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ON THE CONSTANT POSITIVE LINEAR DEPENDENCE
CONDITION AND ITS APPLICATION TO SQP METHODS*

LIQUN QIf AND ZENGXIN WET#

Abstract. In this paper, we introduce a constant positive linear dependence condition (CPLD),
which is weaker than the Mangasarian—Fromovitz constraint qualification (MFCQ) and the constant
rank constraint qualification (CRCQ). We show that a limit point of a sequence of approximating
Karush—-Kuhn-Tucker (KKT) points is a KKT point if the CPLD holds there. We show that a
KKT point satisfying the CPLD and the strong second-order sufficiency conditions (SSOSC) is an
isolated KKT point. We then establish convergence of a general sequential quadratical programming
(SQP) method under the CPLD and the SSOSC. Finally, we apply these results to analyze the
feasible SQP method proposed by Panier and Tits in 1993 for inequality constrained optimization
problems. We establish its global convergence under the SSOSC and a condition slightly weaker
than the Mangasarian—Fromovitz constraint qualification, and we prove superlinear convergence of a
modified version of this algorithm under the SSOSC and a condition slightly weaker than the linear
independence constraint qualification.
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1. Introduction. Consider the constrained optimization problem
(1.1) min{f(z) | = € X},

where X = {z ¢ R" | g(z) <0, h(z) =0} f: RN - R, g : R* — R,

and h : R™ — RP are continuously differentiable functions. Assume that X # ). Let

I={1,...,m}and J = {1,...,p}. Foravector d € R, we let supp(d) = {j | d; # 0}.
Let x € X be a given feasible point of (1.1). Let

Iz)={jel | gj(x) =0},

S(x) ={Vyg;() | j€l(z)},
and
T(x) ={Vh;(z) | jeJ}.

We call a feasible point « a Karush-Kuhn—Tucker (KKT) point of (1.1) if there exist
vectors u € R™ and v € RP such that the following requirements are simultaneously
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964 LIQUN QI AND ZENGXIN WEI

satisfied:
V(@) + 3 erwiVei(@) + 32,0 Vhy(x) = 0;

(1.2) u > 0;

We call the pair (u,v) a Lagrange multiplier at x and denote the set of all possible
Lagrange multipliers associated with = by M(x). For a given z € X, if we regard
(1.2) as the constraints of a linear program with (u,v) as variables, we see that if
x is a KKT point, there is a (u,v) € M(z) such that the vectors {Vg,(z) | j €
supp(u)} U{Vh;(z) | j € supp(v)} are linearly independent. We call such a (u,v) a
reqular Lagrange multiplier of x.

For convenience, we set M (z) = () if z is not a KKT point. We say that = is an
isolated KKT point of (1.1) if there is a neighborhood of x such that z is the only
KKT point in this neighborhood. Note that an isolated KKT point may have more
than one Lagrange multiplier.

In sequential quadratic programming (SQP) methods [7, 10, 23, 24, 9] and KKT
equation methods [26] for solving (1.1), at each step, an approximate KKT point of
(1.1) is found. Is any limit point of a sequence of approximate KKT points a KKT
point of (1.1)? If it is, will the whole sequence converge to it? Under which conditions
is a KKT point stable with respect to perturbations? In the next section, we formally
define an approzimate KK T point sequence and introduce a regularity condition called
the constant positive linear dependence condition (CPLD). The CPLD is weaker than
the well-known Mangasarian-Fromovitz constraint qualification (MFCQ) [16] and the
constant rank constraint qualification (CRCQ); moreover, the MFCQ and the CRCQ
together are weaker than the linear independence constraint qualification (LICQ). We
show that a limit point 2* of an approximate KKT point sequence is a KKT point of
(1.1) if the CPLD holds at z*. In section 3, we show that if a KKT point x satisfies the
CPLD and the strong second-order sufficiency conditions (SSOSC) [31], then it is an
isolated KKT point. Hence, a limit point x* of an approximate KKT point sequence
is a KKT point of (1.1) and the whole sequence will converge to it if both the CPLD
and the SSOSC hold at z*. We state in section 3 a Kojima theorem on perturbed
KKT points under the MFCQ and the SSOSC. The Kojima theorem will be used in
section 6.

SQP methods constitute an important class of methods for solving (1.1). They
enjoy local superlinear convergence under mild conditions [7, 10, 23, 24, 9]. The su-
perlinear convergence of SQP methods was first established [7, 10] under a set of
conditions: the LICQ, the second-order sufficiency conditions, and the strict com-
plementarity slackness. This set of conditions was first studied in [5] and is called
the Jacobian uniqueness condition [10]. Robinson [31] reduced the second-order suffi-
ciency conditions and the strict complementarity slackness to the SSOSC. Robinson’s
condition has been used for classical SQP methods and KKT equations methods in
[1, 9, 26]. What is difficult is to relax the LICQ. The relaxation of the LICQ may
result in multiple Lagrange multipliers. Only recently, several authors [6, 28, 35] be-
gan to study the convergence of algorithms on problems with nonunique Lagrange
multipliers. In section 4, we apply the results in sections 2 and 3 to a general SQP
method and establish its convergence under the CPLD and the SSOSC. In sections 5
and 6, we further apply these results to a feasible SQP method. For classical SQP
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methods, the iteration points may be infeasible, while feasible SQP methods take spe-
cial precautions to guarantee that the iteration points are feasible. Panier and Tits
[17, 18] proposed two feasible SQP methods in 1987 and 1993. They established global
and superlinear convergence of their feasible SQP methods under the classical Jaco-
bian uniqueness condition. In section 5, we establish global convergence of the 1993
Panier-Tits method [18] under the condition that the CPLD and the SSOSC hold for
a limit point of the primal iterative sequence and the MFCQ holds at all non-KKT
points in X. In section 6, we first modify the 1993 Panier—Tits algorithm slightly;
then, with the help of the Kojima theorem, we establish superlinear convergence of
the modified algorithm under the SSOSC and a condition slightly weaker than the
LICQ. In this way, both the strict complementarity condition and the LICQ, assumed
in [18], are relaxed. These results can be extended to the 1987 Panier—Tits method.

Throughout the paper, we denote the Euclidean norm of a vector v by ||v]|, the
corresponding induced norm of a matrix H by || H||, and the cardinality of a finite set
J by |J] and let N = {1,2,...}.

2. Limiting point of an approximate KKT point sequence. We first re-
view the concept of positive linear independence for vectors [21, 32, 33, 29].

DEFINITION 2.1. Let A= {a',...,a'} and B = {b*,...,b"} be two finite subsets
of R™ such that AU B # (). We say that (A, B) is positive-linearly dependent if there
are o € R and B € R" such that a > 0, (o, B) # 0, and

Otherwise, we say that (A, B) is positive-linearly independent. If B = 0, we simply
say that A is positive-linearly dependent or independent.

Clearly, just as linearly independent and dependent sets, a subset pair of a
positive-linearly independent set pair is always positive-linearly independent and a
set pair with a positive-linearly dependent subset pair is always positive-linearly de-
pendent.

PROPOSITION 2.2. Let G; : " — R",j =1,...,0, and H; : R* — R",j =
1,...,7, be continuous functions. If ({G;(z) é»:l, {H;(z)}j—1) is positive-linearly in-
dependent for x € R™, then there is a neighborhood N(x) of x such that for any
y € N(z), {G;()}Yi—1, {H;(y)};—,) is positive-linearly independent.

Proof. If such a neighborhood does not exist, then there is a sequence {y*}2°, C
R" with y* — x as k — 400 and o* > 0, ||(a*, %)|| = 1, such that

l r
> akGWh) + DB H, (") = 0.
j=1 j=1

Without loss of generality, we may assume that o — o* and ¥ — p* as k — +o0.
Clearly,

S aiG(x) + Y, B H(x) = 0;
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This gives a contradiction. |

This proposition will be used in later sections.

PROPOSITION 2.3. For any given x € X, assume that V f(x), Vg,(x),j € I(x),
and Vh;i(z),j € J, are not all zero. Then x is a KKT point of (1.1), i.e., M(x) #
0, if and only if there is a subset So(x) C S(x) and a subset To(x) of T(x) such
that (So(z),To(x)) is positive-linearly independent while (So(x) U{V f(z)},To(z)) is
positive-linearly dependent.

Proof. The case when V f(x) = 0 is trivial. Thus we assume that V f(z) # 0.

[=]. If M(z) # 0, then there exist vectors u = u! € R™ and v = v! € R such
that (1.2) holds. Let Iy = supp(u), J1 = supp(v), S1 = {Vyg,(z) | j € I}, and
Ty = {Vh;(z) | j€ Ji}. Since Vf(x) # 0, by the first equality of (1.2), S; UT; # 0.
If (S1,T4) is positive-linearly independent, then let So(z) = S1 and Ty(z) = T, and
the first equality in (1.2) implies that (So(z) U{Vf(2)},To(x)) is positive-linearly
dependent. If (S1,T7) is positive-linearly dependent, then we have a;; > 0,5 € I, and
Bj,j € Ji, such that not all of a; and 3; are zero and

3" a;Vg(x) + Y B;Vhy(z) = 0.

JEN je

If some a; # 0, let A = min{g—j | j € Ii,a; # 0}; otherwise, there is j € J; such
that 3; # 0, and we then let A = ;—; Let u? =u; — Aqy for j € I, u? =0 for j &I,
'UJZ =v; — AB; for j € Ji, and vjz. =0 for j ¢ Ji. Then (u,v) = (u?,v?) still satisfies
(1.2) but its support set is strictly contained in I; U Ji, the support sets of S; and
T). Repeat this process. Finally, we have a subset Sy(z) of S(x) and a subset Ty(z)
of T'(z), which satisfy the requirements.

[«<]. Assume that Iy C I(x) and Jy C J such that So(z) = {Vyg,(z) | j €
Iy} and To(z) = {Vhj(z) | j € Jo} satisfy the requirements. The fact that
(So(z) U{V f(2)},To(z)) is positive-linearly dependent implies that there are v € R,
a € Rl and g € R0l such that v > 0,a >0, (v, , 3) # 0, and

YV f(x)+ Z a;Vgj(x) + Z BjVh;(z) =0.

je€ly j€Jdo

These and the assumption that (So(x), Tp(z)) is positive-linearly independent imply
that v > 0. Letuj:%forjelo, u; = 0 for j & Iy, vj:% for j € Jp, and v; =0
for j & Jo. Then (u,v) satisfies (1.2). Hence, M (x) # 0. |

A given feasible point x € X is said to satisfy the MFCQ [16] if T'(z) is linearly
independent and there is a vector z € R" such that

(V1) ()2 <0
and
(Vh(z)Tz =0.

The following proposition was given in section 1.8 of [21].

PROPOSITION 2.4. For any given x € X, assume that I(x) U J # (0. Then the
MFCQ holds at x if and only if (S(x),T(x)) is positive-linearly independent.

Proof. 1If I(x) = @, the conclusion is obvious; otherwise, the conclusion follows
Motzkin’s theorem of the alternative [16].
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We now define an approximate KKT point sequence of (1.1).

DEFINITION 2.5. We say that {zk}zozl C R™ is an approrimate KKT point se-
quence of (1.1) if there is a sequence {(u*,v*, €* 68, AF)}22 C R™ x NP x R x R™ x R
such that the following requirements are simultaneously satisfied for each k:

VF@ER) + 356 wi Vg (@) + 30 ,c, viVhy(aF) = €
g(z*) < 6%
(2.1) uk > 0;

b

()" (g(a*) — 6%) = 0;

IR(z")IF < A%;

and {(€*, 8%, \¥)}22 | converges to zero as k — oo.

Such an approximate KKT point sequence is produced by SQP methods, KKT
equations methods, and some other methods for solving (1.1). If z* is a limit point
of {z¥}, or without loss of generality, if {z*} converges to z*, is * a KKT point of
(1.1)? To answer this question, we introduce a regularity condition.

DEFINITION 2.6. A given feasible point © € X is said to satisfy the CPLD if
for any Iy C I(z) and Jy C J, whenever ({Vg;(z) | j € In},{Vhj(zx) | j € Jo})
is positive-linearly dependent, there is a neighborhood N(x) of x such that for any
y € N(x), ({Vg;ly) | je€lo},{Vhjly) | j€ Jo}) is linearly dependent.

Note that in the definition we do not require that ({Vg;(y) | j € In},{Vh;(y) | j €
Jo}) be positive-linearly dependent, which is stronger than our requirement here. By
Propositions 2.2 and 2.4, the CPLD is weaker than the MFCQ.

It is said that the CRCQ [11, 15, 20, 34, 22] holds at x € X if there is a neigh-
borhood N(z) of = such that for every Iy C I(z) and Jy C J, the family of gradient
vectors

{Vgi(w) | jel}J{Vhi(y) | je o}

has the same rank (which depends on Iy and Jy) for all vectors y € N(x). It is
not difficult to see that the CRCQ holds at z if and only if for any Iy C I(z) and
Jo € J, whenever {Vg,(z) | j € Ip}U{Vh;(z) | j € Jo} is linearly dependent,
there is a neighborhood N(z) of = such that for any y € N(z), {Vg;(y) | j €
I}y U{Vh,(y) | j € Jo} is linearly dependent. Hence, the CPLD is also weaker
than the CRCQ. Note [11] that neither the CRCQ implies the MFCQ nor the MFCQ
implies the CRCQ. Furthermore, even the MFCQ and the CRCQ together are weaker
than the LICQ. This can be seen from the following example: n = m = 2,p =
0,91(x) = z1 + 2, g2 (1) = 221 + 229, at = (0,0)T. If 2 is a local minimum point of
(1.1) and the CPLD holds at z, is  always a KKT point of (1.1)? If so, we may also
call the CPLD a constraint qualification, but at this moment we only use the CPLD
to derive the following result.

THEOREM 2.7. If an approximate KKT point sequence {xk},;";l converges to x*
as k — oo and the CPLD holds at =*, then x* is a KKT point of (1.1), i.e., there are
au* € R™ and a v* € RP such that (z*,u*,v*) satisfies (1.2).

Proof. By using the theory of linear programming, we may assume, without loss
of generality, for any given k, there is (a*, ") satisfying (2.1) such that

{Vg;(«*) | j €supp(@)} | {Vh;(=*) | j € supp(v*)}
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is linearly independent. Let I;, = supp(@¥) and J;, = supp(vx). Without loss of gen-
erality, we may assume that Iy = I and Jy = Jg. Then Iy C I(z*) and Jy C J. If

{(ﬂk,f}k)}zozl has a bounded subsequence, then, without loss of generality, we may

assume that there are u* € R™ and v* € R such that @* — w* and % — v* as

k — oo. Letting k tend to infinity in (2.1), we see that (z*,u*,v*) satisfies (1.2), and
hence the conclusion holds for this case. We assume now that

lim ||(u®,v")|| = +oo.
k—oo
Without loss of generality, we may assume that

k)
A T, P H( )]
C J

Then [|(a, 8)|| = 1, supp(ex) € Lo, supp(63)

—I—Zungj +kaVh

Jjel jeJ

= (o, ).

0, and a > 0. Dividing both sides of

by ||(u®,v*)|| and letting k tend to infinity in the above equality, we obtain

> a;Vgi(at) + Y BiVhi(a*) =

j€lo j€Jo

This implies that ({Vg;(z*) | j € L},{Vh;j(@*) | j € Jo}) is positive-linearly
dependent. By the assumptions that the CPLD holds at z* and zF — z*, we have
that for all large k, ({Vg;(2*) | j € In},{Vh;(z*) | j € Jo}) are linearly dependent.
This contradicts the fact that {Vg;(z*) | j € In} U{Vh;(z*) | j € Jo} are linearly
independent for all k. a.

3. Isolated and stable KKT points. We now assume that f,g, and h are
twice continuously differentiable.
For any z € R",u € R™, and v € R, we denote the Lagrange function of (1.1)

by
L(z,u,v) = f(z) + ul g(x) + v h(z).

By Robinson [31], a triplet (z,u, v) is said to satisfy the SSOSC if it satisfies the KKT
conditions (1.2) and V,,L(x,u,v) is positive definite on the subspace

G(z,u,v) ={deR™ | Vf(x)Td=0, Vg;j(x)'d=0 for j € supp(u),
Vhj(z)Td=0 for je J}

Note that even under the second-order sufficiency conditions,  will be a strict local
minimum of (1.1).

DEFINITION 3.1. Suppose that x is a KKT point of (1.1). If for all Lagrange
multipliers (u,v) of x, (x,u,v) satisfies the SSOSC, then we say that x satisfies the
SSOSC.

THEOREM 3.2. Suppose that x* is a KKT point of (1.1). If x* satisfies the CPLD
and the SSOSC, then x* is an isolated KKT point of (1.1).

Proof. Suppose that z* is not an isolated KKT point of (1.1). Then there is a
KKT point sequence {xk},;“;l such that zF # 2* and limp_ . 2* = z*. It follows
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from the theory of linear programming that for each k, there is a regular Lagrange
multiplier (u®,v*) for z*. Let Iy = supp(u¥) and J. = supp(vy). Without loss of
generality, we may assume that Iy = I and Jy = Jy for all k. Then

{Vg;(a*) | je IO}U{th(fk) | J € Jo}
is linearly independent for all k. By the CPLD at z*,

({Vg;(z") | 7€ lo}, {Vhi(z") | j€Jo})

is positive-linearly independent.
If {(uk, vg)}52, is unbounded, without loss of generality, we may assume that

lim [[(u*,v")]| = +o0,
k—oo

k .k
lim 7(uk,vk)
k—oo | (u, vF)||

= (Oé,/())),
(e, B)|| = 1, > 0,supp(ex) C I, and supp(3) C Jo. Then dividing
Vf(z*) + Zusgj(xk) + Zv]’?th(a:k) =0
Jel jeJ
by ||(u*,v*)|| and letting & — oo, we have
> a;jVgi(a*)+ Y B Vhy(z*) = 0.
j€lo Jj€Jo

This contradicts the fact that

(Vi) | j€lo},{Vhi(z") | j€Jo})

is positive-linearly independent.

Hence {(u*,v*)}22, is bounded. Without loss of generality, we may assume that
uf — u* and v* — v*. Then (u*,v*) € M(x*) is a Lagrange multiplier of z*,
supp(u*) C Iy, and supp(v*) C Jp. We may assume that

. zh —
111’1’1 —_— =
k—o0 ||.I‘k —$*H

Then ||d|| = 1. Since
and

we have, by Taylor’s theorem, that

(31)  gi(a®) = g;(a") = Vg (@) (2" = 2") +o(||2* —2*|l),  j € o,
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and
(3.2) hj(x*) = hj(@*) = Vh(a*)" (2" —2*) +o(|la* —2*[),  je

Dividing (3.1) and (3.2) by ||#* — 2*|| and letting k — oo, we have

(3.3) Vg;j(#)'d=0,  jel,
and
(3.4) Vhi(z)Td=0, jelJ

On the other hand, since (u*,v*) € M(z*), we have

Vi) + Y. uVg)+ Y. vVhi(a*) =0,
Jjesupp(u*) Jjesupp(v*)

This formula, combined with (3.3), (3.4) and observing that supp(u*) C Iy and
supp(v*) C J, yields

(3.5) Vi) Td=o.

From (3.3), (3.4), and (3.5), we have d € G(z*,u*,v*). For any given k and t € [0, 1],
let

(', u',0%) = (1= t) (", u*,v") + (", uf, o).

Then, Robinson’s function [31, 8] is defined by

s(t) = (2 — ") | V(") + > ufVg(ah) + ) viVh,(a)

j€lo j€Jo
= (u* —u*)Tg(a’) — (0" —v*)"h(a").

The function s : [0,1] — R is clearly continuous on [0, 1] and continuously differen-
tiable on (0, 1). Moreover, s(0) = 0 = s(1). By the mean-value theorem, for any given
k, there exists t; € (0,1) such that s'(tx) =0, i.e.,

(;Uk - x*)TVmL(xt",ut’“7vt’“)(:vk —a*) = 0.

Dividing this inequality by ||z* — 2*||? and passing to the limit & — co, we obtain

ATV oo L(z*,u*,v*)d = 0.

This formula, combined with the facts that d € G(z*,u*,v*) and V, L(z*, u*,v*) is
positive definite in G(z*,u*,v*), implies that d = 0, which contradicts the fact that
|d|| = 1. This proves the theorem. O

Remark. It is possible to reduce the requirement of twice differentiability of
f,9, and h to semismoothness of Vf, Vg, and Vh. Such an optimization problem is
called an SC' optimization problem. For SC! optimization and its applications, see
24, 19, 4, 9, 3, 12, 27, 13, 2, 25].

THEOREM 3.3. Suppose that x* is a limit point of an approximate KKT point
sequence {z¥}2° | of (1.1) and the CPLD and the SSOSC hold at x*. If

(3.6) Jim 24— b =0,
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then limy,_ o0 2% = 2*.

Proof. By Theorem 2.7, we have that x* is a KKT point of (1.1) and every
accumulation point of {z%}2° | is a KKT point of (1.1). The assumptions that the
CPLD and the SSOSC hold at z* and Theorem 3.2 imply that «* is an isolated KKT
point of (1.1), i.e., there is € > 0 such that the ball O(z*,€) = {x € R™, | ||lz—z*| < €}
does not contain any KKT point other than z*. On the other hand, (3.6) implies that
for k large enough, [|z**1 — 2*|| < £ and there exists a subsequence {z*},cx such
that ||z* — 2*|| < € on K. It is then impossible to leave O(x*,€) without creating

1
another cluster point and hence a KKT point in that ball. 1]

In the remaining part of this section, as in [14], ||-|| is for the infinity norm instead
of the Euclidean norm. Let N(z,6) = {y € R" : ||y — z|| < 6}.
Consider the perturbed form of (1.1)

(3.7) min{f(z) + f(z) | =€ X},

where X = {z € R | g(z) +g(x) <0, h(z)+ h(z) =0}, f,f : R* — R,
g, :R" — R™ and h,h : R" — RP are twice continuously differentiable functions.

DEFINITION 3.4. Let x* be a KKT point of (1.1). We call z* a strongly stable
KKT point of (1.1) if for some 6* > 0 and each 6 € (0,8*] there exists an a > 0 such
that whenever twice continuously differentiable functions f, g, and h satisfy

s {F@)L 13 @) @ V@)L V@@ [V @),

IV2 F @)1 19230 (), 11 V2R (@)1} < a,

N(z*,6) contains a solution T* of (3.7), which is unique in N(x*,86%).

The following theorem is Theorem 7.2 of [14]. We will use it in section 6.

THEOREM 3.5 (by Kojima [14]). Suppose that x* is a KKT point of (1.1) and
that the MFCQ holds at x*. Then x* is a strongly stable KKT point of (1.1) if and
only if for all (u,v) € M(z*), (z*,u,v) satisfies the SSOSC.

Remark. The Kojima theorem can be regarded as an alternative to Robinson’s
perturbation theorem in [30]. Theorem 4.1 of [30] (together with Theorem 2.1 and
Corollary 2.2 of the same paper) shows that under the SSOSC and the LICQ one has
Lipschitzian behavior of the solution and the multipliers, with respect to perturba-
tions, while the Kojima theorem shows that under the SSOSC and the MFCQ one
has continuity of the solution and the multipliers, with respect to perturbations (but
a counterexample in [31] shows that we cannot prove Lipschitz continuity in this sit-
uation). It is thus not surprising that in section 6 we must add the CRCQ to get our
superlinear convergence result for a modified version of the 1993 Panier—Tits method.
Note that the example in [31] does not satisfy the CRCQ. A question is, Is the Kojima
theorem still true if the MFCQ is replaced by the CRCQ?

4. A general SQP method. We describe a general SQP method as follows.
ALGORITHM A.

Let C' > 0.

Data. 2% € X, Hy € R™*", symmetric positive definite.

Step 0. (Initialization.) Set k = 0.

Step 1. (Computation of a search direction.) Compute d* by solving the quadratic
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program
min 3d" Hyd + V f(z¥)Td
(QP) st gj(@®) + Vg(a®)Td <0, jel,
st. hj(zF) + Vh;(a*)Td=0, jeJ
If d* = 0 stop.

Step 2. (Line search and additional correction.) Determine the steplength ay. € (0,1)
and a correction direction d* such that

(4.1) 1| < Clld*|.

Step 3. (Updates.) Compute a new symmetric positive definite approximation Hp1
to the Hessian of the Lagrangian. Set z**! = 2% 4+ ad* + d* and k = k + 1. Go back
to Step 1.

Algorithm A is a general model for SQP methods. For a specific SQP method,
the rules for determining ag,d*, and Hj must be given. For classical SQP methods
[23], d* = 0. We assume that the quadratic program (QP) is always solvable. This is
obvious for feasible SQP methods since 0 is a feasible solution of (QP) in that case.
Checking the KKT conditions of (QP) for d = 0, we have the following proposition.

PROPOSITION 4.1. If Algorithm A stops in Step 1, then z* is a KKT point of
(1.1).

Hence, we need only consider the case where Algorithm A generates an infinite
sequence.

THEOREM 4.2. Assume that Algorithm A generates an infinite sequence {x*}° |

and that this sequence has an accumulation point x*. Let K be a subsequence of N
such that

lim z* = 2*.

ke

Suppose that the CPLD holds at x* and that the Hessian estimates {Hy}32 , are
bounded, i.e., there exists a scalar Cy > 0 such that for all k

(4.2) |Hell < Ch.

If

(4.3) liminf ||d*| = 0,
ke

then x* is a KKT point of (1.1).

Proof. Without loss of generality, by passing to a subsequence if necessary, we
may assume that

4.4 lim ||d*|| = 0.
(4.4) klé?c” =0
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By the KKT conditions of (QP), we have
Hyd® + Vf(2*) + Vg(a®)Ta* + Vh(x®)Tuk = 0;
g(x*) + Vg(a*)Td" < 0;
uk > 0;

()T (g(a*) — Vg(a*)Td*) = 0;

h(z*) + Vh(z®)Td* = 0.
By (4.2) and (4.4), as k — oo for k € K, we have that

€, = —dek — 0,

8 = —Vg(zMTd* — 0,
and
M = [[VA(*)Td"|| — o.

Then, by Theorem 2.7, z* is a KKT point of (1.1). a
THEOREM 4.3. Assume that the conditions of Theorem 4.2 hold. If, furthermore,
f,g, and h are twice continuously differentiable, the SSOSC holds at z*, and

(4.5) lim d* =0,

k—oo

then limy_ o z¥ = z*.

Proof. This follows from (4.1) and Theorem 3.3. a

We can establish superlinear convergence of the general SQP method by following,
step by step, with minor modifications, the proofs of Lemma 3 to Theorem 1 of [23]
and replacing V2, L(z*,u*,v*) with V2_L(z*, u* v¥) in (3.10) of [23]. We will see this
more clearly in section 6.

To establish (4.3) or (4.5) one must use the properties of specific SQP methods.
In the next section, we will establish these two conditions for a feasible SQP method.

5. Global convergence of a Panier—Tits method. In this section, we estab-
lish the global convergence of the 1993 Panier—Tits feasible SQP method [18] under
the SSOSC and a condition slightly weaker than the MFCQ. The global convergence
of the 1987 Panier—Tits method [17] can be established in the same way. First of all,
we describe the algorithm given in [18]. Keep in mind that the Panier—Tits methods
are for inequality constrained optimization problems. Therefore, in this section and
the next section, problem (1.1) becomes

(5.1) min{ f(z) | = € X},

where X = {x e " | g(z) <0}.
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5.1. A Panier—Tits method. In [18], a continuous map d; : R — R" is
needed in the algorithm such that

(5.2) di(z) =0 if = is a KKT point of (5.1),
(5.3) Vf(x)Tdi(x) <0 if z is not a KKT point of (5.1),
and

(5.4)  Vgj(z)'di(z) <0 if = is not a KKT point of (5.1) and j € I(x).

As indicated in [18], if the LICQ holds at z, then the continuous map d; (z) satisfying
(5.2), (5.3), and (5.4), for example, can be obtained as the solution of

(5.5) min %Hd”2 + max{V f(x)"d; max{g;(x)+ Vg;(x)'d | jel}}.

We see from (5.4) that the existence of such a d; (x) implies that the MFCQ holds
at all non-KKT points. On the other hand, if the MFCQ holds at all non-KKT points,
then such a continuous map still exists (see section 2.6 of [21]). However, this does
not require that the MFCQ hold at KKT points.

In the method of [18], it is necessary to have a map p : R"™ — [0, 1] that is bounded
away from zero outside every neighborhood of zero, and for v small

p(v) = O(||v]*).

Since the existence of the map p is independent of problem (5.1), for sake of simplicity,
we choose

[l
A= T
Establishing the convergence properties of the algorithm presents no difficulty when
choosing other such maps.
The 1993 Panier—Tits method is as follows.
ALGORITHM B.
Let C > 0,71 € (0,3),72 € (0,1),73 € (2,3).
Data. 20 € X, Hy € R"*", symmetric positive definite.
Step 0. (Initialization.) Set k = 0.
Step 1. (Computation of a search arc.)
(i) Compute df by solving the quadratic program
min 3d" Hyd + V f(z¥)Td
(QP)
s.t. gj(a®) + Vg;(a®)Td<0, jel.

If df = 0, stop.
(ii) Let d¥ be the solution of (5.5), pp = p(dk), and d* = (1 — pi,)d5 + prd¥.

(iii) Compute a correction d* as the solution of the problem

min 3(d* + d)THy(d + d*) + V f(a*)T (d + d¥)
(QP,)
s.t. gj(xk +dF) + ng(xk)Td < —||dk ||, e,
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if it exists and has norm less than min {||d*||, C} and d* = 0 otherwise. Hence, in any
case, we have

(5.6) |d*] < min {]d"|,C}.

Step 2. (Arc search.)
Compute tg, the first number ¢ of the sequence {1, 7,72, ...} satisfying

f(a® +td® + 12d%) < f(a*) + itV f(2F)Tadb
and
gi(a® +td® +2d*) <0, jel

Step 3. (Updates.) Compute a new symmetric positive definite approximation Hy1
to the Hessian of the Lagrangian. Set 2**! = z¥ 4 ¢,.d* +tic§k and k = k+1. Go back
to Step 1.

We see that Algorithm B is a special case of Algorithm A with df in Algorithm
B playing the role of d* in Algorithm A. The following two propositions show that
Algorithm B is well defined and either stops at a KKT point of (5.1) or generates a
sequence {zF}2° .

PROPOSITION 5.1 (Proposition 3.1 of [18]). If Algorithm B stops at Step 1(i),
then x* is a KKT point of (5.1). If x* is not a KKT point of (5.1), d satisfies

(5.7) Vi@MTds <0
and
Vgi(z®)Tds <0 forall j € I(z).

PROPOSITION 5.2 (Proposition 3.2 of [18]). The line search yields a step tj, = 74
for some finite i = i(k).

5.2. Global convergence of Algorithm B. In order to prove the convergence
properties of Algorithm B, we assume that

(H1) the Hessian estimates { Hy }72, are bounded, i.e., there exists a scalar C; > 0
such that for all k, |Hg|| < Cy;

(H2) the MFCQ holds at all non-KKT points in X.

As discussed in subsection 5.1, (H2) implies that (5.5) has a continuous solution for
x. By Proposition 4.1 or Proposition 5.1, we may assume that Algorithm B generates
an infinite sequence {z¥}2° | and {#*}$° | has an accumulation point #*. Furthermore,
we assume that

(H3) the CPLD holds at x*.

(H2) and (H3) together are slightly weaker than the condition that the MFCQ
holds at all points in X.

THEOREM 5.3. Assume that the hypotheses (H1)—(H3) hold. Then x* is a KKT
point of (5.1).

Proof. We assume that there is IC such that

lim z* = z*.
kek

By Theorem 4.2, we only need to prove that

lim inf ||d¥|| = 0.
ke
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Assume that this does not hold. Then there exists a subsequence K’ C K and a scalar
¢ > 0 such that for all k € X', ||d%|| > c. Suppose, by contradiction, that x* is not
a KKT point of (5.1). Then from the definitions of p, and p, there exists a number
¢p > 0 such that for all k € K', pr > ¢o. Therefore, using (5.3), (5.4), (5.7), and the
definition of d* in Step 1(ii) of Algorithm B, we have

(5.8) ViEMTdr < coV ()Tl
Similarly, for j € I, we have
(5.9) Vg;(a*)Td" < —g;(z®) + Vg, (z*)Td}.

Since z* is not a KKT point, we may assume that

(5.10) Jim, df = di,

(5.11) Vi) Td; < —3c,

and

(5.12) Vg;(x*)Td; < =3¢y for j € I(z*)

for some ¢; > 0. (5.10) and (5.11) imply that, for k¥ € K’ large enough,
(5.13) Vi) Tdd < —2¢.

Similarly, from (5.10) and (5.12), we have, for k € K’ large enough, that
(5.14) Vg;(x®)Tdf < —2¢, for je I(z*).

Therefore, by viewing (5.8) and (5.13), (5.9) and (5.14), we have ¢y > 0 such that,
for all k € K’ large enough,

Vf(;vk)Tdk < —cCg,

Vgi(a*)Td* < —cy for j e I(z*),
and, by continuity of g,
g;(@%) < —cy for j eI\ I(z").

From the definitions of p and d*, we see that {d*}3 | is bounded. From (5.6), {d*}%°
is also bounded. The argument used in the proof of Proposition 3.2 of [17] implies that,
in this case, the step performed by the line search is bounded away from zero. This
and the monotonic decrease of f(x*) imply therefore that {f(z*)}xzex is unbounded,
which contradicts the facts that ¥ — 2* as k € K’ and k — oo and the continuity of
f. Hence the proof of this theorem is complete. ]

In addition to (H1)—(H3), we further assume that

(H4) f and g are twice continuously differentiable;

(H5) there exists a scalar Cy > 0 such that, for all k, the Hessian estimates satisfy

(5.15) d" Hyd > Col|d||* for any d € R";
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(H6) x* satisfies the SSOSC.
PROPOSITION 5.4. Assume that (H1)-(H6) hold and {x*}32, is generated by
Algorithm B. Then

(5.16) lim 2 = z*.

k—oo

Proof. The argument used in the proof of Proposition 3.4 in [18] showed that

klim |z* Tt — 2k || =0,
which combined with Theorem 3.3 yields that (5.16) holds. |

PROPOSITION 5.5. Assume that (H1)—-(H6) hold. Then
. k _
klirrolo dy = 0.
Proof. By Proposition 4.3, {zx}3, is bounded. From

1 1
—IVf@")dg]l < Vf(z")df < —§(d'5)Tde§ < —502\\d’5||2
we have

2
ldg | < @IIVf(wk)HQ,

which implies that {d§}2°, is bounded.
Suppose, by contradiction, that there exists a subsequence {d5}cx such that

(5.17) iierr’é df = di #0.

Since z* is a KKT point of (1.1), there is a «* > 0 such that
VI(@") + 2 er@e u; V(@) =0,
uigj(z*) =0 for j € I(x*),

which combined with the facts that Vf(z*)Tdy < 0, Vg;(2*)Td < 0 for j € I(z*)
and u* > 0 implies that
Vf(x*)Tdy = 0.

On the other hand, from Vf(z*)Tdf < —1Cs||d||?, C> > 0, Proposition 4.3, and
limgex df = d§j, we have

* * 1 *
0=Vf(a")Tds < —5Calldg*,

which contradicts (5.17). This completes the proof. |

6. Superlinear convergence of a modified Panier—Tits method. We begin
by modifying Algorithm B in subsection 6.1 to enable us to prove its superlinear
convergence. Then we establish the superlinear convergence of the modified algorithm
in subsection 6.2.
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6.1. A modified Panier—Tits method. In Algorithm B, let u¥ be a regular
Lagrange multiplier of df with respect to (QPy). Let Ij be the active constraint set of
(QP1). Then there is a subset Iy, C Ij, such that u¥ = 0if j & I), and {Vg;(z*) | j € I;}
is a maximum linearly independent subset of {Vg;(z¥) | j € I1.}. We now replace
(QP,) in Algorithm B by

min $(d* + d)THy(d + d*) + V f(a*)T (d + d¥)

P. .
(@Ps) s.t. g]-(ac]“c +d*) + ng(ack)Td = —||d*||™s, j € I,
g (& 4+ d¥) + Vg;(aF)Td < —||d*|[™,  je T\ L.

We call the resulting algorithm Algorithm C. This modification forces Iy to be a part
of the active constraints of (QPs), which is necessary for the proof of superlinear
convergence without assuming the LICQ and the strict complementarity slackness.
Checking the proofs of subsection 5.2, we see that this modification does not affect
the global convergence of the algorithm since only (5.6) is required for d* in the global
convergence analysis in subsection 5.2. We did not make this modification in section 5
since there it was not needed.

Let Ry be the n x |I;| matrix whose columns consist of Vg;(x*) for j € I). Note
that RY Ry, is invertible in view of the definition of the regular Lagrange multiplier.
Let

P, =1— Ry(RFR,) 'R}
and

V2, L(zk u®) = V2 f(2®) + Z u.];Vng(xk).
JEIk

6.2. Superlinear convergence of Algorithm C. In the following analysis, we
assume that {z%}22, converges to a point z*. It follows from the preceding discussion
that z* is a KKT point of (5.1). In addition to (H1)—(H6), we assume that the following
hypotheses hold:

(HT) z* satisfies the CRCQ;

(H8) whenever B C I(z*) and vectors in {Vg;(z*)|j € B} are linearly indepen-
dent, ({Vg,(z*)|j € I(z*) \ B},{Vyg,(z*)|j € B}) is positive-linearly independent;

(H9)

[ Py(Hi — V3, L(a*,u*)) Pd”||
¥ |

Note that the LICQ implies both (H7) and (H8). Thus, even (H7) and (HS8)
together are slightly weaker than the LICQ at z*.

PROPOSITION 6.1. Assume that (H1)—(H9) hold and that {x*}$°, is generated
by Algorithm C. Then for k large enough, the step size ti is one.

Proof. Since I}, are finite sets for all k, we may partition N’ = {1,2,...} into [ +1
disjoint subsets /C; for i = 0,1, ..., such that Kq is finite, while other C; are infinite
and I, = I; if k € K; and i > 0. For i = 1,...,[, let R; be the n x |I;| matrix whose
columns consist of Vg;(z*) for j € I;. Note that by (H7), RT R; is also invertible. By
the equality part of the KKT conditions for (QP;),

— 0 as k — oo.

u’;k = —(RY Ry) 'R} (Hydl + V f(2*)).
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Then, as k — oo for k € K;,

uf, —ut = —(RTR)'RIVf(a*).

Let uf =0 if i ¢ I;. Then u* € M(z*). We see that 0 is a KKT point of
min 3d"d+ Vf(z*)"d

)P. -
@PJY st @)+ Vg@)Td=0, jel,
g](l'*) +v9j($*)Td S 07 je I\Im

with a Lagrange multiplier u*. Because of (H7), vectors in {Vg;(z*)|j € I;} are
linearly independent. Then (H8) implies that the MFCQ holds at z* for (QP;). It is
easy to see that the SSOSC holds at «* for (QP;) too. Applying the Kojima theorem

(Theorem 3.5), we see that
min 3d7d+ Vf(z*)Td

(@P) s.t. gj(a:k +dF) + ng(zk)Td = —||d*||"2, j € I,
gj(a¥ +d¥) +Vg;(F)Td < —||d¥||™, jel\IL,

is feasible for k large enough, since (QPy) is a perturbed form of (QP;). Since (QP3)
has the same constraints as (QPy), (QPs) is also feasible for k large enough. Hence,
and because of (H5) and (HT7), and because of the fact that if the CRCQ holds at
a point then it holds at a neighborhood of that point, (QPs;) has a KKT point d*
for k large enough. Now, we may follow the proof of Proposition 3.6 of [18] step by
step with minor modification for each 7 satisfying 1 <i <. Note that [ is finite. The
conclusion follows. |

Finally, two-step superlinear convergence follows. As in [18], the proof is not given
as it follows step by step, with minor modifications, that of Lemma 3 to Theorem 1
in [23]. Note that with (H9), (H8), and (HT7), we do not need to invoke Lemmas 1 and
2 in [23], which rely on the LICQ and the strict complementarity slackness.

THEOREM 6.2. Under the stated assumptions, the convergence is two-step super-
linear, i.e.,

k+2 *
le™Z =,
Remark. Similarly, as we mentioned in section 4, the conditions of Powell’s theo-
rem on the SQP method, Theorem 1 of [23], may be reduced to the SSOSC and the
CPLD, by replacing (3.10) in [23] with (H9).
Again, the result in this section can also be extended to the 1987 Panier—Tits
algorithm.
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