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Abstract. We present the main concept and results of the p-regularity theory
(also known as p-factor analysis of nonlinear mappings) applied to nonlinear
optimization problems. The approach is based on the construction of p-factor
operator. The main result of this theory gives a detailed description of the
structure of the zero set of irregular nonlinear mappings. Applications include
a new numerical method for solving nonlinear optimization problems and p-
order necessary and sufficient optimality conditions. We substantiate the rate
of convergence of p-factor method.

Keywords: nonlinear optimization, p-factor operator, p-regularity, kernel, sin-
gularity, convergence, necessary and sufficient conditions.

1. Introduction

Consider the following nonlinear constrained optimization problem

min ¢(x), (1)
subject to

F(z) =0, (2)
where F : R" — R™ and F(z) = (f1(x), fa(z),- -+, fm(2))T, ¢ : R® = R,

F e CPTY(R"), p € N, ¢ € C}(R") and at the solution z* we have ImF”(z*) # R™.
The problem (1)—(2) is said to be regular at the solution z* if the Jacobian matrix
has a full rank, i.e.
rank F'(z*) = m. (3)
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In the case, when the Jacobian matrix F'(z*) is singular, the problem (1)—(2) is
said to be irreqular (degenerate) at x*, and the point a* is said to be a singular
(degenerate) solution to the problem. Most results on convergence properties of
methods for solving optimization problems presuppose the regularity assumption (3).
If the regularity assumption does not hold, these methods lose their high convergence
rate or simply become inapplicable for finding solutions.

Let us note that it was proved in [6] that essentially nonlinear problems (that
is, problems which cannot be equivalently reformulated as locally linear problems)
are equivalent to degenerate problems. Our aim is to describe some degenerate
optimization problems.

For a better illustration of the results derived in the paper, first we apply a
classical result to the degenerate optimization problem.

In the classical case, for the equation F'(z) = 0 where the operator F’(z*) is non-
singular, the tangent cone T1 M (z*) to the set M (2*) = {x € U.(z*) | F(x) = F(z*)}
at ©* is equal to the kernel of F’(x*) (Lyusternik theorem). But in the degenerate
case, Lyusternik theorem is inapplicable for the description of the solution set. If
the operator F’(x*) is singular then it is possible that Th M (z*) # KerF’(z*). For
example, if F' is given by F(z) = 2?2 — 23 + o(||«]|?) and z* = 0, then F’(z*) = 0 and
KerF’(0) = 0. Hence KerF’(0) # R? = Ty M (z*) = {< i ) u ( tt ) ,t ER}.

We observe the same phenomenon when we consider optimality conditions. In
the regular case we can apply the Lagrange theorem, which says that, if z* is the
minimum of ¢(z) and F'(x*)R™ = R™ then there exists \* € R™ such that
¢'(z*) = F'(x*)TX*. But in the irregular case the Lagrange theorem may fail.

For example let us consider the problem of minimizing ¢(z) = x? + x3, subject

2,2 2
. Ty — x5 + a3 (0 . T - .
to F(z) = < 22 — o + 22 + T2 > = ( 0 ), where z* = (0,0,0)" is a solution

0
point. Here ¢/(z*)= | 0 | and F'(z*) = < 8 8 8 ) Hence, we can note that
1

¢'(0) # F'(0)T\.
Moreover, when we consider the numerical solution of the nonlinear equation of
the form (2) in the singular case, the properties of numerical methods may fail.

Example 1. Consider the following mapping F : R? — R?
F(:}j) _ < 1+ T2 ),
12

where z* = (0,0)7 is the solution of the equation F(z) = 0 and F'(z*) = ( (1) (1) )
is singular at x*.
Let us use the classical Newton method for solving this problem:

Tht1 :xk—{F’(xk)}_lF(xk), k=0,1,2,3,...

and let mg = (29,29)7, 29 € U.(0) (¢ > 0 is sufficiently small number). Then for
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k=1,

()
T = ————r )
0 0 0,.0
T — To T1Ty

For 29 = 23, the inverse matrix {F’(z0)}~! does not exist and the Newton method
is inapplicable. But even though {F’(zo)} ! exists for some zg, e.g. for

_1_
zo = (t+t2,4)T, we have z; = ( %t_’_ .
t = 1075 then |lz1 — 0|| & 10°. Rejecting effect!

and ||z1 — 0| &~ 1 — oo, when t — 0. If

In the case when we would like to use the Newton method for unconditional op-
timization problems we also do not obtain satisfactory results. For example, we
consider the following problem
min ¢(z)
wpp1 =z — {0 (21)} 1 (),

where ¢(z) = 23 + 23w + 23, and z* = (0,0)T.
At the initial point g = (201, 202), where xo1 = 2921/6(1 + T02), we have

& (o) = ( ) 2+ 2o 202 6(12+ To2) ) ’

T2 6(1 + 1’02) 125602

and det ¢ (z¢) = 0, hence the inverse matrix {¢"(z¢)} ! does not exist.

It shows that if the problem is irregular we can not use the classical methods
for solving it. We would like to show how to apply the so called p-regularity the-
ory to solve irregular problems. The construction of p-regularity introduced in [7,
8] gives new possibilities for description and investigation of the irregular solutions
of degenerate nonlinear optimization problems. One of the applications is that the
construction of p-factor-operator is used to create numerical methods for solving
degenerate optimization problems and to state p-order necessary and sufficient op-
timality conditions.

2. Elements of p-regularity theory

Let F € CP*Y(R™). For k-th order derivative F(®)(z*) at z* € R™, the associated
k-form is denoted by

F® () [nF = F®) (a)[h,.. ., h).
Suppose that the space Y is decomposed into a direct sum
Y=Y1® - DY), (4)

where Y1 = ImF'(z*), Z; =Y. Let Z3 be closed complementary subspace to Y7 (we
assume that such closed complement exists), and let Pz, : Y — Z5 be the projection
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operator onto Z5 along Yi. By Y5 we mean the closed linear span of the image of
the quadratic map Pz, F(®)(2*)[-]2. More generally, define inductively,

Y; = span ImPy, FO) (z*)[]! C Z;, i=2,...,p— 1,

where Z; is a chosen closed complementary subspace for Y; & --- @ Y;_; with respect
toY, i =2,...,pand Py, : Y — Z; is the projection operator onto Z; along
Y1 @ --- @Y, with respect to Y, ¢ = 2,...,p. Finally, Y, = Z,. The order p is
chosen as the minimal number for which (4) holds. Let us define the following
mappings

Fi(x)=Py,F(z), F,: XY, i=1,...,p,
where Py, : Y — Y, is the projection operator onto Y;
along Y1 @ - @Y, 1B Y11 ®--- DY, with respect to Y, ¢ =1,...,p.

DEFINITION 1. The linear operator ¥,(h) € LIX,Y1 & ---@Y,), h € X, h #0
defined by
Uy (h) = Fi(a*) + Fy (a*)h+ -+ FP (") [h]P 7,

1s called the p-factor operator at the point x*.

DEFINITION 2. We say that the mapping F is p-reqular at x* along h, if
Im¥,(h) =Y.

DEFINITION 3. We say that the mapping F is p-reqular at =™ if it is p-regular along

any h from the set
P

ﬂ Ker* F{¥ (%) \ {0},

where

Ker* FM (2*) = {¢ € X : FP (a)[¢]* = 0}
is the k-kernel of the k-order mapping F,Ek) (x*)[]*.
DEFINITION 4. We say the mapping F satisfies the normal condition of p-

regularity at x* with_respect to h € X such that ||h|| = 1, if F is p-regular at
x* along h = Py (4 h, where h # 0.

LEMMA 1. Let the mapping F be p-reqular at * and let rank F'(z*) < m. Then
Hy(z*) = {0} if and only if there exists a neighborhood U(x*) such that the set

D={zeU(z") | F(z) =0}

consists of the unique element x*.

The proof of this lemma follows immediately from the generalization of the
Lyusternik theorem (see [8]), which asserts that the tangent cone T4 M (z*) to the
set M(z*) ={z € U|F(z) = F(z*)} at the point 2* coincides with Hp(z*), i.e.,

Ty M(z*) = Hy(x¥).
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REMARK 1. By virtue of Lemma 1, we consider the case H,(z*) # {0}, because in
the other case the feasible set includes only one element.

The following result (see [2]) gives the necessary optimality conditions for degenerate
nonlinear optimization problems with equality constraints.

THEOREM 1 (NECESSARY OPTIMALITY CONDITIONS) (see [5]) Let z* € R™ be a
local minimizer to (1)-(2), ¢ : U — R be twice continuously differentiable at x*, and
F € CPYY(R™). Assume that F is p-regular at x* along an element h* € H,(z*).
Then there exists \* € R™ such that

& (&) +(F (%) + PLF" (%) [h*]+ PaF" (%) [0+ ...+ Pyt F® (%) [R*]P~1)T A* = 0.

In the following theorem, we state the sufficient conditions for the optimality.
Introduce the p-factor Lagrange function as

Ly(a, b, A) = o(2) + ((PLF (2) + PoF'(@)[h] + ... + B,F V(@) [R]P71), A)

and

Tyl 3) = (@) + ((PF@) + gPF @A + .+ == PP @),

THEOREM 2 (SUFFICIENT OPTIMALITY CONDITIONS). Let ¢ € C*(R"), and F €
CPHL(R™,R™). Assume that F is p-reqular at x* along elements h € H,(z*).
If at the point x* there exists v > 0 and multipliers A\*(h) such that for all h € Hp(z*)

Ly, (x*, h,X*(h)) =0,

and .
(L

prx

(", b, A"(h)h, ) > ~|[A]®

then the point x* is a local minimizer to the problem (1)-(2).

3. Unconditional optimization. P-factor method

Throughout this section we consider optimization problems without constraints.
Basing on the p-factor operator construction we propose a new method for solving
the nonlinear equations

F(z)=0, F:R"—=R"



146

where the matrix F'(z*) is singular at the solution point z*.
Let Y1 = ImF"(z*), P = Py,
Yo = Im(F'(z*) + PLF"(z*)h), P> = Py,

: - o
Yipr = Im(F'(2%) + 32 PF"(a")h+ 3 PPy FO @) R + -
i=1 i2>i
B B il,ijEj:i,k}
+ 3 Py, ..Py, F®) (2*)[h]*=1), Ppyy = Pyo  k=2...p-1
T > >0 !
i1,.. i €{1,k}
Then the principal scheme of p-factor method is the following

Cpr1 = T — {F' (@) + PLF" (wp)h + - + Py  F®) (2)hP =111,
(F(zy) + PLF (xp)h 4 - + Py FO7D () hP 1), (5)

p—1 _
where P, = Y P,
=1
P, = > PP
i2>11
i1,92€{1,p—1}

Py = > P, ..P, k=2,....,p—1, his some fixed element, ||| =1

Q> >
i1 in€{Tp—1}
and P;,i = 1,...,p — 1 are matrices of orthoprojection such that in the solution

point z* we have
F(z*) 4+ PLF (2" )h+ -+ By FO D (a")hP~1 = 0 (6)
and the p-factor matrix
F'(@*) + PP (@' + - + Pyt FO) (g )2~ ™)
is nonsingular (p-regular along h).

It means that Pp =0,Y, =R"
Consider the case p = 2 for our example 1

T+l = Tk — {F’(Ik) + PlFN(Ik)h}71 . (F(Ik) + PlF/(Ik)h), (8)

where P; is an ortoprojection onto Im(F”(z*))* and element h (||| = 1) is such
that the 2-factor matrix
F'(z*)+ P F"(z*)h 9)

is nonsingular at the solution point 2* = 0 (2-regular along h).
Then the condition
FO)+ P F'(0)h=0

will hold and we have to solve the following equation

F(z) + PLF'(2)h = 0, (10)
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where by virtue of (9) * = 0 is a locally unique solution.

THEOREM 3. Let F' € CP(R™) and let there exist h,||h|| = 1 such that the p-factor
matriz (7) is nonsingular.
Then for any xo € U (2*) (€ > 0 sufficiently small) for the scheme (5) the following
condition will be fulfilled:

|zrs1 — ¥ < cllzr — %)%k =0,1,2,... (11)
where ¢ > 0 is a constant.

Proof.  Let us note that (5) it is scheme of the classical Newton’s method for
solving the system of equations

F(z)+ PLF'(z)h + ... + P, FP~D()hP~1 =, (12)

and the point z* is a solution of the system (12). But under the assumption of
the p-regularity of the mapping F(x), the first derivative operator of the mapping
considered above evaluated at the point z* is nondegenerate. For the scheme (5), it
means that are fulfilled the classical Newton conditions on convergence and rate of
convergence (see [9]) then (11) holds.

Example 1. Let us consider the following problem
. xr1 + 2o . 0
ro=("h )= (o)

Fo=(4 4)

is singular at the point z* = (0,0)7.
The scheme of the 2-factor method is the following

where 2* = (0,0)T and

Try1 = o — {F'(zx) + PLF" (x)h} ' - (F(zy) + PLF (w5)h), (13)
0 0 T .
where P; = 0 1 ,h=(1,—1)". Then after calculation

/ 1" _ 1 1

o 1 1 - Ty 42} _
k1 =k 22 -1 ap+1 riwi +xi — 2k )

B 1 1 N/ 0
T\ -1 oz +1 vy )’

k41 — Ol < el — OIJ*.

and

It means that
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Example 2. Consider the following optimization problem

min xl + I1I2 + :172
z€eR?2

N 2m1 42710
Py =0 = (P ).
where z* = (0,0)7, and F is 3-regular at z* along h = (1,1)T.

F'(0) 4+ Py F"(0)h + P.E@(0)[R]2 = ¢"(0) + Pio®™ (0)h + Pap™ (0)[h)?
2 —11
= ( 5 ) non singular!

_ 00 _ il _ 1 -1
HereP1(0 1>,Pz < 1 , P = +P2%(_1 3),

0 -1
0 1
Consider the following 3-factor scheme

Py= PP =1

ziir = an— (#7(0) + Pg® O] + P (0)[)?)
(/@) + Py @) 0] + Pog® (@) [B]?)

For the sake of simplicity and best illustration we use inverse matrix at the point 0
from which the convergence rate of the method can be derived.

Let
Then ||zk+1 — 0| =

(2 -1 - 221 — 1lz2 + 22122 — 673 y
Tk 2 11 2wy + 1lao + 22 + 1822 + 428 ) ||~
112? + 13223 + 222129 + 4473
222 + 4823 — 4x 9 + S5

1

44

< 10k — 012

4.  P-factor method for constrained optimization problems

In this section, we present so-called p-factor Lagrange method for solving the nonlin-
ear optimization problems with constraints given in the form F(x) = 0. The method
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is especially intended for degenerate problems where the Jacobian matrix F'(z*) is
singular at the solution x*. As it is known, the classical method is inapplicable
for the degenerate optimization problems. Therefore, the main idea of the method
described in this section is to construct a new nonsingular system of equations based
on p-regularity theory. Under sufficient conditions for optimality the p-factor iter-
ative sequence constructed for solving this system converges to the solution of the
original nonlinear optimization problem with quadratic rate.

Let us introduce the notation z := (§) € R™™™  z* := (2.) and define the
auxiliary mapping R : R"T™ — RT™ by

R(z) = R(z,\) =
¢'(x) + (F'(z) + PLF" () [W*] + ... + Pyt FO (2)[p*]P~1)T A (14)
F(z)+ Py F' (2)[h*] + ... + Py FP~ (2)[p*]P~1 ‘
Then we obtain so-called p-factor Lagrange system of equations
R(z) = R(z,\) =0, (15)

where h* is defined in Definition 4, and let following inequality dist(h, H,(z*)) < e
hold for sufficiently small € > 0.

The first equality in this system is necessary condition for the optimality at the point
x* (see Theorem 1) while the second raw is the new mapping which is regular at the
point z*, and (2*, \*)7 is a solution of this system.

THEOREM 4. Let x* € R™ be a local minimizer to (1)-(2), ¢ : U — R a mapping
twice continuously differentiable at x* and let F : R™ — R™ be (p + 1)-times con-
tinuously differentiable at Uc(x*). Moreover assume that F is p-regular at x* with
respect to h and R'(z*) is nonsingular. Then, the point z* = (i ) s a regular local
isolated solution of R(z) = 0.

Proof. Recall that the system (15) is a system of (n + m) equations in (n + m)
unknowns, and that the point z* is its solution. For the system (14) and under
assumptions of Theorem 4 the matrix R'(z*) is nonsingular. Hence (see [9]),

z* = (z*,\*)T is a regular local solution to (1).

To solve the system (15) we use the p-factor Lagrange method, which is based on

the Newton‘s method:

(52)- () -omerr®
S G I LA e S BT
F(ry) + PP (@] + - By PO ) (7)) |

The next corollary follows from Theorem 4.

COROLLARY 1. Let the assumptions of Theorem 4 be fulfilled, v € Uc(z*) and
let \o € U(A\*), where ¢ > 0 is a sufficiently small number. The sequence {xy},

generated by (16), converges to x* quadratically, ||z, — x*|| < C?', q<1,C>0,
k=0,1,2,....



150

Proof. By assumptions that matrix R’(z*) is nonsingular (nondegenerate) at
the solution point of the system (15), then the convergence conditions of Newton
method are fulfilled. Taking into account the quadratic rate of convergence of New-
ton method and the properties of the mappings considered above, we infer that the
sequence {z;} = {(zr, M\)T} converges to the point z* = (z*,\*)T quadratically,
ie.

Iz — 2*| < C1¢?", q<1, C1>0, k=0,1,2,...,

where ¢ = v]|2° — 2*||, v > 0. By virtue of
lze — 2| < |lok — =¥ + | A — Nl < 2|z — 2*]], k=0,1,...,

we have .
||:1:k*x*H§2C1q2 , C1>0, k=0,1,...

Hence, the sequence {xj} converges to x* quadratically.

REMARK 2. In the method (16) element h* is given for better understanding of the
idea this method, but for a practical implementation we have to construct also the
element hy on each step of the iteration taking into account some additional assump-
tions.

The hereby mentioned procedure is described in [5].

Example 3. Consider the problem

Il*IQ‘}’I%‘)min

subject to F(z) = (2] + 23) (22 — 1) + 2125 = 0. (17)

For this problem, we could not guarantee that the traditional methods converge to
the solution. Moreover

/ 2x1x2—3w2—w2+x3 i 2xo—6x1 2x1—2x2+3x2
F(w,y)=( Poaia o), Fl(zy) = 2 ),

m?+31§72x1m2+3m1x§ 2x172x2+313 6x2—2x1+6x122

F”’(x)[h]g A —6(h:1)) s h%hg + hlhg — hg = 3h1h%$2 y h;’m) =0.

Hence at the point z*

Ker® F”(2*) = {(!) and t # 0}.

= (1)

From the solution of the following system of equations

We can assume that

¢ () + MF'(z) + P F" () [h]?) 0
R(z) = R(z,)\) = ( F(x) +P2F//(x)[h]2 > = < 0 >7
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namely from

221 + 1+ AN2z129 — 323 — 23 + 23 + 622 — 4)

R(z) = —1+ Ma? + 323 — 2z129 + 32123 + 1229 + 621 +4) | =
(2 + 23) (w2 — 21) + 1235 + 623 + 62122 — 421 + 470
0
—| o
0
we obtain a locally unique point z* = (0,0), A* = i.
Then
R(z) =
2 4+ 2 \x9 — 61 A2z1 — 229 + 322 +6)
A2z1 — 222 + 373 +6) A6y — 221 + 62122 + 12)

2x129 — 3:17% — x% + x% + 6x0 — 4 :17% + 3:17% —2x120 + 3171:17% + 12x5 + 621 + 4

2r1T9 — 333% — 33% + 33% + 629 — 4
x% + Sx% —2x120 + 395195% + 1229 + 621 + 4
0

Now, substituting z* into R’(z) we infer that

2 1,5 —4
R:)=[15 3 4
—4 4 0

is nonsingular. Applying Theorem 4, we conclude that z* is a regular local solution
of the considered problem.

5. General case

In order to simplify the idea of the p-factor Lagrange method in the scheme (5) we
have defined the element h at the point z*. But now for practical implementation,
we have to construct the element hj on each iteration using some assumptions. In
this part of our paper, we present the method in which we can find an approximation
for hy as well.

Let h* = Py (;+)h, and let dist(h, Hy(z*)) < € hold. For defining h* let us
consider auxiliary problem in the following form

: 7 2
min |7 A (18)

subject to
F'(z)h + P F"(z)[R]* + ... 4+ P,_1 FP(x)[h]P = 0.
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We denote the solution to this problem by h(x) := PHp(m)E .
Vector v* € R™ can be obtained from the equality

(h—h*) — (F'(z*) + ...+ P, FP(z") [P~ HTv* = 0. (19)

We obtain this equality from Lagrange theorem applied to the problem (18) with
variable h.
Introduce the notations

2= (x,\, v, h)T € R*T2m = (2%, N5, v b7

and define the mapping I' : R*T2™ — R"*+2™ a5 follows
I(z) =T(z,\v,h) =

@@+ (@) + PR )[h] + -+ Pyt F® () [R]P~1)T A
Flz )+P1F’( )[h] c Py O (@) [P (20)

)h +h F”( )[h]2 +o+ Py FP(2) [P

Consider the system of equations I'(z) = 0.

In this way we obtain system of n+2m equations with n+2m unknowns. The first
equation is the necessary optimality condition for degenerate problems, the second
one we can treat as a mapping, which is regular at the point z*, the third is a system
of equations (19) and the last m equation constitues the system of constraints of
problem (18). Consider the p-factor Lagrange method, in the following form

TE41 Tk
)\k+1 = Ak N {F/(Ik,)\k,ljk,hk)}71 'F(Ik,)\k,ljk,hk) (21)
Vi+1 Vi
hit1 R,

which is equivalent to 241 = 2 — {IV(2x)} =1 - T(2x) for k=0, 1,...

We introduce the following assumption, which is important for the differential
properties of the hA(xz). We need this assumption to guarantee the existences and the
uniqueness of the projection h on the set H,(z*)( in our method on the set Hp(z})),
which is important for the presented algorithm.

AssUMPTION 1: The mapping F' satisfies the normal condition of p-regularity at 2*
with respect to a given element h € R", ||h|| = 1. Moreover, for some sufficiently
small € > 0, the element h satisfies

dist(h, H,(z*)) < e. (22)

LEMMA 2. Suppose that Assumption 1 holds. Then there a exists sufficiently
small € > 0 such that the mapping h(zx) (defined above) is unique and continuously
differentiable in a neighborhood U.(x*) of the point x*. (This lemma is proved in
5].)

Under the assumption 1 of Lemma 2 we have:
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THEOREM 5. Let x* € R™ be a local minimizer to (1)-(2), ¢ € C*(R"),

F € CPTYHR™). Assume that F satisfies the normal condition of p-regularity at the
point z* with respect to h and let Assumption 1 hold, and assume that the matriz
IV(z) is nonsingular at z*.

Then, for sufficiently small € > 0, the point z* is a regular local isolated solution of
the system T'(z) = 0. Moreover, the sequence {zi} defined by method (21) converges
to z* with quadratic rate, i.e. ||zpy1 — 2*|| < Cllzk — 2*||?, for k = 0,1,... where
C > 0 is an independent constant.

Corollary 2. Let (x0,y0) € Us(x*,y*), Ao € Us(\*), ho € Uc(h*) and vy € Us(v*),
where § > 0 is sufficiently small. If the matriz T'(z) is nonsingular at the point z*
then the sequence {x}, k =1,2,..., converges to * quadratically, i.e. ||z —z*| <

O, g<1andC>0,k=0,1,..

Example 4. Consider again the problem (17). But now let us use generalized
method (21) for its solution. We construct the new system of equations in the
following form

I'(z) =T(z,\ A\, h) =

¢ (@) + (F'(2) + PLF" (2)[h] + .. + Po1 F®)(2)[h]P~1)T A
F(z) + PoF'(@)[h] + ... + By F7 D (2 )[h] i
2A(E—h)—(F’( T)+ ...+ Py FP(2)[h]P~HTA

()

h
PyF" (x)[h)?

I
coococococo

Py s FP(a) )P

In this case, P1 =0, P» # 0 and the previous system is reduced to the system
T(z) =T(x,\,\,h) =

¢'(z) + (F'(x) + P F" (x)[2])T A
F() + PoF"(2)[h]? R
2(h — h) — (F'(x) + P F" (z)[h]?)T A
PQFW(I)[}LF’

|
cocooco

Then the system of equations I'(z) = 0 becomes

2x1+1+)\(2x1x2731?7x§+x376h§+4h1h272h§+6h§zg)

—14+ A (224323 — 22120 +3x 125 +2h% —4h  ho+6h3+1222h  ha+621h3)
(forz;)(mg711)+x1xg+(2x27611)h?+(4x174x2+313)h1h2+(6x272x1+61112)h§
271 —2h1 —A(—6h2+4h1hy—2h3+6h3xs)
2hy—2ho —A(2h2 —4h1 ho+6h2+6h2m1+12h1 howo)
—6h5+6hTha—6h1h3+6h3+18h1 h3z2+6hiz,

|
[slelelalales)

N+
n*

m*:(g),/\*:i,x*:f—oandh*:(}).

Thus, z* = (A* > is the solution of above-mentioned system, where
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Now, substituting z* into IV (2*) we get the matrix

2 15 -4 0 -2 0
ER IR N
1%\ -
I'(z*) = 0 —06 0 4 —1.2 0
—0.6 12 0 —4 0 -28
6 18 0 0 —12 12

which is nonsingular. Applying Theorem 5, we conclude that z* is a regular local
solution of (17).

Numerical results:
Applying the described method to the same problem (17) with the initial point

z0=(03

X0=0,15

Xo=0,4

no=(77)
we obtain in 4-th iteration a good approximation of the solution point
v =(9), \* = i,)\* = 11—0 and h* = (1).

[ —0,0135 _ 70,0152 _ (0,0009 ~ £0,0000
xl_( 0,3356 2= 0,0232) x3—(0,0001 ””4—<0,0000

k1 A1=0,3674 —9 A2=0,2559 —3 A3=0,2524 . A1=0,2500
X1 =—0,2157 X2=0,0649 X3=0,0953 24=0,1000

e 1,1851) h 7(1,0893 e 1,0013) 5 7(1,0000

1=\ 1,0456 2=\ 1,0807 3=\1,0000 4=\ 1,0000

For the problem considered above we could not use the classical methods for
example Newton‘s method because the first derivatives is degenerate F”(z*) = 0.

6. Identification of linear independent constraints algorithm

In this paper we consider methods for solving degenerate optimization problems in
which we use the same orthoprojectors like Py, Ps, ..., P,,. But in practical imple-
mentation it is hard to construct this type of oprtoprojections, so in order to avoid
difficult calculations we construct new mapping F(z) equivalent to the mapping
F(x). We assume for this mapping that the first r rows in the Jacobian matrix
F'(2*) are linearly independent, and the others are equal to zero,

fi(a")

Any system of nonlinear equations can be transformed into a new one for which (23)
holds. This transformation is performed by multiplication of the original mapping
F(z) by the nondegenerate matrix, it means F(z) = 0 <= F(z) = 0 (see [10]). So
under this transformation, the feasible set {z | F(z) = 0} does not change.
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Throughout this section we consider the algorithm in which we identify the con-
straints that are linearly independent at the solution point z* using information in
any given point zg € U(x™*).

Let the mapping F € CPT1(R™) be p- regular (p > 2) at the point z*. For suffi-
ciently small neighborhood U (z*) we introduce two functions

p(x) = min;—q ... ,, dist (fi’(x),Span (fj’(x), je{l,...,m} \z)) ,

(@) = max {[|F(@)| 7, p(a) 77 } .

Here f; is the ith coordinate of vector function F' and Span(ay,...,a) is a linear
span of vectors aq, ..., Gn.
The following theorem describes the function p(z).

THEOREM 6. Let the mapping F € CPTY(R™) be p-reqular at the point x* and
F(z*)=0.
Then there exist € > 0, C' > 0, C"” > 0, such that following inequality

C'|le — 2*|| < p(z) < C"||lz — 2|7, € Ua(z¥)

holds.
In order to obtain mappings as follows
fi(z)
-~ le (.’17)
F " 24
(‘T) fT1+1 (.’L‘) ( )

we consider the method in which we identify the gradients fi(z), f5(z),..., f; ()
that are linearly dependent at the solution point x*.
To construct the method, we need the following lemma.

LEMMA 3. Let for nonnegative functions g(x), u(x) the following inequality be sat-
isfied:
|91(2) — g2(2)| < Lljwy — w2, Va1, 22 € Us(z™),

C'lle —a*|| < pla) < C"|lz —a*|[7, @ € Us(a"),

where L, §, C', C", are positive constants and C" > C', p > 2.
Then there exists a sufficiently small € > 0, such that one of the following con-
ditions holds:
1.Ve € Us(z*) : g(z) < p(z)? and then g(z*) =0
or
2.Vx € Us(z*) : g(x) > pw(x)2 and then g(z*) # 0.
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Remark 3. Under the assumptions of Lemma 3 there exists sufficiently small e > 0
such that if for some element T € U.(x*) the following inequality g(T) < u(T)2 holds
then for all z € U.(z*) we have g(x) < pu(x)?, so equation g(x*) = 0 is fulfilled.
Analogously, if for some element T € U(x*) the following inequality g(T) > u(T)
holds then for all x € U.(z*) we have g(x) > u(x)z, so condition g(z*) # 0 is
fulfilled.

1
2

Method for identification the constraints that are linearly independent
at the point z*

For sufficiently small e > 0, x € U (z*), i € {1,...,m} and under the assumptions
of Lemma 3 and Remark 3 we consider two cases:

1. g(z) = ||fi(2)] < p(x)?
2. g(z) = |If{(@)] > u(x)3. (25)

In case 1 under Remark 3 we have f/(z*) = 0 and analogously in case 2 we have
that f/(z*) # 0.

Algorithm

Step 1. Applying the scheme (25) we identify the first vector which is nonzero.
At the beginning let this vector have index 7; and let the inequality | f; () > ()=
be fulfilled then the corresponding vector is nonzero f; (z*) # 0.

Step 2. We identify the next vector which is nonzero for example f;, (z*) and

check the condition dist (f7, (x), Span (f/,(z))) > p(z)2. If this condition holds in
U:(z*) then, it means that the vectorsf; (z*), i (z*) are linearly independent and
we go to step 3. But if this condition does not hold, it means the vector f; (z*) is
a linear combination of the other vectors and we go again to the step 2.

Step 3. We identify the next vector which is nonzero for example f; (z*) and
check the condition dist (f], (), Span (f/ (), f/,(x))) > p(z)2. If this condition

1
holds in U, (z*) then, it means that the vector fi,(x*) is linearly independent of
the other vectors and we go to the next step. But if this condition does not hold,
it means the vector f;, (z*) is a linear combination of the other vectors and we go
again to the step 3.
Step s. We have f] (z*), fi,(x*),..., f{,_ (2*) linearly independent vectors. Now
we again identify the vector which is nonzero for example f; (z*) and check the con-

dition dist (f/, (x), Span (f] (x), fI, (), ..., fL.(2))) > pu(z)z. If this condition holds
in U.(z*) then, it means that the vector f; (z*) is linearly independent of the other
vectors. But if this conditions does not hold, it means the vector f; (z*) is a linear
combination of the other vectors. L

This algorithm stops when s = m.

In this way we obtain the mapping of the form (24) where f; (z*) # 0, ..., fi’r1 (x*) #
0, are linearly independent but i’rﬁl (z*) =0,..., fi (2*) =0 are dependent. Anal-
ogously we procede with second derivatives. R

Transformation of the original mapping F(x) to the mapping F(x) has been
carried in order to simplify oprhoprojectors. But in the hereby paper we assumed

that mapping F(x) fulfills (23).
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Under this transformation for the mapping F (x) in the case p = 2 we have the

1 0

following orthoprojections P, = Iy o and P, = 0 T~ ,
which have simple structure.
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