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An optimality criterion for disjoint bilinear
programming and its application to the problem with
an acute-angled polytope for a disjoint subset
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Abstract. We formulate and prove an optimality criterion for the disjoint bilinear
programming problem and show how it can be efficiently used for solving the problem
when one of the disjoint subsets has the structure of an acute-angled polytope. A
class of integer and combinatorial problems that can be reduced to the disjoint bilinear
programming problem with an acute-angled polytope is presented and it is shown how
the considered optimality criterion can be applied.
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1 Introduction and problem formulation

The main results of this article are concerned with studying and solving the
following well-known disjoint bilinear programming problem (see [1,2,5,9,16-18,20]):

Minimize
z=aCy+ gz +ey (1)
subject to
Ar <a, x>0; (2)
By <b, y=>0, (3)
where

C= (Cij)nxma A= (aij)qxna B = (bij)lxma
T _ q T _ [
a —((IlO,CLQO,.--,aqo)GR 5 b _(b107b207"';b10)6R7

9=1(91,92,---9n) € R", e=(e1,€2,...,6m) € R™,

T

2T = (x1,29,...,2n) € R", vy = (y1,Y2,-..,Ym) € R™.

Throughout the article we will assume that the solution sets X and Y of the corre-
sponding systems (2) and (3) are nonempty and bounded. Our aim is to formulate
and prove an optimality criterion for problem (1)-(3) that can be efficiently used for
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studying and solving the problem in the case when the set of solutions Y has the
structure of an acute-angled polytope.

Disjoint bilinear programming model (1)-(3) comprises a large class of integer
and combinatorial optimization problems, including the well-known NP-complete
problem of the existence of a boolean solution for a given system of linear inequalities

n

> aiiri < ag, 1=1,2,...,q;
= ' (4)

x; >0, 7=12,...,n.

It is easy to show that this problem can be represented as the following disjoint
bilinear programming problem:

Minimize
n
=Y (wy;+ (1 —z)(1—y))) (5)
j=1
subject to
n
aij$j§ai07 Ii:1727"'7Q7
i=1 (6)
0<z; <1, i=12,...,n,
Ogyjé]-a J:17277n7 (7)

The relationship between this bilinear programming problem and the problem of
determining a boolean solution of system (4) is the following: system (4) has a
boolean solution z* = (z7,25,...,z}) if and only if z* = (zf,25,...,2}) and
v = (v1,95,---,Y;) with y; =1—2a}, j=1,2,...,n, represent an optimal solution
of the disjoint bilinear programming problem (5)-(7) where z(z*,y*) = 0.

To disjoint bilinear programming problem (1)-(3) also the following classical
boolean linear programming problem can be reduced:

Minimize
n
z= Z T (8)
j=1
subject to
n
aiiT; < a;o, 1=1,2,...,q;
=7 ' 9)
z; € {0,1}, j=12...n
This problem has an optimal boolean solution z* = (z7,x%,...,2}) if and only if
system (4) has a feasible boolean solution. If coefficients a;; and ¢; of problem (8),4)
are integer, then z* = z(2*) € [-nH,nH], where H = max{|¢|,i = 1,2,...,n}.

Therefore optimal solution of boolean linear programming problem (8),(4) can be
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found by solving a sequence of disjoint bilinear programming problems
Minimize

z= ) (wjyy + (1 —a;)(1 = y;)

j=1
subject to
n
> ¢xy < iy,
=1
n
> aiizy < aip, 1=1,2,...,q,
i=1
0<ax; <1, j=1,2,....n,
L OSijI, j=12,...,n,

with integer parameters t; on [—nH,nH| by applying the bisection method with a
standard integer roundoff procedure for ty.

Boolean programming problem (8), (9) can be also formulated as the following
disjoint bilinear programming problem:

Minimize
n n
2= i+ MY (xjy+ (1 —25)(1—y;)) (10)
j=1 J=1
subject to
n
a;ix; < ao, 1=1,2,...,q,
];1 ijly > G40 q (11)
0<z; <1, j=12 ... n,
0<y <1, j=12...n, (12)

where M is a suitable large value. More precisely, if the coefficients in (8), (9) are
integer, then M should satisfy the condition M > n - H - 221+ where L is the
length of the binary encoding of the coefficients of boolean problem (8), (4). The
relationship between boolean linear programming problem (8), (9) and disjoint
bilinear programming problem (10)-(12) is the following: boolean linear program-
ming problem (8), (9) has an optimal solution z* = (27, z3,...,2,%) if and only
if o* = (27,25,...,2}) and y* = (yf,y5,...,y)), where yf =1—2zf, i =
1,2,...,n, represent a solution of disjoint bilinear programming problem (10)-(12)
and Z(z*,y*) = Z?:l c;x*. So, the boolean programming problem can be reduced
in polynomial time to disjoint programming problem (1)-(3) where the matrix B is
an identity one.

Another important problem which can be reduced to disjoint bilinear program-
ming problem (1)-(3) is the following piecewise linear concave programming problem:
Minimaze l

z:Zmin{cjkm+cék, kE=1,2,...,m;} (13)
j=1

subject to (2), where z € R", ¢/* ¢ R", Cék € R
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This problem arises as an auxiliary one when solving a class of resource allocation
problems [12,16]. In [16] it is shown that this problem can be replaced by the
following disjoint bilinear programming problem:

Minimize
I my
2= Y (e + Ny
7j=1k=1
subject to
Ax <a, x> 0;
m;
Zy]k_]-a ]:1727 )la
k=1
Yik > 0, E=1,2,....m;, j=12,...,L
In this problem we can eliminate Y1 m,,¥2,mo,--->Y,m,, taking into account that
m;—1
Yjim; = 1 — > Yjk, J = 1,2,...1, and we obtain the following disjoint bilinear
k=1
programming problem:
Minimize
m]‘—l l
Z:Z (cjk—cjmj)xyjk—l—chmjx—l-
j=1 k=1 Jj=1
1 my—1 l
+ Z (" — ™ yjk + Z o™ (14)
j=1 k=1 j=1
subject to
Az <a, x>0 (15)
mj—l
Z ykgla ]:1727al7
= (16)

yijO, k:1,2,...,l, k:1,2,...,m]~—1,

i.e. we obtain a special case of disjoint bilinear programming problem (1)-(3) where
the corresponding matrix B is step-diagonal.

Disjoint bilinear programming problem (1)-(3) has been extensively studied in
[1,2,5,9,16-18,20] and some general methods and algorithms have been developed.
In this article we shall use a new optimization criterion that takes into account the
structure of the disjoint subsets X and Y.

It can be observed that in the presented above examples of disjoint programming
problems the matrix B is either identity one or step diagonal. This means that the set
of solutions Y has the structure of an acute-angled polyhedron [3,8]. Acute-angled
polyhedra are polyhedra in which all dihedral angles are acute or right. A detailed
characterization of such polyhedra has been made by Coxeter [8] and Andreev [3,
4]. Moreover, in [3,4] it has been proven that in an acute-angled polyhedron the
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hyperplanes of nonadjacent facets cannot intersect. Based on this property in the
present article we show that for a disjoint bilinear programming problem with the
structure of an acute-angled polytope for a disjoint subset an optimality criterion
can be formulated that can be efficiently used for studying and solving the problem.
In fact we show that the formulated optimality criterion is valid not only for the
case when Y is an acute-angle polytope but it holds also for a more general class of
polyhedra which in this article are called perfect polyhedra; we call the corresponding
disjoint bilinear programming problems with such a disjoint subset disjoint bilinear
programming problems with a perfect disjoint subset. The aim of this paper is to
show that for this class of problems an optimality criterion can be formulated that
takes into account the mentioned structure of the disjoint subset Y and that can be
efficiently used for solving the problem.

The article is organized as follows. In Section 2 we present the formulation of the
disjoint bilinear programming problem with a prefect disjoint subset that generalizes
the problem with a disjoint subset having the structure of an acute-angled polytope.
In Sections 3-5 we present some basic properties of the disjoint bilinear programming
problem (1)-(3) in general. In Section 7 we present new necessary conditions related
to redundant inequalities for the system of linear inequalities. The main results of
the article are presented in Section 8 where we formulate and prove the optimality
criterion for the disjoint bilinear programming problem with a perfect disjoint subset.

2 Disjoint bilinear programming with a perfect disjoint subset

Let us consider the following disjoint bilinear programming problem:

Minimize
z=alCy+ gz +ey (17)

subject to
Az <a, x>0 (18)
Dy < d, (19)

This problem differs from problem (1)-(3) only by system (19) in which D= (d;;)pxm
and d” = (dyo,d2 ..., dmo) € R™; in this problem A,C,a,g,e are the same as in
problem (1)-(3). We call this problem a disjoint bilinear programming problem with
perfect disjoint subset Y if system (19) has a full rank equal to m, where m < p,
and this system possesses the following properties:

a) system (19) does not contain redundant inequalities and its solution set Y is
a bounded set with nonempty interior;

b) the set of solutions Y' of an arbitrary subsystem D'y < d' of rank m with
m inequalities of system (19) represents a convex cone with the origin at
an extreme point y' of the set of solutions Y of system (19), i.e. y' is the
solution of the system of equations D'y = d';
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c) at each extreme point y' of the set of solutions Y of system (19) exactly m
hyperplanes of the facets of the polytope Y intersect;

Note that if Y = {y‘ Dy < d} is a nonempty set that has the structure of a
nondegenerate acute-angled polytope, then it satisfies conditions a)-c) above.

3 Disjoint bilinear programming and the min-max linear problem
with interdependent variables

Disjoint bilinear programming problem (1)-(3) is tightly connected with the fol-
lowing min-max linear programming problem with interdependent variables:

To find

* : T
_ _ 20
z Lréllr/lurengé)(ey a’u) (20)
and
y €Y ={yl By<b, y =0} (21)
for which
* * T
z" = max (ey” —a” u), 22
s (e — ) (22)
where
Uly) ={ue Rl —ATu <Cy+g", u>0}. (23)

The relationship between the solutions of problem (1)-(3) and min-max problem
(20)-(23) can be obtained on the basis of the following theorems.

Theorem 1. If (z*,y*) is an optimal solution of problem (1)-(3) and z* is the
optimal value of the objective function in this problem, then z* and y* € Y represent
a solution of min-maz problem (20)-(23) and vice versa: if z* and y* € Y represent
a solution of min-max problem (20)-(23), then z* is the optimal value of the objective
function of problem (1)-(3) and y* corresponds to an optimal point in this problem.

Proof. The proof of the theorem is obtained from the following reduction procedure
of bilinear programming problem (1)-(3) to min-max problem (20)-(23). We repre-
sent disjoint bilinear programming problem (1)-(3) as the problem of determining

P1(y*) = 2%131} Y1(y), (24)
where

{ P1(y) = gg)r{l(wTCy + gz + ey), o5)

X ={zeR"| Az < a, x > 0}.

If we replace linear programming problem (25) with respect to x by the dual problem

= Imax (e —CLT’LL
¥1(y) = max (ey —a’u)

and after that we introduce this expression in (24), then we obtain min-max problem
(20)-(23). O
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Similarly we can prove the following result.

Theorem 2. If (z*,y*) € X XY is an optimal solution of disjoint bilinear program-
ming problem (1)-(3) and z* is equal to the minimal value of the objective function
of this problem, then z* and x* correspond to a solution of the following min-maz
linear problem:

To find
* = mi —b" 26
< = mip mex (o7 ¥ @
and

z* e X ={x| Az <a, z >0} (27)

for which
* = *— pl), 28
2= max (e’ = b) (28)

where

V(z)={veR| —BTv<CTz+el, v>0L (29)

Corollary 1. If (z*,y*) € X x Y is an optimal solution of the following disjoint
bilinear programming problem:
Minimize
z=aTCy+gr+ey
subject to
Arx <a, ©>0, Dy<d,

and h* is equal to the minimal value of the objective function of this problem, then
z* and x* correspond to a solution of the following min-max linear problem:

To find

2* = min max (gx — d'v)

zeX veV(x)
and
¥ e X ={z| Az <a, z >0}
for which
z* = Ug/&(m;(*)(gx* —d"v),
where

V(z)={veR| —Dlv=CTz+e"' v>0}.

Problems (20)-(23) and (26)-(29) can be regarded as a couple of dual min-max
linear problems with interdependent variables. It is easy to see that these min-max
problems always have solutions if X and Y are nonempty and bounded sets.
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4 Estimation of the optimal value of the objective function

Let L be the length of the input data of disjoint bilinear programming problem
(1) - (3) with integer coefficients of matrices C, A, B and vectors a,b,c, " [11,12],
ie.
L=Li+ Ly + (gm+q+m)(1 +log(H + 1)),

where

Ly log(|ai;j| + 1) +logn(q + 1),

I
M-
NE

s
Il
o
<.
Il
-

log(|bsj| + 1) +logl(m + 1),

[Vjs

B3

H = max{|ci;|, |gi], lej], i =1,n, j =1,m}.

Then the following lemma holds.

Lemma 1. If disjoint bilinear programming problem (1)-(3) with integer coefficients
has optimal solutions, then the optimal value z' of the objective function (1) is a

rational number that can be expressed by an irreducible fraction ~ with integer M
and N (|[N| > 1), where |M| and |N| do not exceed 2*.

Proof. If the optimal value of the objective function of problem (1)-(3) exists then

this value is attained at an extreme point (2/,y’) of the polyhedral set X x Y de-

termined by (2), (3) where 2’ € X and 3y € Y (see [1,2,5,9]). Then according

to Lemma 1 from [13] (see also [14]) each component z} of 2’ is a rational value
1

and it can be expressed by a fraction of form 2z’ = N:} with integer M} and N{,

where M} is a determinant of the extended matrix of system (2), N& is a nonzero
L

9
n(q+1) ,

y' is a rational value and it can be expressed by a fraction of form ¢y’ = N—JQ with
0
integer M 2 and Ng, where M; is a determinant of the extended matrix of system
2L2
(3), NZ is a nonzero determinant of matrix B and | M 2| |IN2| < ————. Therefore

I(m+1)
1 qg m q m
/::AQWW&<§£:§£:CMA43AI?*‘EE:%“”EA%‘*EE:GJAI?A@>
i=1 j=1

=1 j=1

determinant of matrix A and |M}], [N}| < ; similarly each component y; of

where
9L1+Lo

n(g+ 1)i(m+1)

NN = |38 <
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and

q m q m
D M+ Y MG + 3 e MENG| <
i=1 j=1 i=1 j=1

q q
1| ZiM}Mf +3 MINE+ iMng‘ <
i=1 j=1 i=1 j=1

210g(H+1) (2L1+L2 + 2L1+L2 + 2L1+L2> < 2L.

So, the optimal value 2’ of the objective function (1) is a rational number that can
M

be represented by a fraction N with integer M and N (|N| > 1), where |M| and

|N| do not exceed 2F. O

5 An optimality criterion for disjoint bilinear programming (1)-(3)

Let us assume that the optimal value of the objective function of disjoint bilinear
programming problem (1)-(3) is bounded. Then problem (1)-(3) can be solved by
varying the parameter h € [—2%, 2] in the problem of determining the consistency
(compatibility) of the system

Az < q;

2T Cy + gx + ey < h;
By <b;

x>0, y>0.

(30)

In order to study the consistency problem for system (30) we will reduce it to a
consistency problem for a system of linear inequalities with a right-hand member
depending on parameters using the following results.

Lemma 2. Let solution sets X and Y of the corresponding systems (2) and (3) be
nonempty. Then system (30) for a given h € R' has no solutions if and only if the
system of linear inequalities

—ATu < Cy+g¢";
a’u < ey —h; (31)

u>0
is consistent with respect to u for every y satisfying (3).

Proof. System (30) has no solutions if and only if for every y € Y the system of
linear inequalities
Az < a,
a"(Cy+g") < h—ey, (32)
x>0
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has no solutions with respect to x. If we apply the duality principle (Theorem 2.14
from [7]) for system (32) with respect to vector of variables x then we obtain that
it is inconsistent if and only if the system of linear inequalities

ATN + (Cy + ¢!t > 0;
aX + (h —ey)t < 0; (33)
A>0, t>0,

has solutions with respect to A and t for every y € Y. Note that for an arbitrary
solution (A*,t*) of system (33) the condition t* > 0 holds. Indeed, if ¢* = 0, then it
means that the system
AT\ > 0;
{ a’X <0, A >0,

has solutions, which, according to Theorem 2.14 from [7], involves the inconsistency
of system (2) that is contrary to the initial assumption. Consequently, t* > 0. Since
t > 01in (33) for every y € Y, then, dividing each inequality of this system by ¢ and
denoting u = (1/t)A, we obtain system (30). So, system (30) is inconsistent if and
only if system (31) is consistent with respect to u for every y satisfying (3). O

Corollary 2. Let solution sets X and Y of the corresponding systems (2) and (3)
be nonempty. Then for a given h system (30) has solutions if and only if there exists
y € Y for which system (31) is inconsistent with respect to w. The minimal value
h* of parameter h for which such a property holds is equal to the optimal value of
the objective function in disjoint bilinear programming problem (1)-(3).

Theorem 3. Let solution sets X and Y of the corresponding systems (2) and (3)
be nonempty and bounded. Then for a given h € R' the system

Az < q;
T'Cy+gr +ey < h;
By <b;

x>0, y>0.

(34)

1s inconsistent if and only if the system of linear inequalities

—ATu < Cy+g7;
a’u<ey—h; (35)
u>0

is consistent with respect to u for everyy satisfying (3). The mazximal value h* of the
parameter h for which system (35) is consistent with respect to u for every y € Y is
equal to the minimal value of the objective function of disjoint bilinear programming
problem (1)-(3). Moreover, for the considered systems the following properties hold:

1) If the system of linear inequalities
ATy —Cy < g7

alu— ey < —h*% (36)
u>0
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s 1nconsistent with respect to uw and y, then the system

Az < a;
CTy = —eT;
cx = h*;
x>0

(37)

s consistent and an arbitrary solution to it x* together with an arbitrary y € Y
determine a solution (z*,y) of disjoint bilinear programming problem (1)-(3).

2) If system (36) is consistent with respect to u and y, then there exists y* € Y
for which the system
— ATy < Cy* + g7}
alu < ey* — h*; (38)
u >0

has no solutions with respect to u. An arbitrary y* € Y with such a property together
with a solution x* of the system of linear inequalities

Az < a,
T (Cy* +g7) < h* — ey, (39)
x>0

with respect to x, represent an optimal solution (z*,y*) for disjoint bilinear pro-
gramming problem (1)-(3).

Proof. System (34) is inconsistent if and only if the system

Az < a,
e (Cy+g") < h—ey, (40)
x>0

is inconsistent with respect to = for every y € Y. Taking into account that the
set of solutions of system (2) is nonempty and bounded we can replace (40) by the
following homogeneous system

Az —at <0,
2T (Cy + g") — (ey — h)t <0, (41)
x>0

preserving the inconsistency property with respect to z and t for every y € Y.
Therefore system (34) is inconsistent if and only if system (41) is inconsistent for
every y € Y. Applying the duality principle for system (41) we obtain that it is
inconsistent for every y € Y if and only if system (35) is consistent with respect to y
for every y satisfying (3). Based on this property and Corollary 2 we may conclude
that the maximal value h* of parameter h in system (35) for which it has solutions
with respect to w for every y € Y is equal to the minimal value of the objective
function in problem (1)-(3).



120 DMITRII LOZOVANU

Now let us prove property 1) from the theorem. Assume that system (36) is
inconsistent with respect to u and y. Then the system

—ATy—Cy — ¢t <0;
alu — ey + h*t < 0;
u >0, t>0

is inconsistent. This involves that system (37) has solutions. For an arbitrary
solution = = z* of system (37) we have

x*TC’y +gr* +ey = yT(CTx* + eT) +gx* =gx* =h",

where h* is the minimal value of the objective function in problem (1)-(3). This
means that x* together with an arbitrary y € Y determine an optimal solution
(z*,y) of problem (1)-(3). Moreover, in this case the optimal value h* of the objective
function of the problem does not depend on the constraints (3) that define Y, i.e.
Y may be an arbitrary subset from R™.

Finally let us prove property 2) of the theorem. Assume that system (36) is
consistent and there exists y* € Y for which system (38) is inconsistent. Then
according to Corollary 2 we obtain that for A = h* system (30) has solutions. In
this case the corresponding homogeneous system

—ATy — (Cy* + g™t <0;
au — (ey* — h*)t < 0;
u >0, t>0

has no solutions and based on the duality principle we obtain that system (39) has
solutions with respect to z. This means that y* € Y together with a solution (z*)

of system (39) determine an optimal solution (z*,y*) of problem (1)-(3). O
Corollary 3. The linear programming problem:
Mazimize
z=nh (42)
subject to
—ATu—Cy < g5
au — ey < —h; (43)
u > 0,
has solutions if and only if the linear programming problem :
Minimize
2 =cx (44)
subject to
Az < a;
CTz = —eT; (45)

x>0,
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has solutions. If h* is the optimal value of the objective function of linear program-
ming problem (42), (43), then an optimal solution x* of linear programming problem
(44), (45) together with an arbitrary y € Y is an optimal solution of the disjoint
bilinear programming problem with an arbitrary subset Y € R™.

Proof. If we dualize (42), (43 ), then we obtain the problem:

Minimize:
7=z
subject to
—Ax 4+ at > 0;
—CTp —eTt > 0;
t=1;
x>0,

i.e. this problem is equivalent to problem (44), (45). So, problem (42), (43) has
solutions if and only if problem (44), (45) has solutions. O

If in Lemma 2 we take into account that the set of solutions X of system (2)
is nonempty and bounded, then we obtain the following result.

Corollary 4. Linear programming problem (42), (43) has solutions if and only if
system (45) is consistent. If system (45) is inconsistent, then the objective function
(42) is unbounded on the set of feasible solutions (43).

Remark 1. Let Upy(y) be the set of solutions of system (31) with respect to u for
fixed h € R' and y € R™. Additionally, let Uj,(y) be the set of solutions of system
(35) with respect to u for fixed h € R! and y € R™ and denote

Y, ={y € R™|Un(y) #0}; Y, ={y e R"|Ux(y) #0}.

Then Y}, is an open set and Uj(y) is a closed set. In terms of these sets we can
formulate the results above as follows:

1. System (30) has solutions if and only if Y ¢ Y}, and the minimal value h* of
h for which this property holds is equal to the optimal value of the objective
function of problem (1)-(3).

2. System (34) has no solutions if and only if Y CY}; and the maximal
value h* of h for which this property holds is equal to the optimal value of
the objective function of problem (1)-(3);

3. If system (36) is consistent, then Y C Y}, for h < h* and Y ¢ Y}, for h > h*,
i.e, Yy« \ Yy« represents the set of optimal points y* € Y for problem (1)-(3);

4. If system (36) is inconsistent, then Y+ =0 and an arbitrary solution z*
of system (37) together with an arbitrary y € Y represent an optimal solution
of problem (1)-(3), i.e Y, =0 for h > h* and Y C Y, for h < h*.
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Thus, based on Theorem 3, we can replace disjoint bilinear programming problem
(1)-(3) with the problem of determining the optimal value h* of h and vector y* € Y
for which system (35) is consistent with respect to u. System (35) can be regarded
as a parametric system with right-hand members that depend on the vector of
parameters y € Y and h € R'. If in (30) we regard z as a vector of parameters, then
we can prove a variant of Theorem 3 in which parametrical system (35) is replaced
by the parametrical system

—BTy <CTg +eT;
bv < gx — h; (46)
v >0,

where v is the vector of variables and =z is the vector of parameters that satisfies
(2). This means that for the considered parametric linear systems (35) and (46) we
can formulate the following duality principle (see [15]):

Theorem 4. The system of linear inequalities (35) is consistent with respect to
u for every y satisfying (3) if and only if the system of linear inequalities (46) is
consistent with respect to v for every x satisfying (2).

All results formulated and proved in this section are valid also for the case when
Y is determined by an arbitrary consistent system

Dy < d, (47)

where D = (d;;) is a p X m-matrix and d is a column vector with p components. In
the case when system (3) is replaced by system (47), the following duality principle
holds.

Theorem 5. The system of linear inequalities (35) is consistent with respect to u
for every y satisfying (47) if and only if the system

—DTy=CTz+ €T
dv < gz — h; (48)
v >0,

is consistent with respect to v for every x satisfying (2).

6 The general scheme of the approach for solving problem (1)-(3)

The approach we shall use for solving the disjoint bilinear programming problem
(1)-(3) is based on Theorem 2 and is as follows:

We replace problem (1)-(3) by problem of determining the maximal value h*
of parameter h such that system (35) is consistent with respect to u for every
y satisfying (3). Then we show how to determine the corresponding points z*, y*
that satisfy the conditions of Theorem 2. To apply this approach we will develop
algorithms for checking conditions 1) and 2) of the theorem, i.e. we will develop
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algorithms for checking the condition Y ¢ Y}, for a given h € [-2% 2F]. Based
on such an approach and the bisection method we can determine hA* and y*. To
do this in Section 8 we state Theorem 3 for the case when Y represents a perfect
polytope and formulate the condition Y ¢ Y} in terms of the existence of a basic
feasible solution for a linear system with a fixed basic component.

7  Some auxiliary results related to redundant inequalities for lin-
ear systems

In that follows we shall use some properties of redundant inequalities for linear
systems. An inequality

m
Z S55Y; < S0 (49)
j=1
is called redundant for a consistent system of linear inequalities
m
Zdijyj S dio, 1= 1,2,...,p, (50)
j=1

if (49) holds for an arbitrary solution of system (50). We call the redundant in-
equality (49) non-degenerate if s; # 0 at least for an index j € {1,2,...,m}. If
s;=0,7=1,2,...,m,and sp> 0 we say that the redundant inequality (49) is de-
generate. We call the redundant inequality (49) for consistent system (50) strongly
redundant if there exists € > 0 such that the corresponding inequality

m
g Sjyj < 8o — €
j=1

is redundant for (50); if such an e does not exist, then we call inequality (49) weakly
redundant . If an inequality

m

dejyj < dko (51)

j=1
of system (50) can be omitted without changing the set of its feasible solutions, then
we say that it is redundant in (50), i.e., inequality (51) is redundant in (50) if it is
redundant for the system of the rest of its inequalities.

The redundancy property of linear inequality (49) for consistent system (50) can
be checked based on the following well-known result [7,10]:

Theorem 6. Inequality (49) is redundant for consistent system (50) if and only if
the system

p
Sj:Edij’Ui, j:1,2,...,m;
i=1

P 52
so = Y diov; + vo; (52)

=1
v; >0, i=0,1,2,...,p,
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has solutions with respect to vy, v1,v2, ...,v,. Moreover, if inequality (49) is redun-
dant for system (50), then system (52) has a basic feasible solution vy, vy, v3, ..., v,
that satisfies the following conditions:

1) the set of column vectors

{DZ: . U:>O,Z€{172)’p}}

is linearly independent;
2) inequality (49) is redundant for the subsystem of system (49) induced
by the inequalities that correspond to indices i € {1,2,...,p} with v} > 0.
3) if vs > 0, then inequality (49) is strongly redundant for system (50) and
if v5 = 0, then inequality (49) is weakly redundant for system (50).

The proof of this theorem can be found in [7,10].

Corollary 5. Let redundant inequality (49) for consistent system (50) be given and
consider the following linear programming problem:

Minimaize
p
Zz = Z diOUi (53)
i=1
subject to
P
s = d;iv;, i=12...,m;
1= & (54)
v; >0, 1=1,2,...,p.
P
Then this problem has an optimal solution vi,v3,...,v, where so > > diov}. If

i=1

P
so > > diov then inequality (49) is strongly redundant for system (50) and if
=1

1=

p
so = »_ diov} then inequality (49) is weakly redundant for system (50).
=1

1=

Theorem 6 can be extended for the case when system (50) is inconsistent.

Definition 1. Assume that system (50) is inconsistent. Inequality (49) is called
redundant for inconsistent system (50) if there exists a consistent subsystem

m
Zdlk]yj < dik()v k= 1727 s 7p,(p, < p)? (55)
i=1

of system (50) such that inequality (49) is redundant for (55).
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Theorem 7. Inequality (49) is redundant for inconsistent system (50) if and only if

system (52) has a basic feasible solution vy, vi,vs, ..., v, for which the set of column
vectors
di
dio
D+:{ , : vi>0,i6{1,2,...,p}} (56)
dim

is linearly independent. Moreover, the subsystem of inconsistent system (50) induced
by inequalities that correspond to indices with v? > 0 s a consistent subsystem of
system (50).

Proof. = Assume that inequality (49) is redundant for inconsistent system (50).
Then there exists a consistent subsystem (55) of system (50) such that (49)
is redundant for (55). Then according to Theorem 6 there exists a basic feasible
solution vg, v, , Vig,s - - - s Vi, for the system

/
P
Sj: Zdikjvika j:1,2,...,m;
k=1
/

p
so = Y. di0Vi, + vo;
k=1

UQZO, ’Uz‘kZO, k:1,2,...,pl,

such that the set of column vectors

di1
di,2
{dik: . : vik>0,k‘6{1,2,...,p’}}
dikm
is linearly independent.
< Let (50) be an arbitrary inconsistent system and wp,vi,v2,...,v, be a
solution of system (52) that contains p’ > 1 nonzero components v;,, Vi, - .., Vi,
such that the corresponding system of column vectors {d;, : wv;, > 0, k =

1,2,...,p'} is linearly independent. Then p’ < min{m,p} and the corresponding
system

m
Zdlkjyj Sdik()a k':1,2,...7p,
Jj=1

has solutions. Based on Theorem 6 we obtain that the inequality (49) is redundant
for system (55) . This means that the inequality (49) is redundant for inconsistent
system (50). O
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8 The optimality criterion for disjoint bilinear programming prob-
lem with a perfect disjoint subset

In this section we present a refinement of Theorem 3 for the disjoint bilinear
programming problem (17)-(19) with conditions a) — ¢) for system (19). In fact
this refinement of Theorem 3 is related to the case when Y = {By < b, y > 0}
is replaced by Y = {y|Dy < d} that satisfies conditions a) — ¢). Based on this,
we show that the optimality criterion for problem (17)-(19) with conditions a) — ¢)
can be formulated in terms of the existence of a basic solution with the given basic
component for a given system of linear equations.

We present the optimality criterion in new terms for problem (17)-(19) in the
following extended form:

Minimize
n m n n
2= 30N e+ > gimi+ > es; (57)
i=1 j=1 i=1 =1
subject to
n
Zaijl‘jgaio, 1217277(]7
2 (58)
I‘JZO, j:1>2> > 15
m
Zdijngdio, i=12,....,p (m<p), (59)
j=1

We will assume that the set of solutions Y of system (59) in this problem satisfies
the following conditions:

a) system (59) does not contain redundant inequalities and the set of its
solutions Y is a bounded set with nonempty interior;

b) the set of solutions of an arbitrary subsystem

m
Zdikjyj < d;,o, k=1,2,...,m,
j=1

of rank m represents a convexr cone Y~ (y") with the origin at an
extreme point y" from the set of extreme points {y',y>,...,.yN} of the
set of solutions Y of system (59);

c) at each extreme point y" € {y*,y?, ..., ¥y} of the set of solutions Y
of system (59) exactly m hyperplanes of the facets of of polytope Y
intersect.

B

It is easy to see that if D = < 7

b
> ,d= < 0 >, 1 is the identity matrix and 0 is

the column vector with zero components, then problem (57)-(59) becomes problem
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(1)-(3). Additionally if matrix B is an identity one or step-diagonal, then we obtain
a disjoint bilinear programming problems for which conditions a) — ¢) hold.

The main results we describe in this section are concerned with elaboration of
an algorithm that determines if the property Y ¢ Y} holds.

8.1 The properties of feasible solutions of problem (57)-(59)

Let yv" = (y1,95,---,9.), 7 = 1,2,...N, be the extreme points of the set of
solutions Y of system (59) that satisfies conditions a) — ¢). Then for each y",r €
{1,2,..., N}, there exists a subsystem

Zdikjyj <djo, k=12,...,m, (60)
=1

of rank m of system (59) such that yi,v5,...,y;, is the solution of the system of
linear equations

m
j=1

Denote

j=1

and consider the conver cone Y~ (y") for system (59) as the solution set of the
following system

> dijy; < dio, i€ I(Y"), (62)
j=1

where y" = (y1, 95, ...,Y,,) is the origin of the cone Y~ (y"). We call the solution
set of the system

> dijy; > dio, i€ I(y")
j=1

the symmetrical cone for Y~ (y") and denote it by Y+ (y").

Obviously, Y~ (y"), Yt (y") represent convex polyhedral sets with interior points
such that Y =N, Y= (y") ; YT (y" ) NY~(y") =9", r=1,2,...,N.

Lemma 3. If Y*t(y'), Y*(?), ..., YT(yV) represent the symmetrical cones
for the corresponding cones Y (yY), Y= (y?), ..., Y=(y") of system (59)
with properties a) — c), then Y (" )YO\YT(y¥) = 0 for r # k. Additionally
if 2t 2% ..., 2N represent arbitrary points of the corresponding cones
Yy, Yr(?),..., YT (YY), then the convex hull Conv (zl, 22, ... ,xN) of points

2422, 02N contains Y.
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Proof. The property Y+ (y")NY*+(y*) = ) for r # k can be proven by contradiction.
Indeed, if we assume that Y+ (y") N Y+ (y*) # 0, then this polyhedral set contains
an extreme point y°, where y° ¢ Y, because Y (y") N Y (y*) is determined by the
system of inequalities consisting of inequalities that define Y+ (y") and inequalities
that define Y+ (y*). This means that y° = (v9,99,...,99,) is the solution for the
system of equations

m
> diyp =dio,  ke€{1,2,...,m},
j=1

of rank m. Then according to properties a) — ¢) we obtain that y° is a solution
of system (59) which is in contradiction with the fact that y° ¢ Y. So, Y (y") N
YH(y*) =0 for r # k.

Now let us show that if 2!, 22, ..., 2V represent arbitrary points of
the corresponding sets Y+ (y'), Y*(y?), ..., YT (y"), then the convex hull
Conv(z', 24, 22,...,2V) of points 2!, 2!, 22, ..., 2" contains Y. Indeed, if we con-
struct the convex hull Y' = Conv(z',9?,...,y"N) of points z' 492, ...,y",

then y1 e Y! and Y C Y If after that we construct the convex hull
Y2 = Conv(z',22,53...,y"N) of points (2',%2,...,y"), then ¢? € Y? and
Y! C Y? and so on. Finally at step N we construct the convex hull YV =
Conv(zt,2%,...,2N) of points 2z',22,...,2YV where y¥ € YV and YN C YV,
i.e.YnggYQQ---QYN:Conv(zl,ZQ,...,ZN). L]

Corollary 6. If system (59) satisfies conditions a) — c¢), then the system

m
Zdl]yjzdz()a i:1727"'ap1
Jj=1

s inconsistent and the inequalities of this system can be divided into N disjoint
consistent subsystems

m
Zdijijdio, iGI(yT),r:1,2,...,N,

j=1
such that Y (y") N Y+ (y*) = 0.

8.2 Criteria to check Y Z Y},

We formulate some criteria for checking the condition Y ¢ Y}, that late we shall
use for our basic result.
If for problem (57)-(59) we consider system (35) (see Theorem 3)

( q m
_Zaljuz_zcljyjsgla ]:1,2,,7’L,
=1 7=1
! “ (63)

> aioui — Y ejy; < —h;
i=1 =1
\ w >0, i=1,2...4q
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then either this system has solutions with respect to ui,us, ... uq,y1,%2,...,Ym for
an arbitrary h € R' or there exists a minimal value h* of h for which this system
has a solution. According to Corollary 3 if for system (63) there exists a minimal
value h* for which it is consistent, then the optimal solution of problem (57)-(59)
can be found by solving linear programming problem (44),(45). Therefore in what
follows we will analyze the case when system (63) has solutions for every h € R, i.
e. the case when system (45) has no solutions.

Lemma 4. Let disjoint bilinear programming problem (57)-(59) be such that system
(59) satisfies conditions a) — c¢) and the set of solutions X of system (58) is
nonempty and bounded. If system (45) has no solutions, then for a given h the
property Y ¢ Yy holds if and only if for system (63) there exists a non-degenerate

redundant inequality
m

Y5y < o (64)
j=1

such that the corresponding symmetrical inequality
m
=Y siy; < —s0 (65)
j=1
1s redundant for the inconsistent system

=Y dijy; < —dio,  i=1,2,...,p. (66)
j=1

Proof. = Assume that system (45) has no solutions. Then according to Corollary
4 of Theorem 3 we have Y}, # (). Therefore if Y ¢ Y}, then among the extreme
points y',42,...,y"Y of Y there exists at least one that does not belong to Yj,.
Denote by 4,42, ...,y the extreme points of Y that do not belong to Y} and by
yN/“, yN/”, ...,y the extreme points of Y that belong to Y},. Each extreme point
vt = (b, yh), 1€ {1,2,..., N}, of Y represents the vertex of the cone Y~ (')
that is determined by the solution set of system (62). At the same time each extreme
point 7' of Y is the vertex of the symmetrical cone Y+ (y!) that is determined by
the solution set of the subsystem of linear inequalities

- Zdijyj < —dp, i€l(y) (67)
=1

of inconsistent system (66). According to Lemma 3 we have Y (y') nY*(y*) =0
for | # k.

Let us show that among the extreme points y! 92, ...,y there exists a
point 47 for which the corresponding cone Y *(y’°) has no common elements
with Yy, ie. Y H(y0)NY, = 0. This fact can be proved using the rule
of contraries. If we assume that YT (y")\Y, # 0, | = 1,2,...,N’, then
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we can select from each set Y1 (y")(Y) an element 2" and construct the con-
vex hull Conv(z!, 22, ..., 2N N+ yN'+2 4N} for the set of the
points {z!, 22, ... 2N, N+ g N'*t2 N1 Taking into account that
eV, r=1,2 ..., N and ¢yt eV, r=1,2...,N— N, we have
Conv(z',22,... 2N yN'+1 yN'+2 4N} C V. However according to Lemma 3
we have Y C Conv(z!,22,... 2N yN'+1 4N +2  yN) ie. we obtain Y C Y.
This is in contradiction with the condition y" € Y}, for r =1,2,..., N’

Thus, among Yt (y!), Y (32),..., Yt (yV') there exists a cone Yt (370) with ver-
tex y%° for which Y (7)Y}, = . Therefore for convex sets Y7 (y70) and Y}, there

exists a separating hyperplane [6,19]

m
> sy = 50
=1

such that

n

Zsjyj < S0, V(yl,y% s 7yn) € Yh
j=1

and

m
_Z'S]y] S —50, v(y17y27"°7yn) € Y+(yj0)'
7=1

n
So, the inequality Y s;y; < so is redundant for system (63) and the inequality
j=1

n
— > sjy5 < —so is redundant for consistent subsystem (67) of inconsistent system
j=1

J
(66).

< Assume that for system (63) there exists a non-degenerate redundant inequal-
ity (64) such that the corresponding inequality (65) is redundant for inconsistent sys-
tem (66). Then there exists a consistent subsystem (67) of system (66) for which the
conical subset Y ~(3%) has no common points with Y;, where Y, # ), i.e. % ¢ Y},.
Taking into account that /0 € Y we obtain Y ¢ Yj,. O

Corollary 7. Assume that the conditions of Lemma 4 are satisfied. Then the
minimal value z* of objective function of problem (57)-(59) is equal to the minimal
value h* of parameter h in system (63) for which there exists a non-degenerate
redundant inequality

m
> sty < s (68)
=1

such that the corresponding symmetrical inequality
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is redundant for inconsistent system (66). An optimal point y* for problem (57)-(59)
can be found by solving the following system

m
Zdzjngdw; 2:172771))

j=1

m

§ : * %k
S]y] — So.

J=1

Proof. Assume that for system (63) with given h there exists a non-degenerate re-
dundant inequality (64) such that symmetrical inequality (65) is redundant for sys-
tem (66). Then according to Corollary 2 of Lemma 2 and Theorem 3 for problem
(57)-(59) there exists a feasible solution such that the corresponding value of the
objective function is not greater than h. Therefore the minimal value z* of the ob-
jective function of problem (57)-(59) is equal to minimal value h* of parameter h
in system (63) for which there exists a non-degenerated redundant inequality (68)
such that the corresponding symmetrical inequality (69) is redundant for inconsis-
tent system (66). In this case y° = y* € Y Nbd(Y p,+) and the optimal point y* € Y
can be found by solving system (70). O

(70)

Theorem 8. Let disjoint bilinear programming problem (57)-(59) be such that sys-
tem (59) satisfies conditions a) — ¢) and the set of solutions X of system (58) is
nonempty and bounded. If system (45) has no solutions, then for a given h the
property Y ¢ Yy, holds if and only if the following system

n
Zaij:cj—i—xnﬂzaio, 1=1,2,...,q;
j=1
n P
Zcijxi—i-dejvk:—ej, 7=12,...,m; (71)
i=1 k=1
n P
> giwi = diov + vp1 = h;
i=1 k=1
x;>0,1=0,1,2,....n+q; vy >0, k=1,2,...,p+1
has a basic feasible solution 9,29, ... ,x%Jrq,v?,vg, e ,v2+1 for which the set of
vectors
di1
di2 0
Dy = cop >0, ke{l,2,...,p} (72)
dkm

is linearly independent. The minimal value h* of parameter h for whichY ¢ Y}
is equal to the of the optimal value of the objective function of problem (57)-(59).

Proof. According to Lemma 4 the condition Y ¢ Y}, holds if and only if there exist
50, 81, 82, - - -, S, such that (64) is non-degenerate redundant inequality for system
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(63) and (65) is a redundant inequality for inconsistent system (66). If for (64) and
63) we apply the Minkowski-Farkas theorem (Theorem 6), then we obtain that (64)

is redundant for (63) if and only if there exist xg,z1, %2, ..., Zniq,t such that
( n
Oz—Zaij:cj—an—kaiot, 1=1,2,...,q;
j=1
n
sj:—Zcijxi—ejt, i=12,...,m; (73)
i=1
So — Zgixi — ht—f—xo;
i=1
z;>20,1=0,1,2,...,n+¢q; t > 0.

Now let us apply Theorem 7 for inequality (65) and inconsistent system (66).
According to this theorem, inequality (65) is redundant for system (66) if and only
if there exist vg, v1,v9, ..., Uy such that

p
_Sj:_zdkjvkv j:1,2,,m,

k=1 ( )
74

n
—50 = — E diovy, + vo;
k=1

v >0, k=0,1,2,...,p,

where > °F_, dijv; # 0 at least for an index j € {1,2,...,m} and the set of column
vectors (72) is linearly independent.

So, Lemma 4 can be formulated in terms of solutions of systems (73),
(74) as follows: the condition Y ¢ Y}, holds if and only if there exist sg, 1,

82,...58m, X0,T1,L2, ..., Tpyq, V0,V1,V2, ..., Upt1,t that satisfy (73), (74),
where Y P_, dyjvr # 0 at least for an index j € {1,2,...,m} and the set of column
vectors (72) is linearly independent. If we eliminate sq,$s,..., s, from (73) by

introducing (74) in (73) and after that denote v,41 = vg + xo, then we obtain the
following system

n
Zaijl'j+xn+i:ai0t7 1=1,2,...,q;
j=1
n P
ZCUIL’Z' + dejvk = —ejt, j = 1,2, e,y
= = (75)
n P
> giwi = drovi + vpy1 = ht;
i=1 k=1
; >0, 7=12,....n+q vy >20,k=1,2,...,p+1; £t >0.

This means that Lemma 4 in terms of solutions of system (75) can be formulated
as follows: the property Y ¢ Y} holds if and only if system (75) has a solution
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T1, T2, ..., Tptq, V1, V2 ,..., Up, Uptl, t Where ZZ:I di;v; # 0 at least for an
index j € {1,2,...,m} and the set of column vectors (72) is linearly independent.
In (75) the subsystem

n

Z AijTj + Tpyi = aiot, 1=1,2,...,q (76)
7=1
z; 20, 7=12,....,n+q,t >0
has a nonzero solution 1,2, ..., Znyq,t if and only if ¢ > 0, because the set

of solutions of system (58) is nonempty and bounded. Therefore in (75) we can
set t =1 and finally obtain that Y ¢ Y}, if and only if system (71) has a solution
af, @9, ..., @), vf, v9, ..., vy for which the set of column vectors (72) is
linearly independent and Y 7_, di;v) #0 at least for an index j € {1,2,...,m}.

If h* is the minimal value of parameter h for which system (71) has a basic
feasible solution where the system of vectors (72) is linearly independent, then ac-
cording to Corollary 7 of Lemma 4, h* is equal to the optimal value of the objective

function of problem (57)-(59). O

Corollary 8. Let e disjoint bilinear programming problem (57)-(59) be such that
system (59) satisfies conditions a) — ¢) and the set of solutions X of system (58)
is nonempty and bounded. If system (45) has no solutions, then for a given h
the property Y ¢ Yy, holds if and only if system (71) has a basic feasible solution
x(l),xg, ... ,mgﬂ,v?,vg, ... ,1)2“, where 1)2+1 1s a basic component. The minimal
value h* of parameter h with such a property is equal to the optimal value of

objective function of problem (57)-(59).

Theorem 9. Let disjoint bilinear programming problem (57)-(59) be such that sys-
tem (59) satisfies conditions a) — ¢) and the set of solutions X of system (2) is
nonempty and bounded. Then the minimal value z* of the objective function of
problem (57)-(59) is equal to the minimal value h* of parameter h in system (71)

for which this system has a basic feasible solution x7, x5, ..., Tj g VT, V3, - oy Upiy
where either the system of column vectors

dy1

di2 i

Dy = o >0, ke{=12,...,p} (77)

dkm
1s linearly independent or this system of vectors is an empty set. If such a solution
for system (71) with h = h* is known, then x7,z5, ... , Ty together with an arbitrary
solution y3,vs5, ...,y of the system

de]ngdk(% k:1’2)"'ap;
P (78)

j=1

m p
YO drjoi)ys =Y drovi
j=1 k=1

k=1
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represents an optimal solution x7, T3, ..., Ty Y, Y3, ..oy Ym, Of disjoint
programming problem (57)-(59). If Y% _ dgjvi =0, j=1,2, ..., m, then
vi =0, v3 =0, ..., vy, =0;n this case x7,z5,..., x5 together with an arbitrary

solution y1,y2, ..., Ym of system (59) represents a solution of problem (57)-(59).

Proof. Let h* be the minimal value of parameter h for which system (71) has a basic
feasible solution z7, =3, ..., x5, 4,07, v3, ..., v,y for which either the system of
vectors (77) is linearly independent or this system of vectors is an empty set. Then
according to Theorem 8 and Corollary 3 of Theorem 3 the optimal value of the
objective function of problem (57)-(59) with properties a) — ¢) is equal to h* and
vy = 0.

Now let us prove the second part of the theorem. According to Corollary 1 of
Theorem 2, for disjoint bilinear programming problem (57)-(59) we can consider the
following min-max problem:

Find

(21,22, 2n)EX  (V1,02,...,0p) EV(21,22,...,2n)

n p
h* = min max (Z g;T; — Z dkovk>
7=1 k=1

and (x7, 5, ..., z}) € X,
n
X:{(xlal?u--'vxn)’zaijxj Sai()) 221727)(]’ leOa 7::1725”"(]}’
i=1

such that
n p
h* = max 0 <Z ngC; — Z dkgvk> y
=1 k=1

(v1,02...,vp) €V (x},x5,....x}

where

P n
V(xl,zg,...,mn):{(vl,m,...,vp)‘ — deﬂ)k :Zcijxi“‘ej;j :1’2’_”m}.
k=1

i=1
We can observe that z7, x5, ..., @54, 0], V3, ..., vy Is a solution of this min-
max problem and z* = (z7, ¥3, ..., T;;,) is an optimal point for problem (57)-(59)
p n
with properties a) — ¢). Taking into account that ) dyvi = — Y cijaf —ej, j =
k=1 i=1

P P
1,2,...,m,and ) diovi = —h*+ ) gix] we obtain that system (78) coincides with
k=1 i=1

system (70), because s;-‘ = i dyjvy; and s; = i drovy. So, for the optimal point
k=1 k=1

r* = (7}, =3, ..., Zj4,) the corresponding optimal point y* = (y7,3,...,¥;,) for

problem (57)-(59) can be found by solving system (78). If Y 7_ dyjvp =0, j =

1,2, ..., m, then v} =0, v3 =0, ..., v, =0 and we obtain that z7,z3,..., 27

together with an arbitrary solution yi, 2, . .., Ym of system (59) represents a solution

of problem (57)-(59). O
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Thus, the disjoint bilinear programming problem with the perfect disjoint sub-
set Y (or with acute-angled polytope Y') can be solved if there exists an efficient
algorithm for determining a basic feasible solution with the basic component vj,1
for system (71). For this problems we elaborated suitable algorithms.
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