with all entries equal to zero is called the zero
matrix and denoted by 0.

A matrix is row regular (column regular) if it has no zero
rows (columns).

A square matrix is diagonal if its off-diagonal entries are
zero. The diagonal matrix I = diag(1,...,1) is the identity.

For any nonzero column vector © = (z;) € X", we define
a row vector ©~ = (x; ), where z; = l‘;l if z; # 0, and
x; = 0 otherwise.

If x is a nonzero vector, then x~x = 1.

Suppose that both = and y are regular vectors. The
component-wise inequality * < y implies = > y~.
Furthermore, it is not difficult to verify the inequality

xy” > (x"y) 'L (1)

Indeed, since -y = 27 'y1 @ Dz, yn >z ty;, we
have z;y; ' > (x~y)~! forall i =1,...,n, and so

xy~ > diag(ziyr L. ayn ) > (@7 y) L
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When y = x the inequality (1) takes the form xx~ > I.
By applying (1) in this form, one can get the inequality
2

which is valid for any nonzero matrix A € X™*™ In fact,
if € X}, then we have (Axz)”A < (Az)” Azx™ =x~.

(Ax)"A < x™,

D. Linear Dependence

Consider a system of vectors a,...,a, € X". As usual,
a vector b € X™ is linearly dependent on the system if it
admits representation as a linear combination

b=x1a1 DB xna,

with coefficients z1,...,x, € X.
The linear span of aq,...,a, is defined as the set of all
linear combinations that form an idempotent subspace

m
span(@i,...,am) = { @xiai
i=1

Geometrical examples of linear spans are given in Fig. 4.

xl,...,meX}.

I2a2/

1’202LLLL

as

x
2 as

Tia;
ai

0

T
/ I
Fig. 4. Linear span of vectors in [anax 4 (left) and in [R?nax « (right).

The linear span of vectors a; and a, in the idempotent
space [anax’ 4 1s a strip bounded by the lines drawn through
the end points of the vectors (see Fig. 4, left). In [anax,X ,
the linear span has the form of a cone (Fig. 4, right).

A system of vectors ai,...,a, is linearly dependent if
at least one its vector is linearly dependent on others, and it
is linear independent otherwise.

A system of nonzero vectors ai,...,a, iS a minimal
generating system for a vector b, if b is linearly dependent
on the system and independent of any of its subsystems.

Let us verify that if vectors ai,...,a, are a minimal
generating system for a vector b, then representation of b
as a linear combination of aj,...,a, is unique. Suppose
there are two linear combinations

/ /
b=z1a1® - Drpa, =201 D - DT, an,

where ) # x;, say x} < x;, for some index i =1,...,n.
Assuming, for the sake of simplicity, that the vector a; is
regular, we have b > x;a; > z}a;. Therefore, the term za;
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does not affect b and so may be omitted, which contradicts
with the minimality of the system a,...,a,.

E. Distance Function

For any vector a € X, we introduce its support as the
index set

supp(a) = {ila; #0,i =1,...,m}.

The distance between nonzero vectors a,b € X™ with
supp(a) = supp(b) is defined by a function

pla,b) = @ (b 'a;®a; b)) =b a®a b (3)

i€supp(a)

We put p(a,b) = oo when supp(a) # supp(b), and
pla,b)=1if a=b=0.

Note that the function p in R, . coincides for all
vectors a,b € R™ with the Chebyshev metric

poo(a,b) = max |b; — ail.

III. EVALUATION OF DISTANCES

Let ai,...,a, € X™ be given vectors. We denote by
A = (ay,...,a,) a matrix having the vectors as columns,
and by A = span{a,...,a,} alinear span of the vectors.

Take a vector d € A™ and consider the problem of
computing the distance from d to A defined as

p(A,d) = min p(a, d).

As another problem of interest, we examine the distance
from d to the sets (half-spaces)

A; ={a € Ala < d}, Ay = {a € Ala > d}.

Taking into account that every vector @ € A can be
represented as a = Ax for some vector x € X", we arrive
at the problem of calculating

p(A,d) = min p(Az,d). 4)
TEA™

Suppose d = 0. Considering that A always contains the
zero vector, we obviously get p(A,d) = 1.

Let some of the vectors aq,...,a, be zero. Since zero
vectors do not affect the linear span A, they can be removed
with no change of distances. When all vectors are zero and
thus A = {0}, we have p(A,d) = 0 if d = 0, and
p(A,d) = 0o otherwise.

From here on we assume that d # 0 and a; # 0 for all
i=1,...,n, and so the matrix A is column regular.

Suppose the vector d = (d;) may have zero components
and so be irregular. For the matrix A = (a;;), we introduce a
matrix A = (@;;) as follows. We define two sets of indices
I = {ild; = 0} and J = {jla;; > 0,7 € I}, and then
determine the entries in A according to the conditions

{

0, ifi¢andjeJ;

otherwise.

Qi =

Qij

INTERNATIONAL JOURNAL OF APPLIED MATHEMATICS AND INFORMATICS



Issue 1, Volume 7, 2013

The matrix A may differ from A only in those columns
that have nonzero intersections with the rows corresponding
to zero components in d. In the matrix A, these columns
have all entries that are not located at the intersections set to
zero. The matrix A with the above properties and the vector
d are said to be consistent with each other.

Note tAhat when d is regular, we have A = A; that is, the
matrix A obtained from the matrix A to provide consistency
with d appears to coincide with A.

Proposition 1: For all x it holds that

p(Az,d) = p(Az,d).

Proof: With a regular d the statement becomes trivial and
so assume d #* 0 to have zero components.

Suppose that p(Azx,d) < oo, which occurs only under
the condition supp(Ax) = supp(d). The fulfillment of the
condition is equivalent to equalities a;1x1 D - D a;nxy, = 0
that must be true whenever d; = 0. To provide the equalities,
we put x; = O for all indices j such that a;; # O for at
least one index i with d; = 0. In this case, replacing A
with A leaves the value of p(Ax,d) < co unchanged.

Since the condition supp(Axz) # supp(d) implies
supp(Ax) # supp(d) and vice versa, the statement is also
true when p(Az,d) = co. [ |

With the above result, we may now concentrate only on
the problems when A is consistent with d.

In order to describe the solution of problem (4), we need
the following notation. For any consistent matrix A and
vector d, we define a residual value

Aa(d) = V(Ad~A)")~d

if A is row regular, and A4(d) = oo otherwise.

In what follows, we drop subscripts and arguments in
A4(d) and write A if no confusion arises.

Below we find the solution when the vector d is regular
and then extend this result to irregular vectors.

A. Regular Vector

Suppose that d is a regular vector. First we verify that
the minimum of p(Ax,d) over X" in (4) can be found by
examining only regular vectors x € X} .

Proposition 2: 1f a vector d is regular, then

d) = min p(Az,d).
p(A,d) wrg%p( z,d)

Proof: Take a vector y Az such that p(Ax,d)
achieves the minimum value. If y is irregular and so has
zero components, then supp(y) # supp(d), and thus
p(Ax,d) = oo for all x, including regular vectors x.

Suppose ¥ = (y1,...,ym)? is regular. Assume a corre-
sponding vector x to have a zero component, say z; = 0.
Now we define a set I = {i|a;; > 0} # () and find a number
€= min{ai_jlyiﬁ el}>0.

It remains to note that with x; = ¢ in place of z; = 0,
all components of y together with the minimum value of
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p(Ax, d) remain unchanged. Therefore, to get the minimum
it is suffice to examine only regular vectors x € X7} . [ |
The next statement reveals the meaning of the residual
value A = A4(d) in terms of distances.
Lemma 1: 1f a vector d is regular, then it holds that

p(A,d) = A,
where the minimum is attained at
x=A(d A)".

Proof: Suppose that the matrix A is not row regular. Then
we have supp(Ax) # supp(d) and p(A,d) = oo. Since,
by definition, A = oo, the statement is true in this case.

Let A be row regular. Taking into account (3) and (4),
we arrive at an optimization problem to find

mn&n1 (d” Az @ (Ax)~d).

Take any vector y = Ax such that « > 0, and define
r=d Az ® (Axz)~d > 0.

From the definition of r, we have two inequalities

r>d” Az, r > (Az)~d.

Right multiplication of the first inequality by =~ together
with (1) give r&~ > d”Axzx~ > d~ A. Then we obtain
x <r(d"A)” and (Az)~ >r H(A(d A)")".

Further substitution into the second inequality results in

r>r Y Ad A7) d=r"1A%

whence it follows directly that r > A.
It remains to verify the equality » = A when we take
x = A(d~A)~ . Indeed, substitution of this vector  gives

r=Ad A(d A)” @A A A)T)"d=A.

Finally note that the above vector & corresponds to the
vector y = AA(d~A)~ € A. [ |

Examples of a subspace A = span(ai,az) and a vector
d in the idempotent space [anax’ . are given in Fig. 5.

Now we turn to evaluation of the distance from the vector
d to the half-spaces 4; and As.

Lemma 2: If a vector d is regular, then it holds that

— i _ A2

p(Ar,d) —jglgndp(Am,d) = A%,

— i _ A2

p(Az,d) fzggldp(Aw,d) =A%,

where the minimum is respectively attained at
;= (d A", xy = A%(d”A)".

Proof: Similarly as in Lemma 1 we can verify the equality
p(A1,d) = p(Az,d) = A? provided that A is not a row
regular matrix. Let us show that the equality remains valid
when the matrix A is row regular.

By multiplying the inequality Az < d by x~ from the
right and applying (1) we get A < Axx~ < dx~ . Further
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Y a ]

A>1
A
as )
\
/‘ ! d
[
—
ap A
Fig. 5. A linear span A and a vector d in [anax’_'_ when A =1 (top)

and A > 1 (bottom).

multiplication by d~ from the left results in the inequality
d~ A < x~, which then gives < (d~A)~.
Therefore, for any vector Ax € A;, we have

p(Az,d) = (Az)~d > (A(d~A)")"d = A2,

It is clear that p(Azy,d) = A® if 1 = (d~A)".

Consider an arbitrary vector Ax € A,. Application of
(2) to the vector (d~A)~ yields d~A > (A(d~A)")" A.
Taking into account the condition that Ax > d, we further
have d~Ax > (A(d~A)")" Az > (A(d~A)~)~d.

Now we can conclude that for Az € As, it holds

p(Ax,d) =d Az > (A(d"A)")"d = A%

It remains to see that substitution &z = A%(d~A)~ gives
p(Azxa,d) = A2d-A(d=A)~ = A?.

Note that when A < oo the minimum distance from d
to the half-spaces A; and Ay is achieved at the respective
vectors y; = A(d~A)~ and yo = A%A(b~A)". ]

A geometric illustration of the above result in the idem-
potent space R? . is given in Fig. 6.

max,

B. Arbitrary Nonzero Vector

Now we examine the distance between the linear span .4
and an arbitrary vector d # 0.

19

A
A=1
Az
d
as
AJ ap
A
A>1 /
E A
Y2 ;//
as
Y1
A ¢
| | -
T T s
.A1 ap A2
Fig. 6. The sets A; and A2, and the vector d in [R?nax’ + when

A =1 (top) and A > 1 (bottom).

Theorem 1: For any vector d # 0 it holds that

p(A,d) = min p(Az,d) = A,

zeXy

where the minimum is attained at « = A(d~A4)~.

Proof: Note that for the case when d is regular, the proof
is given in Lemma 1. Now we suppose that the vector d # 0
has zero components. Due to Proposition 1, it will suffice to
examine only the case when A and d are consistent.

Let us define the sets of indices I = {i|d; = 0} and
J = {jla;; > 0,7 € I}. In order to provide the minimum of
p(Az,d), we must put z; = 0 for all j € J. This makes it
possible to exclude from consideration all components of d
and the rows of A with indices in I, as well as all columns
of A with indices in J. By eliminating these elements, we
obtain a new matrix A’ and a new vector d’.

Denote the linear span of the columns in A’ by A’.
Considering that the vector d’ has no zero components, we
apply Lemma 1 to get

p(A,d) = p(A',d) = Aa(d) = A,

Furthermore, we note that the minimum p(A'x’,d’) is
attained if ' = A’(d'~A’)~, where @’ is a vector of order
less than n.
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The matrix A differs from A’ only in that it has extra
zero rows and columns. Clearly, both matrices appear to be
row regular or irregular simultaneously.

Suppose that both matrices are row regular. Taking into
account that the vector d’ is obtained from d by removing
zero components, we have

A = (A (d=A))~d = /(A(d=A)~)-d = A.

Since the optimal vector x differs from «’ only in
extra zero components, we conclude that p(Ax, d) achieves
minimum at x = A(d™ A) |

Using the same proof scheme as above, it is not difficult
to extend the result of Lemma 2 as follows.

Lemma 3: For any vector d # 0, it holds that

_ : _ A2
p(AL,d) = min p(Az,d) = A%,

- mi _ A2

p(Az,d) = min p(Az,d) = A%,
where the minimums are respectively attained at
r1 = (d_A)_7 Lo = A2(d_A)_.

To conclude this section, let us formulate a direct conse-
quence of Theorem 1. First note that the residual A satisfies
the condition A > 1. The equality A = 1 means that the
vector d belongs to the linear span .4 = span{ai,...,a,},
whereas the inequality A > 1 implies that d is outside A.
In other words, the following assertion is valid.

Lemma 4: A vector d belongs to a linear span of columns
of a matrix A if and only if A =1, and if so it holds that
d= Az, where x = (d~A)~.

In the next sections, we consider applications of the result
to analysis of linear dependence and to solution of linear
equations and inequalities.

IV. LINEAR DEPENDENCE

First we give conditions for a vector d € X™ to be
linearly dependent on vectors aq,...,a, € X™, or equiv-
alently, to admit a representation in the form of a linear
combination d = x1a1 D - - D T,a,,.

We define the matrix A = (a1,...,a,) and then calcu-
late the residual A = A4(d) = /(A(d—A)~)~d.

As a slight modification of Lemma 4, we arrive at the
following statement.

Lemma 5: A vector d is linearly dependent on vectors
ai,...,a, if and only if A =1.

Now we formulate a formal criterion that a system
ai,...,a, is linearly independent. We use the notation
A; = (a1,...,6-1,@;41,...,ay,) to represent a matrix
obtained from A by removing column 4, and introduce

5(A)

1I§rli1£n Ay, (a;).
Lemma 6: The system of vectors aq, ..

independent if and only if §(A) > 1.
Proof: Clearly, the condition 6(A) > 1 involves that

Ay, (a;) > 1 forall i =1,...,n.It follows from Lemma 5

., @, is linearly

20

that in this case none of the vectors ai,...,a, is a linear
combination of others, and so the system of vectors is
linearly independent. ]

Let ay,...,a, and by, ..., by be two systems of nonzero
vectors. These systems are considered to be equivalent if
each vector of one system is a linear combination of vectors
of the other system.

Consider a system ai,...,a, that can include linearly
dependent vectors. To construct an equivalent independent
system (a basis of the system), we implement a sequential
procedure that examines the vectors one by one to decide
whether to remove a vector from the system or not.

At each step @ = 1,...,n, the vector a; is removed if
Az (a;) = 1, where the matrix A; is composed of those
columns in A;, that are retained after the previous steps.
Upon completion of the procedure, we get a new system of
vectors ai,...,ay, where k <n.

Proposition 3: The system ag, ..., ay is a linearly inde-
pendent system that is equivalent to ai,...,a,.

Proof: According to the way of constructing the system
ai,...,ax, each vector a; coincides with a vector of the
initial system ai,...,a,. Since at the same time, for each
a;, it holds that a; € span{ai,...,ax}, both systems are
equivalent. Finally, due to Lemma 6, the system a1, ..., a
is linearly independent. [ ]

V. LINEAR EQUATIONS AND INEQUALITIES

Suppose there are given a matrix A € X™*" and a vector
d € X™. Consider problems of finding an unknown vector
x € X™ to satisfy the equation

Az

=d, ®)

and the inequality

Az <d. (6)

In what follows, we assume that the matrix A is already
put into a form that is consistent with the vector d, and use
the notation A = Ay (d) = /(A(d—A)~)~d.

If a matrix A = (ay,...,a,) has a zero column, say
a;, then the solution of equation (5) reduces to that of
an equation that is obtained from (5) by removing the
component x; in the vector x together with eliminating
the column a; in A. Each solution of the reduced equation
causes equation (5) to have a set of solutions, where x; takes
all values in X. The solution of inequality (6) with a matrix
A having a zero column reduces in the same way.

Suppose that A = 0. In this case, any vector € X" is a
solution of (5) provided that d = 0, and there is no solution
otherwise. The solution of (6) is any vector = € X".

If d = 0, then both equation (5) and inequality (6) have
a trivial solution & = 0, which is unique when the matrix
A has no zero columns.

From here on we assume that the vector d and all columns
in the matrix A are nonzero, and so A is column regular.

A solution x of equation (5) is called maximal if it holds
that < x( for any solution x.
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The next result gives a complete solution of inequality (6).
Lemma 7: For any column regular matrix A and vector
b # 0, the solution of inequality (6) exists and is given by

x < (dA). 7

Proof: Let us ensure that inequalities (7) and (6) are
equivalent to each other. First assume the vector d to be
regular. In much the same way as in Lemma 2, we verify
that inequality (7) follows from (6).

Suppose that inequality (7) holds. Then we have

Az < A(b"A)" <bb~A(b~A)” = b,

and thus inequality (6) holds as well.

Now assume that the vector d # 0 is not regular. In this
case, we use the same proof scheme as in Theorem 1 to
reduce the problem to that with a regular vector and then
apply the above result. ]

In the following, we examine conditions for the solution
of equation (5) to exist and to be unique, and then describe
the general solution to the equation.

A. Existence and Uniqueness of Solution

Application of previous results brings us to a position to
arrive at the next assertion.

Theorem 2: For any column regular matrix A and
nonzero vector b, the following statements are true:

1) Equation (5) has solutions if and only if A = 1.

2) If solvable, the equation has a maximal solution

x=(d"A)".
3) If all columns in A form a minimal system that
generates d, then the above solution is unique.

Proof: The existence condition and the form of a solution
follows from Lemma 4. The result of Lemma 7 says that this
solution is maximal. The uniqueness condition follows from
representation of the vector as a unique linear combination
of its minimal set of generators. ]

Suppose that A > 1. In this case equation (5) has no
solution. However, we can define a pseudo-solution to (5)
as a solution of the equation

Ax = AA(d™A)~,
which always exists and takes the form
rog = A(diA)i

By Theorem 1, the pseudo-solution yields the minimum
deviation between the vectors y = Ax and the vector d in
the sense of the metric p. When A = 1, the pseudo-solution
obviously coincides with the maximum solution.

Consider a problem of finding two vectors x; and x»
that provide the minimum deviation between both sides of
(5), while satisfying the respective inequalities

Ax < d, Ax > d.

It follows from Lemma 3 that the problem has a solution
that is given by

x1=(d A", xo = A*(d"A)".
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B. General Solution

To describe a general solution to equation (5), we first
give an auxiliary result that solves (5) when the vector d is
linearly dependent on a subset of columns in the matrix A.

Lemma 8: Let A = (ay,...,a,) be a matrix, I be a
subset of column indices of A, and d € span{a;|i € I}.

Then any vector ®; = (x;), where z; = (d~a;)” if
i€, and z; < (d~a;)” otherwise, is a solution to (5).

Proof: Since d € span{a;|i € I} C span{ai,...,a,},
there is a solution x; of equation (5), and therefore,

d=Ax; = éxiai = @xiai e @xiai.
i=1

iel igT

Furthermore, the condition d € span{a;|i € I} yields an

equality
d= @ i,
i€l
which is valid when z; = (d~a;)” forall i € [.
The remaining components with indices ¢ ¢ I must be
set so as to satisfy inequalities

d> @xiai > x;a;.
il

It remains to solve the inequalities to conclude that for
each i ¢ I, we can take any z; < (d~a;)”. [ |

Let I be a set of indices of those columns in A that form
a minimal generating system for the vector d. We denote
the set of all such index sets I by Z. It is clear that Z = ()
only when equation (5) has at least one solution.

By applying Lemma 8, we arrive at the following result.

Theorem 3: The general solution to equation (5) is a
(possible empty) family of solutions {x;|I € Z}, where
each solution @y = (z;) is given by

xi:(dfai)f, ifiel,

ZT; < (d_ai)_, if ¢ ¢ I. (8)

Let us examine a case when the family reduces to one
solution set. Suppose that the columns in A are linearly
independent. Then there may exist only one subset of
columns that form a minimal generating system for d. If
the subset coincides with the set of all columns, then the
solution reduces to a unique vector = (d~A)~.

As an illustration, consider equation (5) in the idempotent
vector space [anax, . under the conditions that

)

_ _ (&
() =
where a11,a12,a21,a20 > 0 and di,ds > 0.
Suppose that A = As(d) = (A(d~A)~)~d = 1. The
maximal solution of the equation takes the form
_ ( (d7a1)™! > _ ( (dilan @ dy taz) ™! )
T = = -1 -1 —1 .
(dy “a12 ® ds "as2)

(d_ a2)_1
If the vector d is not collinear with any of vectors a;
and as, then the solution is unique (see Fig. 7, upper left).

a12
a22

a1
asy
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A A
d
Ad
x
2 asz ? az
] 7 1 7
Al S Al )
/ ‘.Il - / T171
d
T2 as
a;
A
1

Fig. 7. A unique (upper left) and non-unique (upper right and bottom)

solutions to the linear equation Az = d in [R?nax#r.

Two cases when equation (5) has more than one solution
are shown on the Fig. 7 (upper left and bottom).

In the upper left, the vector d is collinear with a; and is
not collinear with ao. The solution of the equation is any
vector  with components

1 1 _
x1 = (dy "a11 B dy "as) 17
—1 —1 _
T2 § (dl ai2 @dQ agg) 1.

In the case depicted in Fig. 7 in the bottom, both vectors
a1 and as are collinear with each other and with the vector
d. Under these conditions, there are two families of solution
vectors ' = (2}, 25)T and =" = (2f,2Y).

The vectors in the first family are given by

-1 -1 -1
.27/1 = (dl a1 @d2 (121) s
-1 -1 -1
zhy < (dy tar2 ® d3 age) ™,
whereas those in the second family are given by

o < (dytan @ dytag) 7,

" -1 -1 -1
Ty = (dl a2 D d2 (122) .

C. Systems of Equations and Inequalities

Given matrices A and C, and vectors d and b, consider
a problem to find vectors x that simultaneously solves an
equation and an inequality combined into one system

Ax =d,

Cx <b. ©)

To solve the problem, we denote by I a subset of indices
for those columns in the matrix A that form a minimal
generating system for the vector b, and by Z a set of all
such subsets. Furthermore, we define

I={IeIlbc<d a;icl}cT,
where a; and ¢; are columns 4 in the matrices A and C,
and recall the notation A = A,(d) = /(A(d—A)~)~d.
Lemma 9: For any column regular matrices A and C,
and nonzero vectors d and b, system (9) has solutions if
and only if A =1 and Z # (). The general solution to the

system is a (possible empty) family of solutions {z;|I € Z},
where each solution x; = (z;) is given by

€T; = (d_ai)_,
r;<(d a;®b ¢)”,

ifiel,
ifigl.

Proof: System (9) is solvable if and only if there exists a
solution to the equation in the system to satisfy the condition
x < (b~ C)~, which is equivalent to the inequality at (9).

According to Theorem 3, the solution to the equation is
a family {x;|I € T}, where each member is given by (8).
Consider a solution that corresponds to a subset I € 7.
The solution is the vectors x; = (z;) with components
z; =(d a;)",if i €I, and z; < (d”a;)”, otherwise.

These vectors include solutions to the inequality at (9) if
and only if (d~a;)~ < (b”¢;)~ forall i € I. By collecting
all sets I that provides this condition, we get the set 7.

It remains to see that each set I € 7 gives a solution
x; = (z;), where z; = (d"a; ®b ¢;)) = (da;)”, if
iel,and z; < (d"a; ® b ¢;)”, otherwise. [ ]

D. An Extended Equation

Consider a problem to solve with respect to the unknown
vector & an extended equation in the form

Az ®b=d, (10

where A is given matrix, d and b are given vectors.

In what follows, we assume that b < d since if it is not
the case, then equation 10 obviously has no solutions.

We introduce two sets of indices I; = {i|b; < d;} and
I, = {ilb; = d;}. Let Ay and A, be submatrices composed
of the rows in A with indices from I; and I, respectively.
Similarly, we define subvectors d; and d. for the vector
d, and subvectors b; and by for the vector b.

Equation (10) is then equivalent to a system

AliL' = d17
A2$ S b2.

In the same way as above, we construct a set Z; to include
all sets of indices of minimal systems of columns in A that
generate d; . Furthermore, we reduce the set Z; to a set Z;
consisting of those I € Z; that provide common solutions
to both equation and inequality. Finally, we introduce the
notation A; = Ay, (dh) = (A(d7 A)7) " d;.
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Lemma 10: For any column regular matrix A, and
nonzero vectors d and b, equation (10) has solutions if
and only if A; = 1 and Z; # (). The general solution
to the system is a (possible empty) family of solutions
{z;|I € I, }, where each solution x; = (z;) is given by

€T; = (dfal-)f,
<(d a;)",

ifiel,
ifigl

Ly

Proof: By applying Lemma 9, we immediately get the
existence conditions as well as a general solution in the form
of family {x;|I € Z;} with x; = (x;) given by

zi = (dya; &byal)”,
z; < (dya; ®byal)”,

ifiel,
ifigl,

where a} and a? denote columns i in A; and As.

Since by = ds, we have dja! @ by a? = d”a; which
leads to the solution in the desired form. [ |

An illustration of solutions to equation (10) in [anax, I
are given in Fig. 8, where the set of vectors y = Az @ b
for all € IRIQMX’ . is represented with a shaded part of the
strip corresponding to the linear span of columns in A. In
the case when the vector b is outside the strip (upper right
and bottom), this set is extended by adding vertical segments
drawn from the end point of b to the strip.

A A
/A a
d /
as az =
b
ai ay
A
as E
d
b
a;

Fig. 8. Solutions to the equation Ax @b = d in R2

max,+

Note that a solution of equation (10) may exist when
equation (5) has no solutions as shown in Fig. 8 (bottom).
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