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Abstract: An approach to nonlinear constrained mathematical
programming problems which makes use of a second order derivative
is presented. By using a second order modified objective function
method, a modified optimization problem associated with a primal
mathematical programming problem is constructed. This auxiliary
optimization problem involves a second order approximation of an
objective function constituting the primal mathematical program-
ming problem. The equivalence between the original mathemati-
cal programming problem and its associated modified optimization
problem is established under second order convexity assumption.
Several practical O.R. applications show that our method is effi-
cient. Further, an iterative algorithm based on this approach for
solving the considered nonlinear mathematical programming prob-
lem is given for the case when the functions constituting the prob-
lem are second order convex. The convergence theorems for the
presented algorithm are established.
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1. Introduction

In the paper, we consider the nonlinear constrained mathematical programming
problem

fo(xz) — min
subject to f;(x) <0, i=1,...,m, (P)
z e X,

where f; : X — R,i=0,1,...,m, are twice continuously differentiable functions
on a nonempty open set X C R".



162 T. ANTCZAK

Let
D:={zeX: fi(z)<0, ieJ={1,...,m}}

denote the set of all feasible solutions in (P).

Throughout the paper we also use the following sets of indices: J(T) :=
{ie J: fi(z) =0} and Jy (T) = {0} U J (T).

Convexity plays a central role in the analysis of mathematical programming
problems. The problem of minimizing a convex function subject to convex con-
straints is of a fundamental importance in mathematical programming. How-
ever, for many optimization problems, notably in mathematical programming,
the characterization of optimal solutions with the help of second order conditions
was always of a great interest as a means of refining the first order optimality
conditions (for example, the need of second order information appears in nu-
merical algorithms).

Mond and Weir (1981) and Bector and Chandra (1985) independently in-
troduced second order convex and generalized convex functions (Bector and
Chandra called them bonvex and pseudo/quasi bonvex functions). Using second
order conditions, duality results were established on various duality theorems,
for example, by Bector and Bector (1986).

Considerable attention has been given recently to devising new methods
which solve the original mathematical programming problem and its duals with
the help of some associated optimization problem (see, for example, Antczak,
2004).

In this paper, we present a new approach for solving a constrained mathe-
matical programming problem involving twice differentiable functions. The aim
of the present paper is to show how one can obtain optimality conditions for
a nonlinear constrained mathematical programming problem with strong nonlin-
ear objective function by constructing for it an equivalent minimization problem
with a second order modified objective function. This associated modified op-
timization problem is obtained by a second order modification of the objective
function in the given mathematical programming problem at an arbitrary but
fixed feasible point Z. To prove the equivalence between the original mathemat-
ical programming problem and its associated modified optimization problem we
use the second order convexity assumption imposed on the functions involved
in the original programming problem. Moreover, the equivalent optimization
problem obtained in this approach is, in general, less complicated and its opti-
mal solutions are connected to the optimal points of the original minimization
problem. In this way, we obtain the associated modified optimization problem
with the same optimality solution as the original mathematical programming
problem and the optimality value equal to the optimality value in the original
mathematical programming problem.

Further, some example of O.R. problem is given for which the presented
second order modified objective function method can be applied to find an op-
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timal solution. The second order objective function optimization problem is
constructed for the considered O.R. problem.

Finally, based on the approach introduced in the paper, an iterative method
for solving a nonlinearly constrained mathematical programming problem with
second order convex functions is proposed. This method consists of solving a se-
quence of second order modified objective function optimization problems which
are constructed at feasible points obtained from successive steps of the respec-
tive algorithm. Thus, the method generates an iterative sequence of feasible
solutions which, under suitable conditions, converges to an optimal solution of
the original mathematical programming problem. The superlinear convergence
rate of this sequence is proved. Moreover, it turns out that, when the Hessian
matrix of the objective function is assumed to satisfy the Lipschitz condition on
the set of all feasible solutions, the convergence rate of this algorithm increases
to quadratic.

2. Preliminaries

Throughout the paper we write Vf (z) and V2f (z) for the gradient of f and
for the Hessian of f evaluated at x, respectively. We recall some definitions and
properties that will be used in the present paper.

DEFINITION 1 Let f: X — R be a differentiable function on a nonempty open
set X C R™. Then f is first order convex (or shortly, convex) at u € X on X,
if the inequality

fl@) = fu) > (z—u)" Vf(u) (1)

holds for all x € X. If the inequality (1) holds for each u € X then f is convex
on X.

DEFINITION 2 Let f: X — R be a twice differentiable function on a nonempty
open set X C R™. Then f is said to be second order conver at v € X on X if
the following inequality

£(o) = ) 2 (@ = )" [V () + T2 Fuy] ~ 24" V2 Sy )

holds for all y € R™ and for all x € X. If the inequality (2) holds for each
u € X then f is said to be second order convex on X. If the inequality in (2)
is sharp for each x € X, x # u then the function f is said to be second order
strictly convex function on X.

LEMMA 1 Let f : X — R be a second order convex function defined on a
nonempty convex set X C R™ and u € X be a minimum point of f on X. Then
the following inequality

(x — u)TVf(u) >0
holds for all x € X.
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LEMMA 2 Let f: X — R be a second order strictly convex function defined on
a nonempty convex set X C R™ and uw € X. Then there exists M > m > 0 such
that the inequality

mly| <y"Vf(u)y < M ||yl
holds for all y € R™.

DEFINITION 3 We define the Lagrange function or the Lagrangian L : D X R4 X
R — R in the considered mathematical programming problem (P) as follows

L(z, ), &) = Ao(x) + Z&fz(fﬂ) .

DEFINITION 4 A set
C@ :={deR":d"Vf;(T)<0,i€ ()}
s said to be the set of critical directions at .

DEFINITION 5 A point T € D s said to be an optimal point in (P) if, for all
r€eD,

fo(x) > fo(T).

It is well-known (see, for example, Bazaraa, Sherali, Shetty, 1991) that the
Karush-Kuhn-Tucker optimality conditions are the first-order necessary opti-
mality conditions for T to be an optimal solution in the considered mathematical
programming problem.

THEOREM 1 (Bazaraa, Sherali, Shetty, 1991) Let T be an optimal solution in
(P) and some suitable constraint qualification be satisfied atT. Then, there exist
A€ Ry and £ € R, such that

VL (z,)§) =0, (3)
E'Lfl (j) =0, 1€J (f) ’ (4)
X>0,€>0. (5)

It is also a well-known fact that under the suitable condition of the regu-
larity of constraints, for example Linear Independence Constraint Qualification
(LICQ) (Bazaraa, Sherali, Shetty, 1991), without loss of generality, it can be
assumed that \ = 1.

For optimization problems with twice differentiable functions, it is known
(for example, see Ben-Tal, 1980) that the second-order optimality conditions
(in the so-called dual form) are necessary for T to be an optimal solution in the
considered mathematical programming problem.
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THEOREM 2 (Ben-Tal, 1980) LetT be an optimal solution in (P) and the suitable
constraint qualification be satisfied at T. Then, for every d € C(T), there exist
A€ Ry and § € R such that

VL (z,)\€) =0, (6)
d"V?L (z,X,§)d >0, (7)
Ezfl (E) =0, i€ J(E) ’ (8)
XV fo (T) =0, (9)
ANV (@) =0, i€ Jy(T), (10)
X>0,€>0. (11)

3. Second order modified objective function method

Let T be the given feasible solution in (P). We construct the following opti-
mization problem (P?(Z)), that is, an optimization problem with a second order
modified objective function, given by

fo(@) + (-7 V@) + L (z—7)" V2 fo(T) (x — T) — min
subject to  fi(z) <0, i=1,..,m, (P*(x))
xz e X,

where f;, i = 0,1,...,m, X are defined as in problem (P). We will call (P%(T))
the associated second order modified objective function optimization problem
or the associated optimization problem with a second order modified objective
function.

In the following theorems, we prove the equivalence between the original
mathematical programming problem (P) and its associated second order modi-
fied objective function optimization problem (P?(Z)) under second order convex-

ity assumption imposed on the functions constituting the original optimization
problem (P).

THEOREM 3 Let T be an optimal solution in the associated second order modi-
fied objective function optimization problem (P?(Z)) and the suitable constraint
qualification (Bazaraa, Sherali, Shetty, 1991) be satisfied at T. Moreover, we
assume that the objective function fy in the original mathematical programming
problem (P) is second order convexr at T on D. Then, T is also optimal in
problem (P).

Proof. We proceed by contradiction. Suppose that T is not optimal in (P). Then
there exists T € D such that

fo(@) < fo(T). (12)
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By assumption, fj is second order convex at T on D. Then, by Definition 2, the
following inequality
~ _ o _ _ _ 1 _
fo(@) = fo(@) = @ =2)" [Vfol@) + V2 fo@y] - v Viho@y  (13)

holds for all y € R™. Hence, by (12) and (13), the inequality

@D [Vho®) + V@] ~ 5u" V2 fo(Ey < 0 (14)
holds for all y € R™. Therefore, it is also satisfied for y = ¥ — 7. Hence, by (14),
G -7 Vfo(T) + % F -7 V2 fo(7) (F—7) < 0. (15)
Thus, (15) implies the inequality
fo@+@-2) V@) +i@E-7) V(@) @ -7) <
fo@+ @ -2 V@) + i@ -7 V(@) (T-7),

which is a contradiction to the optimality of T in the associated second order
modified objective function optimization problem (P?(Z)). This means that T
is optimal in (P). [ |

THEOREM 4 Let T be a feasible solution in the original nonlinear mathematical
programming problem (P) and the second order necessary optimality conditions
in the dual form be satisfied at T. Moreover, we assume that f;, i € J(T), are
second order convex at T on D. Then, T is also optimal in an associated second
order modified objective function optimization problem (P?(T)).

Proof. We proceed by contradiction. Suppose that T is not an optimal solution
in the second order modified objective function optimization problem (P?(T)).
Then, there exists a feasible solution z € D such that

fo@ +@=3)" Viol@) + 5 @-7)" V2ho(@) (7 -7) <
fo@+@ -2 V@) +1@-7) Vfo(@) (T -T).
Thus,
G -7 Vfo(@) + % G -7 V2 fo(7) (F—7) < 0. (16)
By assumption, fj is a second order convex function on D. Hence, (16) implies
@ —7)" Vfo(z) <0. (17)

By assumption f;, ¢ € J(T), are second order convex at T on D. Then, by
Definition 2, it follows that, for i € J(T), the inequality

@)~ i@ 2 G- [VAE +VR@EY] -5 V@Y (8)
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holds for all y € R™. Then, for y =7 — T and i € J(T), we get
~ ~ 1, ~
[i@ > @ -0 Vfi(@) + 5 @ -2)" Vi(@) (@ - 7). (19)

Also, by (18), for y = 0 and i € J(T), it follows that

fi(@) > @E-3)" VA@). (20)
Since T € D, then we obtain from (19) and (20) for i € J(T), respectively,

G- VAE) +5 G- V4@ G -T) <0, (21)

@ —7z)" Vfi(T) <0. (22)

Thus, by (17) and (22) it follows that & — T € C (), that is, & — T is a critical
direction at T. By assumption, T is such a feasible solution in the original math-
ematical programming problem, at which the second order necessary optimality
conditions in the dual form (6)-(11) are satisfied. Then, for every d € C (T),
there exist A\ € Ry and € € R’ such that the second order necessary optimality
conditions in the dual form are satisfied at Z. Since * — T € C (T) then they are
satisfied at T for d = & — Z. Hence, using A € Ry and € € R, we obtain from
(16) and (21), respectively,

@~ AV fol@) + 5 (77 WV fo(F) (7~ 7) <0, (23)
GE-B EVL@ + 5 E D EV L@ E-F <0, ic @ ()

Thus, by the second order necessary optimality conditions (9) and (10), we
obtain from (23) and (24), respectively

(@ — 7" XV2fo(@) (7 7) < 0, (25)

(F-7)"EV (@) (F-T) <0, i€ J(@). (26)
Hence, by Definition 3, we get the inequality

@ -2 V2L(Z,X,§) (Z—T) <0,
which contradicts the second order necessary optimality condition (7). Thus,
the conclusion of the theorem is proved and, therefore, T is also optimal in
(P2(@)). L

Based on the theorem above, the following result is true:
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THEOREM 5 Let T be a optimal solution in the original nonlinear mathematical
programming problem (P). Moreover, we assume that f;, i € Jo(T), are second
order convex atT on D. Then T is optimal in an associated second order modified
objective function optimization problem (P?(%)).

Proof. Follows from Theorem 4. [ ]

4. Applications to O.R. problems

In this section, we discuss the potential applications of the introduced approach
to solving certain O.R. problems.

Now, we present an example of economic optimization problems involving
second order convex functions, which we solve by using the introduced second
order modified objective method.

A common problem in organizations is determining how much of a needed
item should be kept on hand. For producers, the problem may relate to how
many units of each raw material should be kept available. This problem is iden-
tified with an area called inventory control, or inventory management. Con-
cerning the question of how much ”inventory” to keep on hand, there may be
costs associated with having too little or too much inventory on hand.

Now, we consider more precisely an example of an economic problem of a
similar nature.

ExaMPLE 1 (Police Patrol Allocation) A police department has determined
that the average daily crime rate in the city depends upon the number of officers
assigned to each shift. Specifically, the function describing this relationship is

N =200 — 5ze” %7,

where N equals the average daily crime rate and x equals the number of officers
assigned to each shift. Police analysts indicate that the function f is valid for x
assumed to satisfy the condition: fi(z) = 2% — 502 < 0 (this condition follows,
for example, from the possibility of employing officers in this department). It is
not difficult to see that the feasible solution T = 50 is optimal in the considered
optimization problem.

Thus, we obtain the following constrained mathematical programming problem:

fo(x) = 200 — 527992 — min P)
fi(z) = 2% — 502 <0

Since both the objective function fo and the constraint function fi are second
order convexr at T then this optimization problem can be solved by using the
second order modified objective function method. Then, we construct the fol-
lowing optimization problem (P?(%)) for the considered Police Patrol Allocation
problem:

200 + 0.1e~(z — 50)2 — min

2?2 — 50z < 0. (P2(50))
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Thus, we obtain a quadratic optimization problem. We are in position to solve
the above optimization problem immediately. It is not difficult to see that the
feasible solution T = 50 is optimal in this optimization problem.

5. Computational algorithm

In this section, based on the second order modified objective function approach,
we discuss the potential algorithms for solving the nonlinear optimization prob-
lems in which functions involved are second order convex on the set of all feasible
solutions.

As follows from the preceding section, using the second order objective func-
tion approach, in place of solving the original mathematical programming with
nonlinear objective function, we can solve some auxiliary optimization problem
with a second order modified objective function. Hence, in place of solving the
original mathematical programming problem (P) with a strongly nonlinear ob-
jective function, we have to solve a quadratic optimization problem. Based on
Theorems 3 and 5, we conclude that the original programming problem (P) and
its associated second order modified objective function optimization problem
are equivalent in the following sense: T is optimal in the original programming
problem (P) if and only if T is optimal in the second order modified optimiza-
tion problem (P?(Z)). However, the second order modified objective function
optimization problem (P2(Z)) is easier to solve.

This conclusion follows from the fact that, over the years, a large number
of methods have been developed for solving quadratic optimization problems.
These methods can be divided into two categories: finite methods and iterative
methods. Finite methods solve a given optimization problem by some kind of
pivoting procedures and terminate in finite time (see, for example, Dantzing,
1963; Cottle and Dantzing, 1968; Zangwill, 1969). On the other hand, iterative
methods generate an infinite sequence, which converges to a limit point that
solves a given optimization problem (see, for example, Bazaraa, Sherali, Shetty,
1991; Fletcher, 2000; Pang, 1984).

In this section, we shall present an algorithm of an iterative method for the
solution of the considered nonlinear mathematical programming problem which
is based on solving the second order modified objective function optimization
problem. This algorithm reduces the solution of the original mathematical pro-
gramming with a nonlinear objective function to a sequence of such auxiliary
optimization problems.

To prove convergence of the presented algorithm to an optimal point in the
original mathematical programming problem (P), we shall use the concept of R-
superlinear and R-quadratic convergence rate as defined in Ortega, Rheinboldt
(1970).

DEFINITION 6 The sequence {xp} in R"™ is said to converge to T with R-
superlinear rate if, for each 6 € (0,1), no matter how small, there exist o > 0,
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p > 0 such that the following inequality
|zr — 7| < ad®
holds for all k > p.

DEFINITION 7 The sequence {xy} in R™ is said to converge to T with R-quadratic
rate if there exist 6 € (0,1), a > 0, p > 0 such that the following inequality

|2k — T < 06"
holds for all k > p.

Now, we present an algorithm for solving the considered nonlinear mathe-
matical programming problem (P) with second order convex functions. Based
on the second order modified objective function approach, to solve the original
mathematical programming problem (P), this method consists of generating
the sequence of second order modified objective function optimization problems
(P?(x1)). At each step an optimization problem of such a type is solved by
means of a finite algorithm to obtain the next point zp,; and hence the next
auxiliary optimization problem (P?(zy1)).

Sukharev, Timokhov and Fedorov (1986) and Fletcher (2000) considered
some finite method for solving a differentiable quadratic optimization problem
with linear inequality constraints. Based on this method, we propose an it-
eration method for solving a nonlinear optimization problem with inequality
constraints. This method consists of solving the following auxiliary optimiza-
tion problem (P?(zy))

Fr(z) :=fo (z)+(@—ax)" Vo (xk)-i-% (z—a1)" V2 fo (x1) (1—21) — min
fl(x) <0, i€, (P2(xk))

to obtain the next point xx1 in the iteration sequence generated in this method.
At this point, we construct a successive optimization problem (P?(xy)) with a
second order modified objective function.

Note that, since fj is assumed to be a twice continuously differentiable func-
tion, then V2 f, (z1) is the continuous, symmetric n x n Hessian matrix.

PROPOSITION 1 Let the objective function fo in the original mathematical pro-
gramming problem be a second order convex function on the set of all feasible
solutions D. Then:
1) the objective function Fy in the second order modified objective optimiza-
tion problem (PQ(:ck)) is a second order conver function at x on the set
of all feasible solutions D.

it) Fi(wr) > Fi(@r) + (@0 — 2r41)" VEL(2r41)

+3 (@ — 2e1) V2F(@rpn) (0, — 2a11) -
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iii) (xr — Tpy1)" VFp(zri1) > 0.

w) Moreover, the objective function Fy, in the second order modified objective

optimization problem (PQ(ack)) is a second order convex function on the
set of all feasible solutions D.

Proof. Proofs of Propositions i) and ii) follow by Definition 2 and the definition

of the objective function Fj in the second order modified objective function
optimization problem (P?(xy)).

Proof of Proposition iii) follows from Proposition 1 i) and ii)

Proof iv) Let z, 2 be any feasible solutions in problem (P), that is, z,z € D
Then, the following inequality

[G=a) 92 o () (2= n) =2 (=) 92 o () w4y V2 o (w0) y] 20

holds. Since fj is a C? function then the matrix V2 fo (z)) is symmetric. Hence
the inequality above gives

Tz =) V2o (ak) (2 — 21) — (2 — 2)" V2o () y + 3yTV fo (z1) y >
Te—a)" V2o (o) (x—ax) — 3 (@ — )" V2o (2k) (2 — 2),

and, so

3G =2)" V2o (zx) (2 —2) > 5 (2 = 2)" V2o (2x) (& — k) +
(z—2)" V2o (zr)y — 297V fo (z1) .
Thus,
Tz — )" V2o (zk) (2 — 2) > & (2 — 2)" V2o (a1) (@ — 1)
+3 (z—2)" V2 fo (2k) (f—wk) + (z—2)" V2 fo (z1) y—2yT V2 fo (21) v,

and, so

Tz =) V2o (zk) (z — a) > 5 (@ —an)" V2 fo (21) (@ — 1)
+35 (2 —2) V2 fo (zx) (¢ — zx) + 5 (2 — 2) V2 fo (21) (x — z1)
+(z—2) V2 fo (zr)y — 59V fo (x1) y.

Hence,

folzw) + (z — 1) Vo (z 1(z— VIV fo () (2 — o) >
fo (zk) + (ac—xk)T Vo (z %(m—xk ) V2 fo (wx) (7 — 2x) +
(z—a)" Vo () + (2 = 2)" V2fo (@) (& — ) +
(z = 2)" V2o (z) y — 35" V2o (zi) .

k) +
k) +



172 T. ANTCZAK

We write down the inequality above

folar) + (2 = 2)" Vo (z) + 5 (2 = 2x)" V2o (21) (2 — xx) >
folwr) + (x = 21)" Vo (zr) + 5 (@ — 2x)" V2o (2x) (z — o) +
(z— )" [Vfo (zk) + V2 fo (21) (z — zx) + V2 fo (zk) y] — 2yTV2fo (2k) v

Then, by the definition of the objective function F} in the second order modified
objective function optimization problem (P?(xy)), we get

Fo(z) > Fi(z) + (z —2)" [VFi(z) + V2 F(z)y] — %yTVQFk(x)y.

Thus, by Definition 2, we conclude that F} is second order convex on the set of
all feasible solutions D. ]

We shall establish that the convergence rate of the proposed algorithm is
superlinear, and that it is at least quadratic if the Hessian of the objective
function fy in the original mathematical programming problem (P) is assumed
to satisfy the Lipschitz condition on the set of all feasible solutions.

THEOREM 6 Let D be a convexr compact subset of R™ and fy be a twice contin-
wously differentiable function on D. Moreover, we assume that fy is a second
order strictly convex function on D. Then, the iteration sequence {xy} gen-
erated by solving the sequence of optimization problems (PQ(ack)) satisfies the
following conditions:

i) fo(zrt1) < fo (zk) for any k,
i) if fo is a second order strictly convexr function on D then the iteration
sequence {xy} converges superlinearly to T,

i) if fo is a second order strictly convex function on D and the matriz V? fo
satisfies the Lipschitz condition on D then the iteration sequence {xj}
converges quadratically to .

Proof. 1) By assumption, fo is a second order convex function on D. Then, by
Definition 2, the following inequality

fo(x) > fo (xx) + (z — ax)" [V fo (z) + V2o (z) y] — 24TV fo (a) y

holds for any = € D and all y € R™. Hence, for x = 441 and y = 41 — 2k, it
follows that

fo(@) > fo (1) + (@rs1—2x)" Vo (z)+ 3 (zhs1—21)" V2 fo (@) (Tppr — 1) -
(27)

From the algorithm follows that 241 is an optimal point of the function Fy, (z).
Then, by Proposition 1 iii),

(T — 1)’ VF (Tpy1) >0
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Thus,
(@h41 — zk)" Vo (@) + (ze1 — 2)" V2o (@r) (her —2) 0. (28)

Since fj is a second order convex function, then (28) gives

(2hs1 — k)" Vo (xx) <0,

The inequality above implies that

fo (zry1) < fo (o).

This means that the iterative sequence {f (zx)} is a monotonic decreasing
sequence. Hence, the proof is complete. [ |

Proof. ii) Let xx,1 be optimal in (P?(x;)). By assumption, the objective fq is
a second order strictly convex function and the set of all feasible solutions D
in the original optimization problem (P) is convex. Then, by Proposition 1 iii),
the inequality

(zx — 2ps1)’ VFy (2py1) >0
holds. Thus,
(@1 — 2k)" Vo (k) + (Trpr — 2x)" V2 fo (2x) (Thy1 — 21) 0. (29)
By definition, we have
Fre(rs1) = fo (zi) + (@er1 — 2x)" [Vfo (@r) + V2o (2k) (Thg1 — 21)]
— 2 (@1 — 2k)" V2o (2r) (@re1 — 7).

By Lemma 2, it follows that (zx41 f:ck)TVQfo (zx) (Tp41—2xK) =M || Trt1 f:ck||2.
Then, by (29),

m
Fi(r1) = fo (k) < =5 ll2ngn — 2] (30)

By assumption, fy is a second order strictly convex function on the set of all
feasible solutions D. Then, by Definition 2, the inequality

fo(zk1) = fo (zi) + (@rp1 — 2x)" [Vo (2k) + V2o (2k) (@rgr — )]
—3y"V2 fo (zk) y

holds for all y € R™. Hence, it is also satisfied for y = 211 — x. Thus, the
inequality above yields

fo(@re1) > fo (z) + (@rer — ax)” Vo (z1)
+3 (e —2i)" V2o () (@1 — @), (31)
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and, so
fo(zrt1) = Fi(zp41). (32)
By Theorem 6 i), it follows that fo (zx) > fo (zk+1). Then, by (31) and (32),
fo(zr) = Fi(zr41) > fo (xr41) — Fie(zps1) > 0.
Thus, we have
Fy(wr41) — fo (wr) = (wrpr — o) Vfo (wr)
+4 (@ — zi1)” V2 fo (21) (@rs1 — 2a)
and, so
Fr(wri1) = fo (wr) > (wx — 241)" Vo (1) (33)

Now, we use the Lagrange formula for the function ¥ (z) = (241 — %) Vfo(x).
Then, we obtain

(@rs1 — 21)" (Vo (@r) = Vo (@h-1)] = (@r41 — 1) V2o (@k) (2r — z-1)

where T = xp_1 + 0k (xrx — xp—1), 0 € (0,1). Note that € D since by
assumption D is a convex set. Hence,

(@h41 — zk)" Vo (k) > (@1 — 2i)" Vo (1)
+ (o1 —an) V2o @) (xn —zim1). (34)
By (33) and (34),
Fi(wri1) = fo(wr) > (@rpr — 2x)" Vo (wr1)
+ (@1 — 2)" V2 fo (Fk) (wx — 251) -
Thus,
Fio(wr1)— fo (@) > (wepr —x1)" [Vfo (2po1)+ V2 fo (zr-1) (@ —ap-1)] +

(zhy1—zr)" (V2 fo (Tr)— V2 fo (zk-1)] (Tk — Tp—1).
(35)

Since xy, is optimal in the second order modified objective function optimization
problem (P?(xj_1)) then, by Lemma 1,

(@hs1 — ax)” [V fo (zr—1) + V? fo (zr—1) (2 — 23—-1)] > 0.
Thus, (35) gives

Fi(zp1)—fo (2x) > (@i —azx)" [V2fo (@)= V2o (@r-1)] (@x — z6-1) |



Second order convexity and a modified objective function method 175

and by (30),

fo(@r) = Fy(zpgr) < lowpr — il |V o (zr-1) = V2 fo (@) || llox =z ]
(36)

Using (30) together with (36), we obtain
m ~
5 lzkts = okl < kg — 2ell |V fo (w-1) = V2 fo (@) ok — zx |

and, so

lzr — zg-1]l- (37)

2| V2 fo (zk—1) — V2 fo (T1) |
[2k1 — x| < -

2|| V2 fo(zr—1)=V>fo (@) |
m

We denote by ¢ the sequence ¢, = . Then,

|Zkt1 — 2kl < ek g — 21l - (38)

Since fy is twice continuously differentiable on the set D then, by the definition
of the point Zy, it follows that ¢, — 0 for k — oo.

Now, we show that the sequence {x} generated by the algorithm converges
superlinearly to T. Thus, by induction, we get from (38),

ekt — zkll < eregp—1...€1 ||x1 — 0] - (39)
Hence, we have for any j > k,

;= all < llzj — zj-all + -+ orrr — 2]
Then, by (39),

lz; — zx| < [(ej—1€j—2...€1) + ... + (Ex€k—1..-€1)] |z1 — 0] - (40)

For the given 6 € (0,1), we set p > 0 such that e < § for any k > p. We denote
B = ep...e2610P. Then, for any j > k > p, (40) yields,

||xj - xk” S ﬁ (5j_1 + 6j_2 + ...+ (Sk) ||$1 - $0|| .
Hence,

i — | < HEE

Let o = ﬁ”ﬁ%;”"”. Then, o < oo and (41) gives

lz; —zi] < ad®.
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From the inequality above it follows that ||z; — || — 0 as j, k — oco. Hence, the
sequence {z} is a Cauchy sequence, which converges to Z. Since z; converges
to T then by letting k — oo in (41), we get the inequality

lex — || < ad®,

which, by Definition 6, provides that the sequence {zj} converges superlinearly
to T. |

Proof. iii) Now, we assume that the matrix V? f; satisfies the Lipschitz condition
on D. Then

V2 fo (@) — V2 fo (wr-1)|| < L||Zk — zp—1]|- (42)
By definition, Ty = @1 + 0k (xx — 2x_1), Ok € (0,1). Hence,

T — Tp—1 = O (T — Tp—1) .
Using (42) together with (37), we get

20 L
"2 ek — x| (43)

[Zht1 — 2k <

Now, we show that the sequence {x} generated by the algorithm converges
quadratically to z. We denote ¢ = % lzx — xk—1]|. Since ||zkt1 — Tk || converges
to 0 then there exists p such that for any k > p it follows that € < 1. Thus, by
induction, it follows from (43) that, for any k > p,

m@k ok—p
_ . 44
s =l < 52 (4
Then, using (44), we obtain, for any j > k > p,
i—1
m@k 3 2i—P
o < 7k
Iy — il < ke
=1
Hence,
mek 2k P 21_1 4
[l — 2k < Z (45)

—p i1 . .
We define § = e?™” and a = 2% $°°° =2~ Note that > o 2 ~! is a series
of positive numbers for Which
it1
£21-1

2521<1.

2211
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Hence, the series >~ £2'~1 in the definition of « is convergent. Thus, by (45),
for any j > p,

lzj — wil| < a0
Since z; converges to T then letting k — oo in (41), we get the inequality
|2k — Z| < ad®

which, by Definition 7, provides that the sequence {z\} converges quadratically
toT. |

PROPOSITION 2 Let the objective function fo be a second order function on the
set of all feasible solutions D. Then, for each k,

Fi (x41) < F (1) -
Proof. By definition,

Fi(zs1) =fo (xx) + (@r1 — zx)” Vo (w1)
+ % (Thy1 — xk)T V2 fo (x1) (Th+1 — k) (46)

and

Fi(xr) = fo(xk) - (47)

Hence, by (46) and (47)

Fi(zk41) — Fio(zr) = (@rgr — 2)" Vo (zx)
+ 3 (@1 — 21)" V2o (wr) (@rs1 — 1) - (48)

By assumption, fj is a second order function on the set of all feasible solutions
D. Then, by Definition 2,

1
fo(@rsr)—folzr) > (wrar—ax)" Vo (@5 (T4 —xx)" V2 fo (ax) (@ri1—ax) -
Hence, by Theorem 6 i),

1
(@rs1 — k)" Vo () + 5 (@41 = k)" V2 fo (o) (The1 — 21) < 0. (49)
Hence, by (48) and (49), we get the inequality

Fk(l'kJrl)*Fk(:L'k) <0. |
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THEOREM 7 Let D be a convexr compact subset of R™ and fy be a twice contin-
wously differentiable function on D. Moreover, we assume that fy is a second
order convex function on D. Then,

Jim fo (zx) = fo (T) = gggfo (z).

Proof. By assumption, D is a compact subset of R™. As follows from the proof of
Theorem 6, the iterative sequence {xzy} generated by the algorithm is a Cauchy
sequence. Then, it is convergent and its accumulation point T belongs to D. By
assumption, fg is a second order convex function on D. Then it is continuous
on D and, by Weierstrass’ theorem, fj attains minimum at point . Hence, the
sequence { fo (x)} converges to fo (T). [

Now, we prove that the sequence {F} (zx+1)} is a monotonic decrease se-
quence. In other words, we show that the sequence of the values of objective
functions at the optimal points in optimization problems (PQ(IL'k)) is monoton-
ically decreasing.

PROPOSITION 3 Let the objective function fo be a second order function on the
set of all feasible solutions D. Then, for any k,

Fri1 (Tr42) < Fio (p41) -

Proof. From the definition of the objective function in the second order modified
objective function optimization problem, we have

Fit1 (whs2) — Fio (@) = fo (1) + (@2 — 241)” Vo (1) +
L (@ra2 = 2rr1)” V2o (@rs1) (T2 — Thar) —
fo (@r)+ (zri1—zx)" Vo (zk)+5 (Tps1 — 21)" V2 fo (2x) (Try1 — 21)| -

By assumption, fj is second order convex on D. Then, by Definition 2,

fo (@rt2) > fo (@re1) + (Tre2 — 1)’ Vo (Tha1) +

2 (@2 — 21)” V2o (ha1) (Thso — Thpr) -

Hence,

Frp1 (wp12) — Fr (Tr41) < fo (Trg2) —

fo(zx) + (@rp1 — 26)" Vo (zr) + 3 (wppr — x)" V2o (2r) (wh41 — fk)} :

and, so

Fiv1 (Trt2) = Fie (Tp41) < fo (Tr12) — fo (x) — [(%H*%)T V fo (or) +

(w1 =) 2o (o) (@nir =) | 43 (@en =) 2o (00) (win =)
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Since xk41 is an optimal point in the second order modified objective optimiza-
tion problem (P2 (:ck)) and fj is second order convex on D then by Lemma 1,
we get

(k1 — k)" Vo (@r) + (hr1 —21)" V2o (k) (@rp1 — ) <0,
Hence, using the two last inequalities, it follows that

Fiot1 (Tt2) — Fi (k1) < fo (Trg2) — fo (zn)

+1 (@1 — 20) " V2o (k) (i1 — 21) - (50)
Since fj is second order convex on D then by Lemma 2,

(@ri1 — k)" V2 fo (@) (Trp1 — o) > 0. (51)

Then, by (50) and (51), we obtain

Fry1 (Trg2) — Fr (vp11) < fo (wp12) — fo (z) -

Thus, by Theorem 6 i), it follows that the following inequality

Fyy1 (Trg2) — Fr (vp41) <0

is satisfied. This means that the conclusion of this proposition is established. ®

THEOREM 8 Let D be a convexr compact subset of R™ and fy be a twice contin-
wously differentiable function on D. Moreover, we assume that fy is a second
order convex function on D. Then,

leII;OFk (xp+1) = F (T) = ;Ic%iIDlF (x).

6. Preliminary computational results

In order to gain some understanding of the practical performance of the pro-
posed method, we have implemented the iterative algorithm from the preceding
section.

We describe the implementation details for the nonlinear mathematical pro-
gramming problem from Example 1. We have used various starting points,
where these starting points are feasible for the optimization problem considered
in Example 1.

We write the auxiliary optimization problem (P?(zy)) for the considered
O.R. problem from Section 4 in the following form:

Fy(x) = ay (2% + byw) + cx — min 2
o (B (@)
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In the following tables we report the computational results obtained with
the above implementation by using two values of x( in the iterative sequence
generated by the algorithm presented in the preceding section.

Tk fo(zg) | Fr—1 (zx) ak br Ck

0.000000000000 | 200.0000 0.100000 -50.000000 | 200.0000
25.000000000000 | 124.1836 | 137,5000 | 0.045489 -83.333333 | 190.5230
41.666666666667 | 109.4587 | 111,5476 | 0.025351 -97.619047 | 168.5621
48.809523809524 | 108.0566 | 108,1653 | 0.019285 -99.944629 | 156.1914
49.972314507198 | 108.0301 | 108,0306 | 0.018414 | -99.9999693 | 154.0660
49.999984678753 | 108.0301 | 108,0301 | 0.018393 | -99.9999999 | 154.0151
49.999999999995 | 108.0301 | 108,0301 | 0.018393 | -100.0000000 | 154.0151
50.000000000000 | 108.0301 | 108,0301 | 0.018393 | -100.0000000 | 154.0151

Tk fo(xr) | Fr—1(xx) ak b Ck
39.000000000000 | 110.6108 0.027962 | -96.032786 | 172.8078
48.016393442623 | 108.1045 | 108.3376 | 0.019897 | -99.848617 | 157.6256
49.924308926697 | 108.0302 | 108.0320 | 0.018449 | -99.999771 | 154.1542
49.999885590424 | 108.0301 | 108.0301 | 0.018394 | -99.999999 | 154.0153
49.999999999738 | 108.0301 | 108.0301 | 0.018393 | -100.000000 | 154.0151
50.000000000000 | 108.0301 | 108.0301 | 0.018393 | -100.000000 | 154.0151

From the results reported in the tables, we see that the implemented iter-
ative method has been able to find a very good approximation of the optimal
solution within an acceptable solution set. For different start points zy, the
method is convergent to an unique solution T = 50 of the considered optimiza-
tion problem. The iterative method used to solve of this optimization problem
generates feasible iterates that mark an improvement of the objective value at
each iteration.

Further, the proposed algorithm has several advantages. First of all it fea-
tures sure convergence properties and has fast (quadratic) rate of convergence.
It also requires a feasible starting point but then generates a sequence of feasible
points. Thus, the method is globally convergent if a starting point is chosen as
feasible in the optimization problem.

Because of the remarks above and because of the uncertainty of the con-
vergence properties, due mainly to the use of a suitable method for solving
auxiliary optimization problems (P2(zy)), research on the algorithm will con-
tinue. However, the discussion and the numerical results presented suggest that
the method as is stands will solve many constrained minimization problems
with twice differentiable functions, more precisely, with second order convex
functions.



Second order convexity and a modified objective function method 181

7. Conclusions

In the paper, we present the second order modified objective function method for
solving constrained optimization problems with second order convex functions.
Further, we develop an algorithm for finding an optimal solution to the original
mathematical programming problem by using the proposed approach. Since
the functions constituting the original programming problem are assumed to be
second order convex then the presented algorithm requires calculations with the
Hessian matrix. As follows from the construction of the introduced method,
the original programming problem is equivalent to an associated second order
modified objective function optimization problem. However, to solve the second
order objective function optimization problem the presented iterative algorithm
requires to solve the sequence of optimization problems of such type.

To prove most of results in the paper, the objective function fjy in the original
mathematical programming problem (P) is assumed to be a (strictly) second
order convex function on the set of all feasible solutions D. However, to establish
the equivalence between the original mathematical programming problem (P)
and its second order modified objective function optimization problem (P?(%)),
it is sufficient to assume only that the objective function fj is second order
convex at the point .

It is known that efficient and finite methods for solving subproblems (P?(xy,))
exist. For example, if zj is known then the next point xyy; can be determined
by the principal pivoting method, Cottle and Dantzing (1968), or the finite
method, Stoer (1971). Further, finite methods for solving a quadratic optimiza-
tion problem have been considered also by Fletcher (2000), Sukharev, Timokhov
and Fedorov (1986).

In this paper, we give an example of O.R. problem which can be solved by
using the second order modified objective function method. Of course, there
exist O.R. problems with more complicated objective function, which can be
solved by the introduced method. As follows from the example of the O.R.
problem given in the paper, we obtain, using the presented method, a simpler
optimization problem to solve. Thus, the computational procedures for solving a
quadratic optimization problem can be applied. In this way, O.R. problems with
a strongly nonlinear objective function can be solved by using computational
algorithms for solving quadratic optimization problems (moreover, we are in
a position to solve immediately some second order modified objective function
optimization problems ).
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