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Abstract. In this paper we give an overview of some current approaches to LP and NLP
based on space transformation technique. A surjective space transformation is used to reduce
the original problem with equality and inequality constraints to a problem involving only equa-
lity constraints. Continuous and discrete versions of the stable gradient projection method and
the Newton method are used for treating the reduced problem. Upon the inverse transfor-
mation is applied to the original space, a class of numerical methods for solving optimization
problems with equality and inequality constraints is obtained. The following algorithms are
presented: primal barrier-projection methods, dual barrier-projection methods, primal barrier-
Newton methods, dual barrier-Newton methods and primal-dual barrier-Newton methods.
Using special space transformation, we obtained asymptotically stable interior-infeasible point
algorithms. The main results about convergence rate analysis are given.
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1. INTRODUCTION

In the past twenty five years quite general and effective space transformation technique has been
developed for solving linear programming problems (LP) and nonlinear programming problems
(NLP). The idea of this approach commonly occurs in the optimization literature, it came from
nonlinear programming and projective geometry. Using a space transformation, the original
problem with equality and inequality constraints is reduced to a problem with equality con-
straints only. Continuous and discrete versions of the stable gradient projection method and
the Newton method are applied to the reduced problem. After an inverse transformation to the
original space, a class of numerical methods for solving optimization problems with equality and
inequality constraints was obtained. The proposed algorithms are based on the numerical inte-
gration of systems of ordinary differential equations. Vector fields described by these equations
define flows leading to the optimal solution. As a result of the space transformation, the vector
fields are changed and additional terms are introduced which serve as a barrier preventing the
trajectories from leaving the feasible set. Therefore, we call these methods “barrier-projection”
and “barrier-Newton” methods. In our algorithms we use the multiplicative barrier functions
which are continuous and equal to zero on a boundary. We do not introduce conventional



singular barriers and this feature provides a high rate of convergence. In this paper we give a
survey of principal results which were published in the last two decades [6]-[18].

In Sect. 2 we describe a unified methodology for finding necessary and sufficient optimality
conditions in extremal problems with functional equality constraints and nonfunctional inequa-
lity constraints. We show how numerous families of algorithms can be developed using various
space transformations.

In Sect. 3, choosing an exponential space transformation, we obtain the Dikin algorithm [5]
from the family of primal barrier-projection methods. This algorithm, however, does not posses
the local convergence properties and, as a result, it converges only if starting points belong to
relative interior of the feasible set. Furthermore, the convergence rate of a discrete version of
the algorithms proves to be weaker than a linear one.

In 1984 N. Karmarkar [25] proposed a special sophisticated step-length rule in the method
similar to discrete version of the Dikin affine scaling algorithm. Based on this rule the poly-
nomial complexity was theoretically attained. After this publication an impressive number of
papers have been published devoted to further modifications and improvements of the Dikin
and Karmarkar algorithms. Many authors were trying to modify and explain these algorithms
as classical methods. Various methods were obtained along this direction and the first of our
algorithms published in seventies [8, 6, 9] were reinvented. Later on in eighties-nineties, we de-
veloped more efficient versions of these methods which are discussed here. These asymptotically
stable methods are such that a feasible set is an attractor of the vector fields. They preserve
feasibility, but a starting point can be infeasible. They belong to a class of interior-infeasible
point algorithms. In Sect. 3 we show that among the barrier-projection algorithms there is a
method which converges locally and exponentially fast to the optimal solution (in discrete case
it converges locally with a linear rate).

In subsequent sections we apply our approach to primal and dual linear programming prob-
lems. For the sake of simplicity, we assume that these problems have unique non-degenerate
solutions. In Sect. 4 we use a nonconventional representation of the dual linear programming
problem and we propose a set of algorithms. Upon simplifying the problem and choosing a par-
ticular exponential space transformation we arrive at the dual affine scaling method proposed
by I. Adler, N. Karmarkar, M. Resende and G. Veiga [1].

In Sect. 5 we describe the primal the and dual barrier-Newton methods. The primal-dual
interior-infeasible Newton method is set forth in the final Sect. 6. For the steepest descent
approach an upper bound for the number of iterations is indicated.

2. BASIC APPROACH AND OUTLINE OF A SPACE TRANSFORMATION
TECHNIQUE

Define the following NLP problem:
minimize f(x) subject to z € X ={z € R": g(x) = 0,,, € P}, (2.1)

where the functions f and g are twice continuously differentiable, f(z) maps R" onto R and
g(x) maps R" onto R™, P is a convex set with nonempty interior, O is the s-dimensional null
vector, Oy is the s X k rectangular null matrix.
Important particular cases of (2.1) are a linear programming problem given in standard
form
minimize ¢’z subject to x € X := {x € R" : b — Az = 0,,, 2 > 0,,} (2.2)

and its dual problem

maximize b’ u subject tou € U :={u € R™ :v=c— A"u>0,}, (2.3)
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where v is the n-vector of slack variables; A € R™" (m < n); ¢,x € R"; b,u € R™ and
rank(A) = m.
We define the relative interior set of X and the interior set of U as:

Xo:={z eR": Az =b, x > 0,}, Up={ucR":v=c—ATu>0,},

and assume that these sets are nonempty. We also introduce the following sets:

RY = {zeR":2>0,}, RY, :=intR} = {z e R": 2 > 0,},
V = {v€R": there exists u € R™ such that v = ¢ — A" u},
Vi = {v€R": there exists u € U such that v = c — A" u},

where int denotes the interior. The set Vi is the image of U under the mapping v(u) = c— AT u.
Therefore, Vi; = V NRY.

For convenience, assume that the primal feasible set is bounded and both primal and dual
problems are non-degenerate, which together imply that optimal solutions x,, u, exist and are
unique. We split the vectors z, and v, = v(u,) in basic and nonbasic components. Without
any loss of generality we assume that

B B
Ty = :L'N y o Uk = N | > Ty > Un, T, =Ug, vy =Unp, v, >Ug,

*

where d =n —m.

We denote the components of a vector by using superscripts and the iterate numbers by
using subscripts; I,, denotes the identity matrix of the order n; D(z) denotes the diagonal matrix
whose entries are the components of the vector z. The dimensionality of D(z) is determined
by the dimensionality of z.

In order to construct a family of computational methods for solving the Problems (2.1) —
(2.3) we use an approach based on space transformation. We introduce a new n-dimensional
space with the coordinates [y!, ..., y"] and make a differentiable transformation from this space
to the original one: = = £(y). This surjective transformation maps R" onto P or int P, i.e.
P = £(R"™), where B is the topological closure of B. Let J(y) = da/dy be the Jacobian matrix
of the transformation = = £(y) with respect to y.

Consider the transformed minimization problem

minimize f(y) subject to y € Y, (2.4)

where f(y) = f(€®)), Y = {y € R": §(y) = 9(£(y)) = Ou}.
Define the Lagrangian functions L(x,u), L(y,u) associated with the Problems (2.1) and
(2.4), respectively:

L(z,u) = f(z) +ug(x),  Lly,u) = fly)+u"gy).

Then the first-order necessary conditions for a local minimum for the Problem (2.4) in the
transformed space are

Ly(y,w) = f,(y) + 3, (W)u=0n,  G(y) = O, (2.5)
where fy =J' f., Gy = Gud.

If J is a nonsingular, then there exists an inverse transformation y = d(x), so it is possible
to return from the y-space to the z-space and we obtain in this way a matrix J(z) = J(d(x))
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which is now a function of x. Using this substitution, we rewrite expressions (2.5) in terms of
the variable . They take the form

J(2)Ly(x,u) = 0,, g(x) = 0y, xr € P. (2.6)

Some properties of the nonlinear systems, which are obtained after space transformations, were
investigated in [15].

Let K(x | P) and K*(z | P), respectively, denote the cone of feasible directions at the point
x relative to the set P and its dual:

K(x|P)={z€R": IX(z) >0such that t + Az € P, 0 < X < A\(2)},

Kz |P)={ze€R": 2"y >0y € K(z| P)}.

Let S(x | P) be a linear hull of the cone K*(x | P). The set of all vectors orthogonal to S(x | P)
is called orthogonal complement of S(z | P) and is denoted by S*(z | P).
We will impose the following condition on the space transformation &(y).

Condition 2.1. At each point x € P the matriz J(x) is defined and the null-space of J ' (x)
coincides with the set S(z | P).

In particular, it follows from this condition that at all interior points x € int P the matrix
J(x) is non-degenerate, becoming singular only on the boundary of the set P.

Definition 2.1. Any pair [x,u] is a weak KKT pair for the Problem (2.1) if it satisfies the
conditions (2.6).

It follows from this definition and Condition 2.1 that L,(z.,u.) € S(z. | P) at any weak
KKT pair. Define the Gram matrix G(z) = J(x)J'(z). Since the null-spaces of G(x) and
JT(x) coincide, conditions (2.6) for the pair [x.,u.] can be rewritten in the form

G(x)Ly(x,u) = 0,, g(z) = O, x € P. (2.7)

Definition 2.2. A weak KKT pair [x,u] is a KKT pair for the Problem (2.1) if L,(z,u) €
€ K*(z | P).

Let ri B denote a relative interior of the set B.
Definition 2.3. A KKT pair [x,u], is a strong KKT pair if L,(z.,u.) € ri K*(x, | P).

Definition 2.4. The constraint qualification (CQ) for the Problem (2.1) holds at a point
x € P if all vectors g-(z), 1 < i < m, and any nonzero vector p € S(x | P) are linearly
independent. We say that x is a reqular point for the Problem (2.1) if the CQ holds at x.

Theorem 2.1. Let a regular point x. be a solution of the Problem (2.1). Then there exists
a vector u, € R™ such that [x.,u.] forms a weak KKT pair for the Problem (2.1).

The space transformation described above can be used to derive the second-order sufficient
conditions for a point z, to be an isolated minimum in the Problem (2.1). Introduce a null-space

N(z) ={z € R": g,(x)J(x)z = 0, }.

Theorem 2.2. Assume that f and g are twice-differentiable functions and the space trans-
formation &(y) satisfies Condition 2.1. Sufficient conditions for a point x,. € P to be an isolated
local minimum of the Problem (2.1) are that there exists a strong KKT pair [x.,u,] such that
2V I (22) Low (74, ui) J (22)2 > 0 for every z € N(z,) such that || J(z.)z| # 0.



If P =R" (in other words, the condition x € P is missing), we can take the trivial space
transformation z = y. In this case we have

J(x) =1, N(z)={z€R": g,(x)z =0},
K(z |R") =R", Sz |R") = K*(z |R") =ri K*(z | R") = 0,.

The Theorem 2.2 reduces to the well-known second-order sufficient conditions for an isolated
local minimum (see, for example, [20]).

Suppose that the function £(y) is such that the matrix G(z) is continuously differentiable.
Let p € R" and G,(x;p) denote a square matrix of order n whose (i, j)-element equals to

or U

G4 (x;p)
k=1

We impose two additional conditions on the space transformation &(y):

Condition 2.2. At each point x € P for any vector p € vi K*(z | P) the matriz G,(x;p) is
symmetric and its null-space coincides with S*(x | P).

Condition 2.3. If x € P, then z'G.(x;p)z > 0 for any non-zero vector z € S(x | P) and
any vector p € 11 K*(x | P).

Let us consider an important particular case of the Problem (2.1), where P = R :
minimize f(x) subject toz € X ={z € R": g(x) = 0,,,, x > 0,,}. (2.8)
It is convenient for this set to use a component-wise space transformation:
o =¢(y"), 1<i<n. (2.9)
For such a transformation the inverse transformation y = d(x) is also component-wise type
y' = 6'(z"), 1 < i < mn, and the corresponding matrices J(z) and G(z) are diagonal:
J(x)=D(y(z)), A7) =['ah,. @) A () =€),
G(z)=D(O(x),  0'(x)=[0"(="),....0"@")], ,0'@G)=h'E)?, 1<i<n
Let o(x) = {i : 2" = 0} be a set of active indices at the point x € R}. In this case
K*(x|R}) = {2€R}: ifi¢o(z), thenz' =0, 1<i<n},
S(x|RY) = {zeR": ifi¢o(x), thenz' =0, 1<i<n},
condition 2.1 reduces to the following

Condition 2.4. The vector function (x) is defined at each point x € R’} and v'(z') =0
if and only if i € o(x).

In order to insure Conditions 2.2 and 2.3 we impose the

Condition 2.5. The vector function 0(x) is differentiable in some neighborhood of R’} and
0'(0) >0, 1 <i<n.

As a rule, we perform the following quadratic and exponential transformations:

¢ =) =10 @)= D'*(z),  G(x)=D(x), (2.10)



=@y =¢", J@) =D(), Glz)=D*z). (2.11)

In these two cases the Jacobian matrix is singular on the boundary of the set P = R.
These transformations satisfy Condition 2.4. The Condition 2.5 holds only for the quadratic
transformation (2.10).

Let ¢’ denote the n-th order unit vector whose i-th component is equal to one. The CQ
for the Problem (2.8) holds at a point z, if all the vectors ¢'(z), 1 < i < m, and all ¢/, such
that j € o(x), are linearly independent. The cone N(x) takes the form N(z) = {z € R" :

$ g2 (2) D(v(w)) 2 = O }-

The strict complementary condition (SCC) holds at a pair [z, u], if L,i(z,u) > 0 for all
i € o(x). From the Theorem 2.2 the following second-order sufficient optimality conditions is
obtained.

Theorem 2.3. Sufficient conditions for a point v, € X to be an isolated local minimum of
the Problem (2.8) are that there exists a Lagrange multiplier vector w. such that

D(y(x.)) La(24, us) = On,
that the SCC holds at |x.,u.| and that
DO () L (0 0) D ()2 > 0

for all z € N(x,), satisfying || D(y(z.))z|| # 0.

Now we will construct numerical methods for solving the Problem (2.1). We use the stable
version of the gradient projection method for solving the Problem (2.4). The numerical method
is stated as an initial-value problem involving the following system of ordinary differential
equations:

Zz = —Ly(y, (), Ly(y, @) = f,() + 3, (T y(O,y0) =y €R".  (212)

The function @(y) is chosen to satisfy the following condition:
— =g,— = —714(y), 7> 0. (2.13)
From this condition we obtain the system of linear algebraic equations
3)3, W)aly) + 3, () fu(y) = 73(y),

where fy =J" f, Gy = g.J. By differentiating &(y) with respect to y and taking into account
(2.12) and (2.13), we have

de  d§ dy dy
e @ dl = J(x) = = —G(x) Ly (z,u(x)), x(0,29) = xg € P, (2.14)
[(x)u(z) 4+ g.(2)G(x) fo(x) = Tg(x), (2.15)

where I'(z) = g,(2)G(x)g, (z).
Lemma 2.1. Let the space transformation &(y) satisfy Condition 2.1, and let the CQ for
the Problem (2.1) hold at a point x € P. Then I'(z) is invertible and positive definite matriz.

Lemma 2.2. Let the space transformation £(y) satisfy Condition 2.1. Then the regular
point x. is an equilibrium state of system (2.14) if and only if the pair [z, u.|, where u, = u(z,),
is a weak KKT pair for the Problem (2.1).



Hence, corresponding to any regular point z, we can define a corresponding Lagrange mul-
tiplier u(x.) by solving linear algebraic equations (2.15). If a local solution of the original
problem (2.1) occurs at a regular point z, € P, then [z,, u(x,)] forms a weak KKT pair for the
Problem (2.1) and x, is an equilibrium state of (2.14).

Let W be a m x n rectangular matrix whose rank is m. We introduce the pseudo-inverse
matrix W+ = WT(WWT)~! and the orthogonal projector m(W) = I, — WTW. If at a regular
point = we define u(x) and substitute it into the right-hand side of (2.14), then (2.14) can be
rewritten in the following projective form:

dz
= = ~J@){7lg: () J (@) (2) fo@) + Tlga(2) ] ()] T g )} (2.16)
Let x(t,z0) denote the solution of the Cauchy Problem (2.14) with an initial condition
zo = x(0,x9). In what follows, we assume that the initial-value problem under consideration
is always uniquely solvable. A trajectory x(¢,x¢) can be continued as long as points on it are
regular. By differentiating f(xz(t,zo)) with respect to t we arrive at
G oy T
= = I (@) La(z, u(@) " + ru’ (2)g(2). (2.17)
Hence the objective function f(x(t,z()) monotonically decreases either on the feasible set X or
when the trajectory is close to X, i.e. ||g(z(t,zo))|| is sufficiently small.
The system of ordinary differential equations (2.14), where u(x) is given by (2.15), has the
first integral
g(a(t,x0)) = g(xo)e ™.
This means that if 7 > 0, (2.14) has a remarkable property: all its trajectories approach
the manifold g(z) = 0,,, as t tends to infinity, and this manifold is an asymptotically stable
attractor (see [7, 10, 29]). Therefore, we can call the method (2.16) “the stable version of the
barrier-projection method”. If xo € X, then the trajectory z(¢,zo) of (2.14) remains on this
manifold because g(z(t,x¢)) = 0,, for all t > 0 and the trajectories of (2.14) coincide with the
trajectories of the following system:

L e I@)lan@) T @) (@) fo(a), (218)
which can be obtained from (2.16) if we put 7 = 0. But in contrast to (2.16) this system
is neutrally stable with respect to equality constraints. It means that if g(zg) = ¢, then
g(x(t,z0)) = c for all ¢ > 0 and we have to introduce a correction procedure to remove the
violation of constraints. If the condition € P is missing, then we can put £(y) = y, hence
J(z) = I, and (2.18) coincides with well-known gradient projection method [26], which is also
neutrally stable.

Note that, according to the Condition 2.1, the subspace S*(z | P) coincides with the space
of the columns of the matrix J(z), and, since the vector G(x)L,(x,u(x)) belongs to this space,
the velocity vector @ always lies in S+(x | P). Thus, if 2 is a boundary point of P, then
the vector & belongs to the eigen subspace of the space R", which coincides with the space
M (z) — z, where M (z) is the intersection of the support planes of the set P at the point z.
If the cone K*(x | P) has a non-empty interior, then this subspace degenerates to a single point
(the origin of coordinates).

Let us show that trajectories (¢, xy) of (2.14) cannot cross the boundary of P. To the
contrary, suppose this is not true and a trajectory z(¢, zo) starting inside P leaves P at t; > 0.
Then there exists a vector p € K*(x(t;,70) | P) such that p'i(t;,79) < 0. But the vector
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&(t,z9) belongs to the orthogonal complement of the subspace S(z | P) and the vector p
belongs to S(z | P). Hence p'i(t;,z9) = 0 and, consequently, (¢, z) € P for all ¢ > 0. Thus
the matrix G(z) plays the role of a “barrier” preventing z(¢, zo) from intersecting the boundary
of P. The trajectory x(¢,x¢) can approach the boundary points only in the limit as t — +o0.
If the initial point x( lies on the boundary, then the entire trajectory of system (2.14) belongs
to the boundary of P.

By applying the Euler method for solving system (2.16), we obtain

w1 = 1 — o (@) {lgo (o) T (@) T () fo (@) + Tlga(20) T (@) Fg (@)}, (2.19)

where a step-size oy > 0.

Each equilibrium point z, of the system (2.16) is a fixed point of iterations (2.19), i.e.
x = x, implies 11 = x4, and if iterates (2.19) converge to a regular point z., then the pair
[z, u(x,)] satisfies conditions (2.7).

Theorem 2.4. Let [v.,u.] be a weak KKT pair of the Problem (2.1), where the CQ and
the second-order sufficiency conditions of the Theorem 2.2 hold. Let the space transformation
&(y) satisfy the Conditions 2.1 — 2.8 and 7 > 0. Then x. is an asymptotically stable equilibrium
state of the system (2.16); there exists a positive number cv. such that for any fized 0 < ay < a
the sequence {xy}, generated by (2.19), converges locally with a linear rate to x. while the
corresponding sequence {uy}, where uy = u(xy), converges to u,.

The proof of this theorem is given in [15]. It is based on the Lyapunov linearization prin-
ciple. The conditions for asymptotic stability to be valid are expressed in terms of eigenvalues
determined by a matrix arisen from the right-hand side of (2.16) linearized about the equilib-
rium point z,. The asymptotic stability of the point x, implies the local, exponentially fast
convergence of a trajectory z(t,zo) to the optimal solution z,. The corresponding statement
about the linear convergence of discrete versions follows from |7, Theorem 2.3.7].

The Theorem 2.4, being applied to the Problem (2.8), gives the the following statement:

Theorem 2.5. Let [z, u.| be a weak KKT pair of the Problem (2.8), when the CQ and
the second-order sufficiency conditions of the Theorem 2.3 hold. Let the component-wise space
transformation (2.9) satisfy the Conditions 2.4, 2.5 and 7 > 0. Then x. is an asymptotically
stable equilibrium state of system (2.16); there exists a positive number o such that for any
fized 0 < vy, < v, the sequence {xy}, generated, by (2.19), converges locally with a linear rate
to z, while the corresponding sequence {uy} converges to ..

This theorem was proved in |10, 12].
The preceding results and algorithms admit straightforward extensions for problems invol-
ving general functional inequality constraints by using space dilation. Consider a problem

minimize f(x) subject to z € X = {zx € R": g(x) = 0,,, h(z) <0.}, (2.20)

where h(x) maps R" into R®.

Space transformation approach can be used in this case by extension of the space and by
converting the inequality constraints to equalities. We introduce an additional variable p € R,
define ¢ = m + ¢, combine primal, dual variables and all constraints:

T
z =
K

Then the original Problem (2.20) is transformed into the equivalent problem

u
c R"e, w = l
v

eRY,  P(2) = l hé()xlp ]

minimize f(z) subject to z € Z = {z e R""*: d(z) =0,, p € R} (2.21)

8



Here P is a positive orthant in R¢. This problem is similar to (2.8). In order to take into
account the constraint p > 0. we introduce a surjective component-wise differentiable mapping
¢ : R — R and make the space transformation p = £(y), where y € R, {(R®) = RY. Let
&,(y) be the square ¢ x ¢ Jacobian matrix of the mapping £(y) with respect to y. We assume
that it is possible to define the inverse transformation y = ¢ (p) and hence we obtain the ¢ x ¢

Jacobian and Gram diagonal matrices:

J(p) = &W)ly=vmy = D(Y(p),  G(p) = J(p)J " (p) = D(6(p)).
Combining variables and constraints for the reduced problem, let us define
2 z n+c (2 g($) T 9z Omc

z= e R, d(z) = , b, = )

[y @) [h(w)%(y)] [h 3 ]

The Problem (2.21) can be formulated as follows:

minimize f(z) subject to 2 € Z = {2 € R™*: ®(2) = 0,}. (2.22)

In the last Problem we have only equality constraints, therefore we can use the numerical
method described above. After an inverse transformation to the space of x and p we obtain

from (2.14), (2.15)
dz ~
pri —G(p)L.(z,w(z)). (2.23)
Here
L(z,w) = f(z) +w'®(2),  L.(z,w) = f.(2) + @] (2)w,

. (2)G(p)La(2,w(z)) = 7®(2),

; (2.24)
A o ]n Onc o mce . gz . fm
N e B A I P e T
System (2.23) can be rewritten in the more detailed form
dx dp
R o _
o L), Pe o), (2.29)

where the function w' (z) = [u'(2),v"(2)] is found from the following linear system of ¢ equa-
tions:

PEw(z) + @u(@)fole) = 72(),  T(2) = Bu(@)®; (x) + [ o iy 1

Condition (2.24) can be written as

dg(z) _ d(h(x) + p)

dt = —Tg(l')7 dt

= —7(h(z) +p).
Therefore, system (2.25) has two first integrals:

g(xz(t, 20)) = g(wo)e™™,  h(x(t, 20)) + plt, 20) = (h(wo) + po)e™, 2 = [xg.po].  (2.26)
Similarly to (2.17) we obtain

df
i —[Lall® = 17" (R)oll* + Tlu"g + 0" (h + p)].



Consider the simplified version of method (2.25). Suppose that along the trajectories of
system (2.25) the following condition holds:

h(z(t, z0)) + p(t, z0) = O..

From this equality we can define p as a function of h. We exclude from system (2.25) the
additional vector p and integrate the system which does not employ this vector:

dx
e — Ly (z,w(x)), (2.27)
where
m@m@+¢4@ﬁ@pﬂ¢9$w, I(z) = &, (2)07 (z) + %ﬁngﬁ@)' (2.98)

Along the trajectories of (2.27) we have

dg dh
, T -Gk )
= Loz w (@) = 17 (~h@)e(@) + ru (@)g ).

dt

Let us show that the solution z(t,z() does not leave the set X for any ¢t > 0, if zp € X.
Suppose to the contrary that this is not true and h'(z(t,zo)) > 0 for some ¢ > 0. Then there is
an earlier instant 0 < ¢; < t such that hi(z(ty, 9)) = 0 and h'(z(ty, o)) > 0. This contradicts
(2.29) since 6°(0) = 0. Hence z(t,z0) € X for all ¢ > 0. Thus the matrix G(—h(z)) plays the
role of a “barrier” preventing x (¢, zo) from intersecting the hypersurface h'(z) = 0.

The method (2.27) is closely related to (2.14). Let us consider the Problem (2.8). We
have the two alternatives ensuing from (2.14) or (2.27). The main body of computational work
required when using any numerical integration method is to evaluate the right-hand sides of
equations for various values of x. This could be done by solving the linear system (2.15) of
m equations or the system (2.28) of m + n equations, respectively. One might expect that
introducing a slack variable p increases the computational work considerably. However, with
allowance made for the simple structure of (2.28), we can reduce the computational time by
using the Frobenius formula for an inverse matrix. Upon some transformations we find that
(2.27), (2.28) can be written in the form of (2.14), (2.15), respectively, if we put

0 (x%)

= 1<i<n.
1+ 0i(x) ==

G(z) = D(p(x)), p'(a")

Therefore, the performances of both methods which seem at a glance to be unrelated are in
fact very similar.

3. PRIMAL BARRIER-PROJECTION METHODS FOR SOLVING LP
PROBLEMS

Applying the stable barrier-projection method (2.14) for solving the Problem (2.2), we obtain
the following continuous and discrete versions:

dx T _
o= ~G@)le—ATu(@)],  2(0,20) =, (3.1)

Tpp1 = T — oGz [e — ATy, up = u(xy), (3.2)
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where the function u(x) is found from the linear equation (2.15) which can be rewritten as
AG(x)ATu(z) — AG(z)c = (b — Ax). (3.3)
By differentiating the objective function with respect to ¢ we obtain

TdT _ T 2 T
¢ - =~[J(@)(ec = A u(@)|" + 7 (2)(b - Az).

The system of ordinary differential equations (3.1) has the first integral
Ax(t,zo) = b+ (Azg — b)e ™. (3.4)

Under the non-degeneracy assumption all feasible points are regular, and each weak KKT
pair [z, u(x)] is such that x is an equilibrium state of system (3.1). The pair [z, u(z)] is a strong
KKT pair if and only if z = z,.

Denote

a, = —, p=max |7, max 0 (m*)v*} , s = min {7’, min  6'(z))vl] .
u* m+1<i<n m+1<i<n
Here p* and p, are, respectively, the largest and smallest eigenvalues of the first approximation
matrix of the right-hand side of (3.1) at the optimal solution x,.

Theorem 3.1. Let z,, u, be unique non-degenerate solutions of the Problems (2.2) and
(2.3), respectively. Assume that the component-wise space transformation (y) satisfy the Con-
ditions 2.4, 2.5 and T > 0. Then the following statements are true:

1. The point . is an asymptotically stable equilibrium state of system (3.1).

2. The solutions x(t,xo) of system (3.1) converge locally exponentially fast to the optimal
POINt Ty

3. For any fivzed 0 < oy, < au, the sequence {xy}, generated by (3.2), converges locally with a
linear rate to x. while the corresponding sequence {uy} converges to u..

4. All extreme feasible points of X are unstable equilibrium points of (3.1) and (3.2), except
the optimal solution x..

The exponential rate of convergence of the solution z(¢, o) of (3.1) to the equilibrium point
z, implies that there exist a neighborhood A(z,) of =, and a constant C' > 0 such that

(¢, 20) — 2.l < Cllarg — afle™!

for all zg € A(x,), t > 0.

In (3.1) we can take a starting vector zp such that ||Azo — b|| # 0. Moreover, if the
Condition 2.5 holds, then the components of x( corresponding to nonbasic components of the
vector =, may be negative. In this case the entire trajectory x(¢, zo) is infeasible. Nevertheless,
owing to the local convergence property, the trajectory (¢, xo) converges to ., if ||xg — x.|| is
sufficiently small. It follows from (3.4) that, if initially Azg = b, then Ax(t,z() = b for all ¢ > 0.
Still further if zy > 0,, then the trajectory x(¢,zo) of (3.1) remains in the feasible set X and
the objective function monotonically decreases along x(t, xy). (3.1) preserves feasibility, hence
it is an interior point method. If Condition 2.5 holds, then this method allows to start the
computation from an infeasible point. Therefore, we can call it an interior-infeasible method.
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If we use the quadratic and exponential space transformations, then (3.1) and (3.2) can be
cast in the form
d
ditc = DA (x)(A T u(z) — ¢), ADP(2)ATu(z) = AD®(z)c + 7(b — Ax), (3.5)
Tht1 = Tk + Oszﬁ(xk)[ATuk — C}, (36)
where § =1 for (2.10), and 3 = 2 for (2.11).

The continuous version of (3.5) had been studied by Smirnov [27]. He proved that the
estimate

O (e r=t) it =1
N _ ’ ’
|27 (2, 20)|| = { O (ﬂ/(kﬂ)) . if B>1

holds for the vector of nonbasic components. Hence the trajectories of (3.5) derived with the
help of the quadratic space transformation locally converge faster than the trajectories of (3.5),
derived with the help of the exponential transformation. Therefore, in our codes we have mainly
used the quadratic space transformation.

It was shown that if 3 is odd, then xz, is an asymptotically stable point of (3.5) and the local
convergence takes place. If 3 is even, then the optimal point x, is unstable and trajectories
converge to z, provided that zy € A(z,) N Xp.

If we set 5 =2, 7 =0, then (3.5) leads to the Dikin affine scaling method

‘Z = D*(2)(ATu() —¢),  AD*x)ATu(z) = AD*(x)e. (3.7)

Discrete and continuous versions of (3.7) were investigated in numerous papers (see, for example,
[3, 4, 5, 23, 24, 30, 31]). It is worthy of note that the optimal solution x,. proves to be unstable
equilibrium point and, therefore, (3.7) does not possess the local convergence property. In the
latter case a starting point xy should meet a constraint zo € A(x,) N X, for the convergence to
take place.

If we set =17 =0, then (3.5) yields

W~ D)(ATu(w) — ), AD(@)ATu(x) = AD(z)e (38)

Since the quadratic space transformation is used here, the Condition 2.5 holds and we have
the exponential rate of convergence (in discrete case a linear rate). However, owing to the
simplification 7 = 0 a starting point xo must be such that =y € A(x,), Axg = b. The convergence
property of the method (3.8) is more attractive, than (3.7). Therefore, the method (3.8) is
considered in the West as essential improvement of Dikin—Karmarkar method. The book [22]
claims that (3.8) “is identical with the gradient flow for linear programming proposed and
studied extensively by Faybusovich (1991). Independently this flow was also studied by Herzel,
Recchioni and Zirilli (1991)... Starting from the seminal work of Khachian and Karmarkar,
there has been a lot of progress in developing interior point algorithms for linear programming
and nonlinear programming, due to Bayer, Lagarias and Faybusovich”.

In point of fact, (3.8) has been proposed and analyzed as far back as 1977 in [9], and later
on a comprehensive exposition of this method was described in numerous our papers and in
the book |7| appeared in English in 1985 and three years before in Russian.

Still further, the nonlocal convergence analysis of (3.8) was carried out in [14]. We assumed

that a condition Zx’ = 1 was introduced among the other equality constraints. In this case
i=1
the Lyapunov function
m
V(z)=> a![lnz, —Inz' (3.9)

i=1
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decreases along the trajectories of the system (3.8) insofar as

dd‘t/ =c' (z.—2) <0 (3.10)
everywhere on the feasible set X. Using (3.10) we evaluated a number of iterations required
for finding e-solution of (2.2), using step-sizes «y, determined by the steepest descent approach.

Numerous papers have been published in the West on the interior point techniques |3, 4,
19, 21, 23, 24, 30|. Some remarks deserve to be made concerning the main differences between
the methodology adopted in these papers and our original approach:

1. Along with the LP problems we considered the NLP problems as well.

2. We developed asymptotically stable interior-infeasible-point algorithms. Our analysis
was not confined to the interior point technique. For this reason the current points are in
general allowed to be infeasible, however if the initial or current points are feasible, then
the corresponding trajectory remains in the feasible set.

3. In all proposed methods multiplicative barriers were used and we did not resort to singular
penalties.

4. The steepest descent approach was employed in computations. The trajectory could move
along the boundary of the feasible set.

All these items can be considered as advantages of presented approach.

4. DUAL BARRIER-PROJECTION METHODS FOR SOLVING LP PROBLEMS

By extension of the space and by converting the inequality constraints to equalities, we trans-
form the original dual problem (2.3) into the following equivalent problem:

rr&%lx(bTu) subject to £(y) + ATu —c =0, (4.1)

where v = {(y) € R}, {(R}) = R
The Problem (4.1) is similar to (2.22). System (2.25) being applied to solving (4.1) can be
rewritten in terms of v and v as follows:

du dv
pr b— Ax(u,v), == —G(v)z(u,v), (4.2)
where ®(v)z(u,v) = ATb+7(v+ ATu —¢) and ®(v) = G(v) + AT A.

If ug € U, then we can get rid of the equation for v and this way simplify systems (4.2). In
this case, (4.2) can be expressed as

Cf;: =b—Az(u),  (G(v(w))+ AT A)z(u) = ATb, (4.3)

where u(0,ug) = ug € U.
For this system we obtain the following inequality:

bTCCl;tL = b — Az(u)|]* + 2" (u)G (v(w))z(u) > 0.

Hence the objective function of the dual problem monotonically increases on a feasible set.
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By applying the Euler numerical integration method we obtain the following iterative algo-
rithm:

Ukl = Uk + ak(b — AZEk), Vg1 = Vg — OékG(Uk)l’k, (4 4)
(G(Uk) + ATA) Trp = ATh -+ T(Uk + ATuk — C). ‘
Similarly for the system (4.3) we have
Uk+1 = Uk + Oék(b - ACL’]C), (G(Uk) + ATA)Ik = ATb, (45)
where vy = v(ug). Both variants solve the primal and dual problems simultaneously.
Denote
2 . . ) o .
= —, A" = max |7, max 6(0)x. |, As = min |7, min 6(0)z. |,
A* 1<i<m 1<i<m

where \* and A, are, respectively, maximum and minimum eigenvalues of the matrix of the
equation of the first approximation about the optimal solution ..

Theorem 4.1. Let z, and u, be unique non-degenerate solutions of the Problems (2.2) and
(2.8), respectively, and let v, = c—A"u,. Assume that the component-wise space transformation
&(y) satisfies Conditions 2.4, 2.5 and 7 > 0. Then the following statements are true:

1. The pair [u,,v,] is an asymptotically stable equilibrium state of system (4.2).

o

The solutions u(t, zo), v(t, z0) of system (4.2) converge locally exponentially fast to the pair
[ts, vi]. The corresponding function x(u(t, zo),v(t, 29)) converges to the optimal solution
x. of the primal Problem (2.2).

3. The point u, is an asymptotically stable equilibrium state of system (4.3).

4. The solutions u(t, zy) of system (4.3) converge locally exponentially fast to the optimal
solution w, of the dual Problem (2.3). The corresponding function x(u(t, zy)) converges
to the optimal solution x. of the primal Problem (2.2).

5. For any fited 0 < ap < au the sequence {ug, vy}, generated by (4.4), converges locally
with a linear rate to [u,,v.| while the corresponding sequence {xy} converges to x,.

6. There exists an o, > 0 such that for any fivred 0 < ay. < v, the sequence {uy}, generated
by (4.5), converges locally with a linear rate to w, while the corresponding sequence {xy}
converges 1o T.

The method (4.3) was proposed and studied in 1977 (see [9]). Method (4.2) was given
in [11]. In [16] we describe nonlocal convergence analysis of dual method. We supposed the
Problem (2.2) is such that Ae = 0,,, where e is a vector of ones in R". We used the Lyapunov

function similar to (3.9):

V(u)= Y vi[lnovl —Inov'(u)].

i=m-+1

Let P be a full rank d x n matrix such that AP" = 0,,4. Therefore, the columns of P" are
linearly independent and form a basis for the null-space of A. We partition A as A = [B, N],
where the square matrix B is nonsingular. We can now write the matrix P as .

P=[-N(BH™| 1.
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The definitions of the sets V and Vi; can be rewritten as follows:
V={veR": Plv—rc) =04}, Vo ={v eR} : P(v—c)=04}.
Let € R" be an arbitrary vector which satisfies the constraint Az = b. Then

maxb'u=maxz' A'u=maxz (c—v) =2 c— minZ v.
uelU uelU veVy veVy

Hence the solution of the dual Problem (2.3) can be substituted by the following equivalent
minimization problem:

min 7' v.

veEVY

Applying the stable barrier-projection method (3.1) to this problem, we obtain

dv T _

=G (P a(v) - z), (4.6)
PG(v)Px(v) = PG(v)T + 7P (c—v). (4.7)

If a point v is such that the matrix PG(v)P" is invertible, then we can solve the linear equation
(4.7) and obtain
z(v) = (PG()PT) Y PGW)Z + TP(c — v)).

Let H(v) = GY2(v) and introduce the pseudo-inverse and projection matrices
(PH)" = (PH)" (PGP")™, (PH)* = (PH)"PH.
The system (4.6), (4.7) can be rewritten in the following projective form:

‘Z = H [r(PH)*P(c —v) — (I, — (PH)*)Hz|. (4.8)

The first vector in the square brackets belongs to the null-space of AH ! and the second
vector belongs to the row space of this matrix. Furthermore,

d
P =rPlc—u),  Ple—u(t ) = Ple—w)e ™

Hence, the trajectories v(t, zg) approach the set V as t — oc.
If vo € Viy and vy > 0, then the entire trajectory does not leave the feasible set V,

the objective function Z'v(t,29) is a monotonically decreasing function of ¢ and (4.8) can be
rewritten as follows:

Y - —6W) (I~ PT(PGWPT) ' POW) 7, weriVe. (4.9)

Theorem 4.2. Suppose that the conditions of the Theorem 4.1 hold. Then:
1) the point v, is an asymptotically stable equilibrium point of system (4.6);
2) the solutions v(t,vo) of (4.8) converge locally to v, with an exponential rate of convergence;
3) there exists an o, > 0 such that for any fized 0 < oy, < v, the discrete version
Vpy1 = v — G (vp) (T — Pl ay,), x = x(vg), (4.10)

converges locally with a linear rate to v, while the corresponding sequence {xy} converges
to x..
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Since for system (4.9) P = 0q4, it follows that the vector v belongs to null-space of P which
coincides with the row space of A. Therefore, there exists a vector A € R™ such that

v=A"\ (4.11)

If v > 0,, then after left multiplying both sides of (4.11) with AG~!(v) and in view of (4.9)
we obtain

A= —(AG™'(v)AT) Az = —(AG ' (v)AT)™"b.
Hence, on the set riVy; the method (4.9) takes the form

Z’ — CAT(AG () AT) b, v e riVi.

In wu-space this method can be written as

d
diz — (AG Y (w@)AT) W, w € Uy

If we use the quadratic and exponential space transformations (2.10), (2.11) we obtain

du

= = (AD T @)AT) b, g € U, (412)
and du
= = (ADZ(()AT) b, up € U, (4.13)

respectively. The system (4.13) coincides with the continuous version of the dual affine scaling
method proposed by I. Adler, N. Karmarkar, M. Resende and G. Veiga in 1989 (see [1]).
According to the Theorem 4.2, the solution of (4.6) converges locally with an exponential
rate to the equilibrium point v, = v(u,). Therefore, the solutions of (4.12) also converge to the
point u, on the set Uj.
The discrete version of (4.12) consists of the iteration

Ug+1 = Ug + Ozk(AD_l(Uk)AT)_lb, ug € Uy, (4.14)

where vy = v(ug). Taking into account the Theorem 2.3.7 from [7] we conclude that the
exponential rate of convergence of (4.12) insures local linear convergence of the discrete variant
(4.14) if the step-length «, is sufficient small.

5. PRIMAL AND DUAL BARRIER-NEWTON METHODS

Let us consider the Problem (2.1) supposing that all functions f(z), ¢'(z), 1 < i < m, are at
least twice continuously differentiable. Equation (2.15) can be written as

92G () L (2, u(x)) = Tg(x). (5.1)
If the regular point z is such that
G(x)Ly(x,u(z)) =0, (5.2)

then [z, u(x)] is a weak KKT pair for the Problem (2.1). In Section 2 we actually used a method
of successive approximation for finding a solution of this nonlinear equation. Now we will apply
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the Newton method for this purpose. The continuous version of the Newton method leads to
the initial value problem for the following system of ordinary differential equations:

A(m)CZ = —G(z)Ly(x,u(x)), z(0, x9) = xo, (5.3)
where A(x) is a Jacobian matrix of the mapping G(z) L, (z, u(z)) with respect to z. By following
the trajectories satistying (5.3), we can theoretically obtain a solution of the system of nonlinear
equations (5.2). In practice, we build the iterative procedures using a discretization of dynamical
systems.

Along the trajectories of (5.3) we have

G (t, 20)) La (x(t, w0), u(x(t, w0))) = 7' G (w0) La (w0, u(10)),

e
9(x(t,20)) = —gu(2(t, 20))G(20) L (0, u(20))-
If the trajectories of (5.3) can be continued as ¢ — 400 and the norm of the vector

9o (2(t, 20)) G (o) L (w0, u(0))

is bounded, then the pair [z (¢, x), u(z(t, z0))] converges to a weak KKT pair.

The brief analysis of method (5.3) for the case where P = R’ is given in [12]|. Here we apply
the primal barrier-Newton method (5.3) for solving the linear programming Problem (2.2).
In this case we have

A(z) = I, — H(«)|D(6(x)) D(c — ATu(x)) + 7H(x),
H(z) = D(0(x))AT(AD(0(z))AT) L A.
Using relation (5.1) we obtain that the system (5.3) has first integrals
D(0(x(t, 0)))(c — ATu(x(t, 20))) = D(0(z0))(c — ATu(zo))e™,
b— Ax(t,xo) = (b— Axg)e .
Introduce a Lebesgue level set in R"
Q={z e R} : Az —b|| < [|[Azo — 0], 0, < D(0(x))(c — A'u(w)) < D(0(x0))vo},

where 7 is an initial point in (5.3), vo = ¢ — ATug, ug = u(xy).

Theorem 5.1. Suppose that the set ) is compact and contains a unique stationary point
T.. Assume that the space transformation (2.9) satisfies Conditions 2.4, 2.5 and is such that
the matriz A(z) is nonsingular everywhere on ). If the starting point xq is such that xo > 0,
vg > 0,, then

Jim x(t, zo) = x4, Jlim u(z(t, o)) = U, (5.4)

where x,, u, are the solutions of the Problems (2.2) and (2.3), respectively.

Integrating (5.3) using the Euler method, we obtain the following iterative process:
Tpe1 = 2 — A ap) D(0(21)) (¢ — ATu(zy)), (5.5)

where o > 0 is a step-size.
If the conditions of the Theorem 3.1 hold and the space transformation function satisfies
Conditions 2.4, 2.5, then the matrix A(z,) is nonsingular. Therefore, if the step-size « is fixed
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and 0 < a < 2, then the discrete version (5.5) locally converges to the point z, with at least
linear rate. If matrix A(x) satisfies the Lipschitz condition in a neighborhood of x, and o = 1,
then the sequence {z;} converges quadratically to z..

Let a function x(u) be defined from (4.3). Substituting this function in feasibility condition
we obtain the following nonlinear system:

Applying the Newton method for solving this system, we obtain the following continuous
and discrete versions:

Q(U)CCZ;Z = Ax(u) — b, (5.6)
Upyr = U + aQ (up) (Azy — b), (5.7)

where

Qu) = —A(D(OW) + ATA) " DO©)D(x(w)AT.

Theorem 5.2. Let the mapping {(y), defined in Section 4, be such that Conditions 2.4
and 2.5 hold. Then the matriz Q(u.) is nonsingular, the solution u. of the Problem (2.3) is an
asymptotically stable equilibrium state of the system (5.6), the discrete version (5.7) converges
locally to the point u, with at least linear rate if 0 < a < 2.

The more detailed information about this method can be found in [17].

6. PRIMAL-DUAL BARRIER-NEWTON METHODS

Here we construct a primal-dual barrier-Newton method for solving the Problem (2.8). Intro-
duce an additional mapping

$(z) = [¢'(z1), ... ¢"(z")]

and assume that ¢(z) satisfies the Conditions 2.4 and 2.5.
Then the necessary optimality conditions (2.7) for the Problem (2.8) can be rewritten in
the form

D(O(x))p(Ly(x,u)) = 0, g(z) = 0y, reRY. (6.1)

For solving this system we use the continuous version of Newton’s method. The computation
process is described by the system of ordinary differential equations

W) ( i ) - ( aD(e(xnggz(x,u)) ) | 62)

where o > 0, 7 > 0, W is a square (n +m)? matrix,

W(e, u) = ( *Z D<9(xgii<¢)9; ) . M =D()D(&)+ DO)D()Lus.  (6.3)

Lemma 6.1. Let [z, u,] be a weak KKT pair, where the conditions of the Theorem 2.3 are
satisfied. Assume that x. is a regular point for the Problem (2.8) and the functions 0(x), ¢(z)
satisfy Conditions 2.4, 2.5. Then the matriz W (x,, u.) is nonsingular.
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Let x(t, 20), u(t, z0) denote the solutions of the Cauchy problem (6.2) with initial conditions
zo = x(0,20), up = u(0,2), 20 = [¥J,us]. Using this notation, we rewrite the system of
equations (6.2) as

dz
WS = DORE),  20,20) = 20 (6.4)

where 7 has the first n components equal to o and all other components equal to 7. We denote
Y« = minfa, 7.

Theorem 6.1. Suppose that the conditions of the Lemma 6.1 hold. Then for any a > 0,
T > 0 the pair z] = [x],u]] is an asymptotically stable equilibrium point of system (6.4).

* * 7 *

If step-size hy, is fized and 0 < hy < 2/7v., then the discrete version
Zei1 = 2p — W (2) D(7)R(2) (6.5)

locally converges to the point z. with at least linear rate. If W (z) satisfies a Lipschitz condition
in a neighborhood of z. and hy = o = 7 = 1, then the sequence {zx} converges quadratically to
Zy-

Let us use a homogeneous function () of order A, i.e. #(z) = (z9)*, 1 < i < n. In this
case we modify (6.2) and use the system

W, ) ( © ) __ ( ab (x)f’;éﬁg(x’“)) ) , (6.6)

where a > 0, 7 > 0, Wis a square matrix

W () = (2” P@D@)e; ) M = AD(é) + D) D(é) L.

Lemma 6.2. Let x be a reqular point, and let the pair [x,u) be such that ' # 0, Lyi(z,u) #
#0 for all 1 < i <n, and M(z,u) is nonsingular. Then W (x,u) is nonsingular.

Define the nonnegative Lyapunov function
F(z,u) = [|D(0(2))¢(Le(z, w) || + [lg(2) ||
and introduce two sets:

Qo ={[z,u] : F(z,u) < F(xg,up), * > 0,, Ly(z,u) >0,},
Qo = {[z,u] € Q : 2> 0,, Ly(z,u)>0,}.

Theorem 6.2. Suppose that the set )y is bounded and contains the unique KKT pair
[+, us]. Suppose also that for any pair [x,u] € Qo the conditions of the Lemma 6.2 are satisfied.
Then all trajectories of (6.4) starting from a pair [, ug] € Qo, converge to [T, wu..

The system of ordinary differential equations (6.4) has the first integrals
D(0(x(t, 20)))p(La((t, 20), ult, 20))) = D(0(20))¢(La(0, o) e, (6.7)

9(x(t, 2%0)) = g(zo)e ™" (6.8)

The solutions of (6.4) belong to € and are, therefore, bounded. The right-hand sides of (6.7),
(6.8) are strictly positive and tend to zero only as t — co. By moving along the trajectories
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of (6.4) we do not violate nonnegativity of = and L,. Therefore, the trajectories do not cross
the boundary of the set {25. The transformation functions 6(z) and ¢(v) thus play the role
of the multiplicative barriers preserving nonnegativity. All trajectories that emanate from Qo
remain in the interior of 2. According to La Salle’s Invariance Principle [2| the solutions
x(t, 20), u(t, zo) can be prolonged as t — oo, the positive limit set of the solution is a compact
connected set contained in 2y and coincides with the equilibrium pair [z, u.], which is unique
on (.

Now we apply the Newton method (6.6) to LP problem. For the sake of simplicity we
consider the case, where ¢(v) = v and A = /7. Introduce new vectors u € R™, n € R™:

= (AD@)D ()AT) b, g=D"(0)A

Let e be the vector of ones in R". Now the system (6.6) can be written as

dx du

7:TD(1’)[77_6L %:

o Q. (6.9)

Theorem 6.3. Let [x.,u. be a non-degenerate optimal pair for the Problems (2.2) and
(2.3). Assume that Q is bounded. Let the starting point vy € R, and ug € Uy be interior,
then the trajectories of (6.9) are such that:

1) the matriz AD(x(t, 20)) D~ (v(t, 20)) A" is non-degenerate ¥t > 0;

2) z(t,29) € Q and v(t, z9) € V for all t > 0;

3) the objective function b'u(t, z9) of the dual problem increases monotonically;

4) the pair [z(t, z0), u(t, z0)] is bounded and converges to [x.,u.| ast — oco;

5) all components of vectors D(z(t, z9))v(t, 20), Az(t, 20) change monotonically and

D’\(a:(t, 20))v(t, 20) = e_o‘tDA(a:O)vo, Ax(t, z) —b=e " (Axg — b).

By applying the Euler numerical integration method to system (6.9) we obtain the simplest
discrete version of the method:

Tpy1 = D(z)(e + (e — €)), U1 = Up + O fl. (6.10)

Note that if we set in (6.9), (6.10) @« = 1, 7 = 0 and = = e, then we obtain (4.12) and (4.14),
respectively.
We specify three classes of procedures for determining the step lengths:

1) step lengths are fixed and small enough, hence the discrete process (6.10) is close to a
continuous one (6.9);

2) step-sizes are close to one and, therefore, the discrete process has properties of Newton’s
method;

3) step-sizes are chosen from steepest descent conditions or from another auxiliary optimiza-
tion problem.
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The investigation of all these cases can be found in [18]. Here we consider the third approach
to step-size choice, which proved to be computationally the most efficient.

The iterates produced by algorithm (6.10) are well-defined if vectors xy, vy are strictly
positive for all k. In order to ensure the positiveness of 1 and v we have to choose the
step lengths oy and 75 such that

e > apn, e > 1e(e — k).
It is now straightforward to verify that non-negativity conditions hold if o and 7 satisfy
! , O<m <71 = S :
[7k]+ [1—nkls

where [a], = max[0,a], n; and n* are maximal and minimal components of the vector 7,
respectively. Define the steps aj = waj, 7, = wy, where 0 < w < 1 is a safety factor.
Introduce two functions

®(z,u) =z v(u) + ||Az — b, d(ag, ) = P(Tpg1, Ups1)-

0<ay <ap =

The steepest descent step-sizes ay, Tx are found from the solution of the following auxiliary
problem:

O, Tr) = min min 6} .
¢< k’Tk> ogakgwazogmgm,: ¢< k’Tk)

Here ¢ is a bilinear function of o and 7. In [18] this problem was solved analytically. Denote

17]|oc = max |n|. Introduce the function
1<i<n

K(z,v) = F C In CD@’UW ,

w €
where [a] is the least integer larger than or equal to a and € > 0.

Theorem 6.4. Let x9 € R}, ug € Uy and suppose that the sequence {xy,ui}, generated
by algorithm (6.10) with steepest descent rule, is such that |ngl|s < C for all k. Then the
sequence {xTg, ug} converges to [x.,u,] at finite number of steps or at least superlinearly and the
function ®(xg, vi) becomes less then € in at most K(xo,vo) iterations.

Method (6.10) possesses local convergence property, therefore, it is possible take starting
points outside the positive orthant, but in this case we must take into account that the matrix
AD(z)D7*(v)A" is singular on some manifold and we must complete the step-size rule. A phase
portrait analysis of (6.9), proof of the Theorem 6.4 and illustrative computational example can
be found in [13, 18|.

Algorithm (6.10) has one important disadvantage connected with the necessity to know a
starting point ug € Uy. It is possible to get rid of this restriction if we use the barrier-Newton
method in the extended space of variables x, u, v. The simplest version of the method is
described by following system of 2n + m differential equations:

pr = 1G(AT¢ —¢), — =alc—v—AT(), I =a(( — u), (6.11)
where ¢ = (AGAT)71[b— Az + AGc], G = D(z)D~*(v). The essential difference in the require-
ments on the initial conditions between systems (6.9) and (6.11) is that in the latter case we
impose only the simplest restrictions: xo > 0,, vg > 0,,.

Let Azg = b. If we set in (6.11) « = 0, 7 = 1 and v = e, then we obtain (3.8).
The generalization of systems (6.9) and (6.11) for the LP problem with box constraints is
given in [28].
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