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ABSTRACT. Uncertainties in many real-world problems mean that their parameters may
be specified as lying between lower and upper bounds. To deal with such uncertainties,
interval linear programming (ILP) problem is used which is a family of linear program-
ming problems (namely, characteristic problem). The problem of determining optimal
solution set of the ILP is a challenging problem. In most solving methods, given solution
space is either infeasible such as the best and worst cases (BWC), ILP, and two-step
method (TSM) or non-optimal such as modified ILP (MILP), enhanced ILP (EILP),
and improved TSM (ITSM). Although in some methods such as improved ILP (IILP)
and improved MILP (IMILP) given solution space is feasible and optimal, all feasible
and optimal solutions are not obtained. In this paper, by using basis stability, we first
find the constraints of the ILP which are active in all characteristic problems and then
obtain the solution set of the ILP which is both feasible and optimal. The results of two
numerical examples further indicated the feasibility and optimality of solutions of the ILP
models.

Keywords: Basis stability, Interval linear programming, Optimal solution set, Uncer-
tainty

1. Introduction. Many problems in real world have uncertain coefficients. These uncer-
tain coefficients have usually been converted to certain coefficients. Interval computations
of Alefeld and Herzberger [1] is a way for treating uncertainties in data measurements.
Instead of exact values we deal with real intervals.

An interval matrix is defined as A’ = [A,Z} = {A ER™" A< AL Z}, where
A < A. Center and radius matrices are defined as A¢ = % (A+Z), Ap = % (Z — A).
A special case of an interval matrix is an interval vector which is a one-column interval
matrix X = {X| X <X <L 7}, where X, X € R™. Interval arithmetic is defined in
1, 2].

We review some definitions [2]. A system A’x = b’ is said to be weakly (strongly)
feasible if some (each) system Ax = b with data satisfying A € A, b € b! is feasible.
In the same way we define weak and strong feasibility of a system of interval linear
inequalities A’x < b’. A square interval matrix A’ is called regular if each A € Al is
nonsingular. A family of the ILP problems is defined as min {c¢"x : Ax < (=>)b,x > 0},
wherec € ¢! CR", A€ A CR™™ b e b’ CR™ and ¢/, A’ and b’ are interval sets.

Many researchers worked on the ILP problems. Some solving methods of interval linear
programming problems consist of BWC, ILP, MILP, EILP, ITSM, IILP, and IMILP.

In the best and worst cases (BWC) method proposed by Tong the ILP model has been
converted into two sub-models [3], the best and the worst sub-models which have the
largest and the smallest feasible spaces, respectively. A given point is feasible for the
ILP model if it satisfies the constraints of the best problem and it is optimal for the ILP
model if it is optimal for at least one characteristic model. The BWC method has been
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developed by Chinneck and Ramadan when the ILP model includes equality constraints
[4]. Huang and Moore proposed a new interval linear programming method (ILP) [5].

Although the BWC method introduces exact bounds for the values of the objective
function, it may result in infeasible decision variable spaces. Also, solution space given
by the ILP method is not absolutely feasible, so the modified ILP (MILP) and enhanced
ILP (EILP) methods have been proposed. In the MILP and EILP, by adding extra
constraints, we can obtain absolutely feasible solution space [6, 7]. The solution space
obtained through I'TSM proposed by Wang and Huang [8] does not violate any constraints
by introducing extra constraints in the solving process.

In [9], the authors improved the MILP method (IILP and IMILP methods) such that
the obtained solution space is both feasible and optimal. In [10], the authors obtained
the optimal solution set for the ILP when the feasible solution components of the best
problems which have the largest feasible space, are positive. Therefore, if at least one
of the components of the feasible solutions of the best problem is zero, then using this
method for determining the optimal solution set of the ILP is useless.

In this paper, we find constraints of the ILP which are active in all characteristic
problems and hence we can obtain the optimal solution set of the ILP. Firstly, we convert
the ILP problem to a convex combination problem with coefficients 0 < \; <1, 0 < p;; <
land 0 <p; <1lfori=1,2,...,mand j=1,2,...,n Ifforall e, j, u;; = pu; = X; =0,
then the best problem has been obtained (in case of minimization problem). We move
from the best problem towards the worst problem by tiny variations of A;, ;; and p; from
0 to 1. Then we solve each of the obtained problems. All the optimal solutions form a
space that we call the optimal solution set of the ILP.

2. ILP, Convex Combination Problem and B-Stability. In this section, we review
the optimal value bounds of the ILP problem and then introduce the convex combination
problem. Also, we define basis stability and its conditions, under which, we confidently
determine the optimal solution set of the ILP.

2.1. ILP and convex combination problems. In this section, we define ILP and
convex combination problems.

Definition 2.1. An ILP problem is defined as
min 2 = Y0 e, 5
s.t. Eyzl[gij,aij]xj S [Ql,l_)l], 1= 1, 2, o, (1)
x; >0, j=1,2,...,n.
We call problems (2) and (3) as characteristic version and convex combination problems
of (1):
min 2 =) 7, ¢
s.t. Z?:l ;5T j < bi: 1= 1,2,...,m (2)
Z; ZO, j:1,2,...,n,
min Z9 = Z;‘l:l [(1 — )\j)Qj + )\jéj} Z;
st D0y (1= pg)ag; + pagtisg] @5 < (1= pa)bs + iy, i =1,2,...,m (3)
2; >0, j=1,2,...,n,
where & S [gj,Ej}, Q45 € |:CI,- dij], bz € [bz,l_)l} and 0 S >\j S 1, 0 S M S 1, 0 S Hij S 1

=439
fori=1,2,....mand j=1,2,... n.

Lemma 2.1. Two problems (2) and (3) are the same.
Proof: The proof is straightforward.
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Theorem 2.1. [2] An interval system A'x < bl x > 0 is strongly feasible if and only if
the system Ax < b, x > 0 is feasible.

Theorem 2.2. [2] An interval system A'x = b!, x > 0 is weakly feasible if and only if
the system Ax < b, Ax>b, x>0 is feasible.

Theorem 2.3. [2_] An interval system A'x < b!, x > 0 is weakly feasible if and only if
the system Ax < b, x > 0 s feasible.

Theorem 2.4. [3] Let x; > 0 for all j, then for the interval inequality Z?:l [Qij,
[Qi,gi}, Z?Zlgijxj < b; and Z;‘:lazjxj < b; are the largest and smallest feasible spaces
respectively.

ai;] x; <

Theorem 2.5. [3| For ILP problem (1), the best and worst optimal values of the objective
function are obtained by solving the following problems, respectively.

n
min z = E C;%j
Jj=1

n
st ayr;<b, i=12...m, 1;>0, j=12.n,
7j=1

n

min z = E CiTj

j=1

sty Gy <b, i=1,2,...,m, 2;>0, j=12..n
j=1

The first and second sub-models are the best and worst cases (namely, BWC) respec-
tively.

Let A’ and b’ be an interval matrix and vector, respectively. For an interval linear
system A’x < b’ we define S = {x|Ax < b,A € A"b € b'}.

Definition 2.2. The narrowest interval vector containing the set S is called the interval
hull of S.

S is generally not an interval vector. It is usually difficult to describe S. Since S
is generally so complicated in shape, it is usually impractical to use it. Instead, it is
a common practice to seek the interval vector x! containing S which has the narrowest
possible interval components [11].

2.2. Basis stability. One of the essential points in the ILP problems is basis stability.
Fundamental questions with ILP such as calculating the optimal solution set may be com-
putationally very expensive. However, by exploiting basis stability, the question becomes
much easier to solve, so we obtain all possible solutions and optimal values range; hence
the optimal solution set of the ILP problems will be a subset of the optimal solutions
generated by B-stability [12, 13].

Definition 2.3. [13] The problem min{c’x : Ax = b,x > 0} where ¢ € ¢! C R",
Ac AT CR™" gnd b € bl C R™, is called B-stable with basis B if B is an optimal
basis for each characteristic problem. The ILP problem is called [unique] non-degenerate

B-stable if each characteristic model has a [unique] non-degenerate optimal basic solution
with the basis B.

Let B C {1,2,...,n+ m} be an index set such that Ap is non-singular, where Apg
denotes the restriction of A to the columns indexed by B. Similarly, N = {1,2,... ,n+
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m}\ B stands for non-basic variables and Ay denotes the restriction to non-basic indices.
The problem with center values is quite specific and not an arbitrary characteristic model.

In general, B-stability conditions have been presented in [12, 13]. These conditions are
as follows:

(1) (regularity) Ap is regular.

(2) (feasibility) The solution set of the interval system Apxp = b is non-negative.

(3) (optimality) Ap is optimal, i.e., c§, — cEAZ AN > 07.

Theorem 2.6. [14] If p(|(AS)7A4,) < 1, then Ap is reqular, where p(.) denotes the
spectral radius and Ay, and A% are the radius and center of the interval matriz Ap,
respectively.

Theorem 2.7. [14] If maxi<i<, (|(A%) H|Aay),; = 1, then Ap is not regular.

Theorem 2.8. [15] If the interval vector r is an enclosure to the solution set of system
ABXB = b, then:

1
05 2]\4ZZ ]

() + (x5 — |xf|>Mz-z->} |

K@:mln{ X +(X +|X|)

(¢ + G+ DM .
1
T —max{x + (x5 — |x5]) M. W o 1

where
1

M = (1= |(A5) " An,) " %0 = (A45) 71, X = M (] + |(A5) A,
and A% is non-singular and p (|[(A)71A4) < 1.

Theorem 2.9. [12] Let diag(q) denote the diagonal matriz with entries qi, ..., qm. If for
each q € {£1}™, the solution set of system

((A5)T — (M) diagle)) y <
— ((A)" + (Aa,) diag(q)) y
diag(q)y > 0
lies in the solution set of system
((A%)" + (Aay) " diag(q)) y < ey
{ diag(q)y = 0.
then, the optimality condition holds.

< —cp (4)

(5)

3. Optimal Solution Set of the ILP with a New Approach. An optimal solution
set of the ILP is defined as the set of all optimal solutions of the characteristic problems.

In [10], the authors prove that the optimal solution set of the ILP is equal to the
intersection of the space generated by the best problem constraints and the worst problem
constraints with the inverse sign, when all feasible solution components of the best problem
are positive. Since checking this assumption is difficult, then we use basis stability to
determine the optimal solution set of the ILP problem. Firstly, by using basis stability,
we find the constraints of the ILP which are active in all characteristic problems and then
we obtain the optimal solution set of the ILP.

Remark 3.1. Since there are no dependencies, the constraints Ax < b, x > 0 are
equivalent to Ax + Iy = b, x,y > 0. The unwanted extra interval width is called the
dependence problem or simply dependence [11].

Definition 3.1. For each i = 1,2,...,m, we define S; = {X ; Z.eBdijxj zlgz}, and

T, = {x : ZJeB a;;T; < b,}, where B is an index set corresponding to basis variables.
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Theorem 3.1. Let ILP model (1) be unique non-degenerate stable with basis B and
N ={1,2,...,n+m}\ B. The optimal solution set of the ILP model is equal to

Nz T NN S
z; >0, j€B
z; =0, jEN

Proof: Let x* be optimal solution of model (2) such that ¢; € [cj, cj}, ai; € [aw, aij}
and b; € [bi,m for i = 1,2,...,m and j 1,2,...,n. Since the ILP model is unique
non-degenerate B-stable, then ). a;;7} bl, x; > O for j € B and zj = 0 for j € N.

. jEB
Therefore, for each i =1,2,...,m,
Z a;;7; <Zawx =b;, < b,
JjEB JjEB
DT 2 ) ) =biz b
jEB jeB

So, for each i = 1,2,...,m, x* € T; and x* € S;. Therefore, x* € (*,T; and x* €
Niz, S;, and hence x* € (N2, T;) N (N, S;). Conversely, suppose

x* € (M2 T N(NZy ) s

>0, jeB
z; =0, JEN
so for each i =1,2,...,n, x* € S; and x* € Tj; therefore, for i =1,2,...,m, ZjeB ;7
> by, Djep @it < bz, which gives,
S+ 80) 2 6= B 3 = A ) 6+
jeB jeB
therefore

— (ZA% ]+Ab> <> a0 <Y A+ A,

jeB jEB jEB
then

C
E aj;x; — b

JjEB

We define y € R™ by

ZJ‘EB ij ] bzq
Y; = { ZjEB Aa” j+Ab ZJGB Aa’” J + Ab > O

<ZA% A, i=1,2,...,m.

jE€EB

1 Y jen Doy + Ay, =0,
for i = 1,2,...,n. Then |y;| < 1and fori=1,2,....m, > ;i paga; —bf = yi(ZjeB
Aawm + Ab); therefore, deB( yZAaw) r; = bf + y;Ay,. Since lyil < 1, ag; =

S TAVIRNS [am, aij} and b; = b + y; Ay, € [ } Therefore, x* is a feasible solutlon

of model (2) such that af; € [a;;,@;] and by € [b;,b;]. Now, consider the following
characteristic model:

min ) cjz;
j=1

st. > ajxy; <07, i=1,2,...,m, (6)
jEB
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where ¢} € [gj,Ej] is arbitrary, for j = 1,2,...,n. Note that x* is a feasible solution of
the model (6), since for i = 1,2,...,m, Z; 1 awx] = b7. For optimality x*, consider the
dual of the model (6):

m
max beu,
s.t. Za u; > ¢, j € B,

uZZO, 1=1,2,...,m

Since the ILP model is non-degenerate B-stable, then the optimal solution components
of model (6) are positive, and for each j € B, ¢§ = > ™" af;u;, where u; is the optimal

solution of the dual model. Therefore, ¢® =", ufa?, and the objective function gradient
c® has been presented as a non-negative linear combination of the gradients of the active
constraints at x* (i.e., af,a3,...,a ), and hence, in view of the Karush-Kuhn-Tucker

)M

optimality conditions, x* is the optimal solution of model (6).

Corollary 3.1. If m = n and all feasible solution components of the best problem which
has the largest feasible space are positive then x* is an optimal solution of the ILP if and
only if Y75 @ijry > by, Yo a1 < b;, which has been proved in [10].

4. Examples. In this section, we solve two examples. Firstly, all active constraints in
ILP model are found, and then the optimal solution set is obtained.

Example 4.1. Consider the following ILP problem:
min z = [1, 5]z + [3, 4]z
s.t. [0.5, 1]z + [—-2, —1]zy < [-1,0]
[—4, =3]x1 + [0, 1]z < [-3, —2]
T1, 29 > 0.

Let x5 and x4 be the slack variables of the constraints. A candidate basis for B-stability
is B = (1,2), since it is optimal for characteristic problem with center values.
1) According to Theorem 2.6, the spectral radius is 0.57, so Ap = ( [?457_1;),] [_[(2)’ 1_]1] )
is regular.
2) According to Theorem 2.8, an enclosure to the solution set of Agxp = b is xg =
[0.15, 2]
[0,3]
3) According to Theorem 2.9, the solution set of system (4) lies in the solution set of
system (5) for each ¢ € {£1}?. Thus the problem is B-stable.
The best and worst values of the objective function is % and 22, respectively. The
. . . 0.5 — 2
optimal solutions are x* = < 0.125 ) and X* = < 3 ) :
We solve the convex combination problem for some values of A;, p; and p;; for i, 5 = 1,2
n [0,1]. All optimal solution points lie in solution space of the ILP where some of the
points have been shown in Figure 1. Since m = n = 2 and for each j = 1,2, z7, 77 > 0,
then in view of Corollary 3.1, the optimal solution set is shown in Figure 2 which is the
same as Figure 1. The solution spaces obtained through BWC and our method have been
shown in Figure 3. By comparing these methods, we conclude that in the solution space
resulting from BWC, there are infeasible solutions.

) which is non-negative.
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A

FI1GURE 1. Approxination of the optimal solution space for the ILP problem
of Example 4.1

e

F1GURE 2. The optimal solution set for the ILP problem of Example 4.1
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F1GURE 3. The solution spaces of BWC and our methods for Example 4.1

Example 4.2. Consider the ILP problem as follows:
min z = [—2, —1]x; + 29
s.t. [2,3]xy + 2o < [3,4]
1+ [1, 2]z < [2,3]

23
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xy, w9 2> 0.

Let x3 and x4 be the slack variables of the constraints. A candidate basis for B-stability
is B = (1,4), since it is optimal for the best problem as characteristic problem.
2.3

1 1
2) According to Theorem 2.8, an enclosure to the solution set of Agpxp = b is x5 =
( %8:?& ) which is non-negative.
3) According to Theorem 2.9, the solution set of system (4) lies in the solution set of
system (5) for each ¢ € {£1}2. Thus the problem is B-stable.

The best and worst values of the objective function are —4 and —1 respectively. The

. . 2 _ 1

optimal solutions are x* = ( 0 ) and X* = ( 0
values of A;, p; and g5 in [0, 1], then all optimal solution points form solution space of

1) According to Theorem 2.6, the spectral radius is 0.2, so Ag = is regular.

) . If we solve above problem for different

44

FIGURE 4. Some solution points for the ILP problem of Example 4.2

4

FiGURE 5. The optimal solution set for the ILP problem of Example 4.2
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the ILP. Some of the points are shown in Figure 4. According to Theorem 3.1, we obtain
the optimal solution set by solving the system

201 + 02y <4, 21424 <3
3$1+OZL‘423, $1+£L’422
ZL‘1,{E4>O, To =13 =0,

to be 1 <27 <2, and 25 = 0, which is shown in Figure 5.

5. Conclusion. In this study, solving interval linear programming (ILP) problems is
considered. In all solving methods of the ILP, optimal solutions cannot be completely
obtained, such as BWC, ILP, MILP, and ITSM. Although the best and worst cases (BWC)
method produces the best and worst optimal values, it results in infeasible space. In the
BWC, the ILP model converts to two submodels, the best and worst submodels. In the
ILP method, it is possible that the problem is not absolutely feasible, so the MILP, EILP
and I'TSM methods have been proposed. In these methods, by adding extra constraints,
absolutely feasible solutions are obtained, but we lose some optimal solutions.

We first find the active constraints in all characteristic models of the ILP, and then
obtain the optimal solution set of the ILP by using the constraints of the best and worst
submodels. Two numerical examples further verified the effectiveness of the proposed
method.

Further research will focus on other methods for obtaining the optimal solution set of
the ILP models without considering the basis stability.
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