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ALGORITHMS FOR CONSTRAINED OPTIMIZATION
USING DIFFERENTIABLE PENALTY FUNCTIONS *

C.W. KM, C.H. LEE, K.G. CHO, AND G.M. LEE

0. Introduction

The constrained nonlinear programming problem is generally express-
ed as follows ; [minimize f(z), ¢ € R", subject to ¢i(z) = 0, ¢ €
E, ¢i(z) > 0, ¢+ € I]. The main purpose is to obtain the local and
global solutions of this problem. In 1943, R. Courant [6] first consid-

ered a penalty function ¢(x,u) = f(z) + %p z:[c,'(:z:)]2 and showed that
i€E
constrained problems are reduced to unconst?ained problems. Since the
beginning of 1960’s, this penalty method has made a great progress and
has been studied. C.W. Caroll [2], A.V. Fiacco and G.P. McCormick
[9] have researched interior penalty methods and their penalty function
is ¢(z,p) = f(z) + uZ[l /ci(z)]. On the other hand, exterior penalty
el

methods have been investigated by K.Truemper [15]. P.Loridan and
J.Morgan [13], and their penalty function is ¢(z,u) = f(z) + puP(z) (if
z is feasible, P(z) = 0, and if z is not feasible P(z) > 0).

Recently, many authors ([3], [4], [5], [10], [12]) have studied exact
penalty methods which change the constrained nonlinear programming
problem to a single unconstrained nonlinear programming problem. We
can divide the methods largely in two in which utilize either the non-
differentiable exact penalty function or the differentiable exact penalty
function. Of the two methods, we are more interested in the second
methods.

We will describe in detail the results of many authors’ researches.
By using the nondifferentiable exact penalty function ¢(z,u) = f(z)
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+pmax{0, |c;|, ¢;j : ¢ € E, j € I}, D.P. Bertsekas [1] and D.G.
Luenberger [14] obtained the following consequences ;

1. Let z* be an isolated local minimum satisfying together with corre-
sponding Lagrange multiplier vectors A* and p*, the following assump-
tion.

Assumption ; f, ci € C? and T[V?f(z*)

+ e M V2ei(z*) + Ljep @jViei(z*)]z > 0 for all z # 0 with
Vei(z*)z=0(: € E)and Vcj(z*)z=0(GF e I'={j € I : cj(z*)=0}).
In addition, u* satisfies the strict complementarity assumption. Then,
if p> Z MES Z lej|, =* is an isolated unconstrained local minimum

i€EE JEI
of ¢(z, p).

2. Let X € R" be a compact set such that, for all z € X, the set of
gradients {Ve;(z)} is linearly independent. Then, there exists a u* > 0
such that for every u > u*, (a) If z* is a critical point of ¢(z, ) and
z* € X, there exist a*, A\* such that (z*, a*, A*) is a Kuhn-Tucker
point.  (b) If (z*, a*, A*)is a Kuhn—Tucker point and z* € X, then
z* is a critical point of ¢(z, u).

M.R.Hestness [11] considered the penalty function(for I =¢). ¢(z, A, u)
= f(z) + Y Mici(z) + %p Y icelci(2)])? and obtained solutions by un-
constrained minimization problems. In 1979, G.Dipillo and L.Grippo [7]
pointed out the defects on the Hestness’ method and proposed their own
exact method to utilize the differentiable penalty function. For I = ¢,
their penalty function is ¢(z, A, u) = ATe(z) +p||c(2)|>+|| M (z)(V f(=)+
Ve(z)A)||? and their result is as follows ;

1. Let (z*, A*) be a critical point of L(x,A). Assume that M(z*).
[0c(2z*)/dz]T has full row rank and zTV2L(z*, \*)z > 0 for all z, with
z # 0 and [9c¢(z*)/0z]r = O where L(z,)) = f(z) + A\Tc(z). I z*
is a local minimum, then there exists a y* > 0 such that for all p >
p*, (z*, A*) is an isolated local minimum of ¢(z, A, u)

2. Let X x A be a compact subset of X* x R™ and assume that
M(z)Ve(z) is nonsingular for all z € X. Then there exists a p* > 0
such that for all g > p*, if (z*, A*) is an unconstrained local minimum
of ¢(z, A, n) belonging to X X A, then z* is a local minimum.
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G.Dipillo, L.Grippo [8], C.Vinante, and S.Pintos {16] extended those
results to the case that I # ¢ and E = ¢.

C.Vinante and S.Pintos utilize the differentiable exact penalty func-
tion ¢(z, A, p, a) = f(z) +ATe(z) + || VF(z) + Ve(2)A||2 — p||d}j?, where
dj = —min[0, ¢;(z) + (3;/2, (1+4d);)].

In this paper, we obtain a new penalty function by which the con-
strained minimization problem is converted into the unconstrained min-
imization problem. From this penalty function, we generate a differen-
tiable penalty function which is applicable to practical problems, and
show that the constrained problem is equivalent to the unconstrained
problem under certain assumptions. On the basis of this equivalence, we
make our penalty method.

1. Preliminaries

We consider the constrained problem ;

[1.1] minimize f(z), subject to z € S = {z : g(z) = 0}, where f is a
continuous function from R™ to R and ¢ is a continuous function from
R™ to R. And, we introduce well-known optimality conditions which
we are going to make use of in section 2 and section 3.

THEOREM 1.1. (first-order necessary conditions)

Let f € C* and g € C. Suppose that T is a local minimum for [1.1].
Then there is a A € R™ such that f'(Z) — AT¢'(z) = 0.

THEOREM 1.2. (second-order sufficient conditions)

Let f € C? and g € C?. Let T be a point feasible to the constraints
of [1.1]. Suppose that the first-order necessary conditions are satisfied

at T and that 2T[f"(Z) = Y  X;jg"(T)]z > 0 for all z, where ¢'(Z)z = 0.
173

j=1
Then, T is an isolated local minimum for [1.1].

In the sequel, the column of the matrix P will be denoted by P?, and
the jth row of P will be denoted by P;.

2. The inequality—constrained problem
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We consider the inequality—constrained nonlinear programming prob-
lem ;

[2.1) minimize f(z), subject to z € S = {z : g(z) < 0}, where fisa
continuous function from R" to R and g is a continuous function from
R" to R, and assume that 0 € int S.

For each z € R", we let A* be the optimal solution of the maximization
problem:;

[maximize f(z), subject to Az € S, 0 < A < 1], and h(z) = A*z. We
put d(z) = z — h(z) and P(z) = f[z — d(z)] + q/|d(z)||* (¢ > 0). P(z) is
our penalty function.

THEOREM 2.1. IfZ is a local unconstrained minimum for P(z), then
it is a local minimum for [2.1].

Proof. We assume that d(z) # 0 and h(z) = \*z. Fore with0 < e <
1, z —ed(z) = [eA* + (1 — €)]z. By the definition of h, h[z —ed(z)] =
Az, d[z — ed(z)] = £ — ed(z) — h[z — ed(2)] = (1 —€)(1 — X*)z.

Plz —ed(z)] = f{z — ed(z) ~ d[z — ed(z)]} + gl|d[z — ed(2)}||?
= f(A"z) +q]|(1 — e)(1 - A")z||
= flz —d(z)] + (1 = €)qll(1 = A*)z||?
< flo — d(@)] + qll(t = A)al?
= flz — d(e)] + qlld()||?
= P(z).

Thus, P[z —ed(z)] < P(z). If d(T) # 0, P[Z — ed(T)] < P(Z) for € with
0 < € £ 1. This contradicts to the assumption. Hence, d(Z) = 0 and
f(T) = P(ZT). By the assumption, there is a neighborhood N(Z; §) such
that P(z) > P(Z) for all z € N(Z;6). Let z € SN N(T; §). Then,
f(z) = P(z) > P(Z) = f(T). Hence, the above theorem holds.

THEOREM 2.2. Suppose that h is continuous. If T is a local minimum
for [2.1], then it is an unconstrained local minimum for P(z)

Proof. If the theorem is not true, there is an infinite sequence of points
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{zx} such that zx — Z and P(z:) < P(%).

flex — d(za)] < flzx — d(ze)] + gd(zi)T.d(zx)
= P(.'tk)
< P(%)
= (@)

Hence flzi — d(zi)] < f(Z). By the continuity of h, h(z:) — h(Z) =7Z.
Hence, z; — d(zx) = h(zi) — Z. This contradicts the assumption that
T is a local minimum for [2.1]. Hence, the above theorem holds.

3. The equality—contrained problem

We consider the equality—constrained nonlinear problem ; [3.1] mini-
mize f(z), subject to z € § = {z : g(z) = 0}, where f is a continuous
function form R" to R and ¢ is a continuous function form R" to R.
Let h(z) be the optimal solution of the minimization problem ; [3.2] min-
imize ||z — z||?, subject to g(z) = 0. Usually the vector h(z) is unique,
but if it is not, to complete the definition of A, the following is used ;
Define H(z) = {h : = — h solves [3.2] }. Let h(z) be a vector from
H(z) such that f[h(z)] is minimal. And we let d(z) = = — h(z) and
P(z) = flz — d(z)] + q||d(=)||%, (g > 0). P(z) is our penalty function.

THEOREM 3.1. If T is a local unconstrained minimum for P(z), it is
a local minimum for [3.1].

Proof. By the same method of Theorem 2.1, we can prove the above
result.

THEOREM 3.2. Suppose that h(z) is unique and continuous. fZ is a
local minimum for [3.1], it is a local unconstrained minimum for P(z).

Proof. By the same method of Theorem 2.2, we can prove the above
result.

THEOREM 3.3. Suppose that f € C® and g € C®. Suppose that T is
a point such that ¢'(T) has full row rank, and that h(z) is unique and
continuously differentiable in a neighborhood of T. If T is an isolated
unconstrained minimum for P(z), that is, if P'(z) = 0 and P"(T) is
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a positive definite matrix, then T satisfies the second-order sufficient
conditions for an isolated local minimum for [3.1].

Proof.  P'(z) = f'[z — d(2)]|[I — d'(z)] + 2¢d(z)Td'(z).

P'(z) = ZZ{” @ I~ @) o= ) - (2]

+2¢d'(2)7d'(z) + 2 Y di(2)d}(=).

=1

Consider any point z near Z. Clearly h(z) is close to T and the matrix
g'[{h(z)] has rank m. By the first-order necessary conditions for [3.2],
there exists a A € R” such that 2[z — h(z)] — ¢'[A(z)]T =0

g'[h(=)]" X = —2[h(z) - z].

{g'(h(=)]g'[h(=)]T} " ¢'[h(2)]g' [B(=)] "
= —2{g'[h(=)lg'[M(=)]"} " ¢'[R(2)][A(z) — =].

Hence, A = —2{¢'[h(z)}g'[A()7} " ¢'[h(=)][(z) — =].
Therefore, d(z) — ¢'[h(2)|7{g'[h(2)lg'[H(=)]T} " ¢'[(=)] = 0.

Let G(z) = I - ¢'[h(2)]"{g'[h(2)lg'[h(=)]"} ¢’ [h(z)]-
Then,

(1) G(z)d(z) =0,

By differentiating (1), we have

(2) G(z)d'(z) + ) di(z)[G¥ ()] =0

=1

(3) glz — d(2)] = g[h(z)] = 0.
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By differentiating (3), we have

[ gile — d(=)|II - () }
4) s =0
Gl — ()T ~ ()

When d(z) = 0, (3) implies that ¢'(z) — ¢'(z)d'(z) = 0.

Hence

(%) g'(z) = ¢'(z)d'(z).
From (2) and (5),
0 = G(z)d(z)
= d'(z) — ¢'[h(=)]" {'[A(=)]g'[h(=)]"} ' g'[B()]d (z)
= &(z) - ¢'(=)7I¢'(2)g' ()] (2)d (<)
= d'(z) - ¢'(z)"[g'(z)g'(z)"] 7 ¢ (2)-
Hence
(6) d'(z) = ¢'(z)"g'(2)g'()"] ' ¢'().
By differentiating (4), we have

M Y B+ =TI - @) =0

Because d(Z) = 0, the formula (6) can be used.

0= P'(z)
= f'@) ~ d'(z)] + 2¢d(z)" d'(Z)
=f'@N - d @)
=f'@) - f'@)d @)
= f'() - f'(@)e(@)"lg'@)g' (@)1 "' (@)
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Let w(Z)T = f'(Z)¢'(Z)"[¢'(@)g'(@) "]

Then,
(8 f'@) - w(@)¢'(@) = 0.

Hence, the first—order necessary conditions are satisfied at T for a con-
strained minimum.

From (7) and (8),

3. A a@r = Y w2 4

i=1 i=1 i=1

=-[I-d@)TND_ uj@)gj @I - d'(T)]

j=1
Hence,
P"(z)
=—[I-d' @) _ u(@)g; @ - @)+ d'@)T)f" @)~ d'(Z)]

+24¢'(Z)"[d'(®)d' @) ' @)d' (@) Tld' Z)d'()7]

=[I-d'@)Tf"(2) - Y u;(@)g} @I~ d'(Z)]

+24¢'(@)g'(@)g' (@) "] 79 (@)

=G@)[f"(®) ) ui(@)gi @NG(Z) +24¢'()"[¢'(2)g' (D)7 ¢'(Z).

=1

By the positive definiteness of P"'(Z),
ZG@)f"(Z) ~ ) ui(@)g} (DNG(T)2
=1

=2T[f"(@) - )_ui()gj(@)]z >0

=1
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for all =z where ¢'(F)z = 0.

Thus the second—order sufficient conditions are satisfied.

We consider the following penalty function M(z) using approximation
and assume that ¢'(z) has full row rank.

M(z) =f(z) - f'(x)g'(z)"lg'(z)g' ()] " g(2)
~ 3 7@)g (@)ld ()¢’ ()]
9(2)T[g'(2)g'(z)T) 7 ¢'(z)g} (2)g' ()" 9" (z)g'(2)T) " g()

9(2)T[¢'(2)g' (2)T] ¢ ()94 (2)¢' ()T [g"(2)g' ()] " g(2)
+ 307 ()9 (2)71' (@) ()6 (2)7o (2)9' ()71 (=)
+ 49(2)lg' (2)d' ()71 ¢'(2)lg' (2)¢' (2)7) 2 o(2)

THEOREM 3.4. Suppose that f € C? and g € C*. Let T be an uncon-
strained local minimum for M(z). If ¢(z) = 0, then T is a constrained
local minimum for [3.1].

Proof. Let z € S be any point close to Z.
Since h(z) =0, f(z)= M(z).
Since 7 is a local minimum for M(z), M(z) > M(T) = f(T).
Hence f(z) > f(%).
THEOREM 3.5. Suppose that f € C® and g € C®. Suppose that T is
a point where ¢'(Z) has full row rank, and that T satisfies the second—

order sufficiency conditions for an isolated local minimum. Then T is an
isolated unconstrained local minimum for M(z) for any value of ¢ > 0.

Proof. Because T is feasible,

(1) 9(z)=0

By the first—order necessary condition,

(2) f'@ - @' @) @g'(@ ¢ (E) =0
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Hence M'(Z) = 0.

From (1) and (2),

M"(Z)={I-¢'(®)7T [¢'@)9g'@T]'¢'@} [f"(@) - i1 w(@)gi ()]
AI-g' @7 [¢'@)g" ()17 (2)} + 244 ()" [9'(F)g'(2)7] 9" (@)

The second-order sufficient conditions imply that M''(Z) is positive

definite for every ¢ > 0.

Hence T is an isolated unconstrained local minimum for M(z) for any

qg>0.

By using M(z), we obtain local minimizers for [3.1}.

To get local minimizers for M(z), we make use of algorithms which

are generated by various methods.
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