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Abstract We consider the class of quadratically-constrained quadratic-programming
methods in the framework extended from optimization to more general variational
problems. Previously, in the optimization case, Anitescu (SIAM J. Optim. 12,
949-978, 2002) showed superlinear convergence of the primal sequence under the
Mangasarian-Fromovitz constraint qualification and the quadratic growth condition.
Quadratic convergence of the primal-dual sequence was established by Fukushima,
Luo and Tseng (SIAM J. Optim. 13, 1098-1119, 2003) under the assumption of con-
vexity, the Slater constraint qualification, and a strong second-order sufficient condi-
tion. We obtain a new local convergence result, which complements the above (it is
neither stronger nor weaker): we prove primal-dual quadratic convergence under the
linear independence constraint qualification, strict complementarity, and a second-
order sufficiency condition. Additionally, our results apply to variational problems
beyond the optimization case. Finally, we provide a necessary and sufficient condi-
tion for superlinear convergence of the primal sequence under a Dennis-Moré type
condition.
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144 D. Fernandez, M. Solodov

1 Introduction

Given sufficiently smooth mappings F : " — Q" and g : N" — R (precise
smoothness requirements will be specified later, within the statements of our con-
vergence results), we consider the following variational problem [7]:

Find xeD st (Fx),y—x)>0 Vye(x+T(x; D)), €))]

where
D={xeR"|g(x)<0,i=1,...,m}

and T (x; D) is the (standard) tangent cone to D at x € D. When for some smooth
function f : N — N it holds that

F(x)=f'(x), xei, @

then (1) describes (primal) first-order necessary optimality conditions for the opti-
mization problem

min  f(x) st xeD. 3)

We consider the following iterative procedure. (As will be seen below, in the case
of the optimization problem (3) it reduces to the sequential quadratically-constrained
quadratic-programming method, e.g., [1, 8, 19]. In the variational setting, this method
appears to be new.) If x* € %" is the current iterate, then the next iterate x**1 is ob-
tained as a solution of an approximation of the variational problem (1) of the follow-
ing form:

Find xe€ Dy st (Fr(x),y—x)>0 Vye (x+T(x;Dy)), 4)
where
Fi(x) = F&5 + F 0 —xb, xen,
Dkz{xefﬁ" .I-<x1’<)+<g;(x’<>,x—xk>+%<g;’<x’<>(x—x’<>,x—x’<>so, ’
1=1,...,m

and T (x; Dy) is the tangent cone to Dy at x € Dj. Subproblem (4) can be consid-
ered as a “one-step-further” approximation when compared to the classical Josephy-
Newton method for variational inequalities [7, 10], where at every step the mapping
F is approximated to the first order (as in (4)), but the set D is not being simplified
(unlike in (4)). Specifically, given the current iterate x*, the Josephy-Newton method
solves the following subproblem:

Find xeD st (Fi(x),y—x)>0 Vye(x+T(x;D)). (@)
It is clear that subproblem (4) is structurally simpler than (5) (in (5) the constraints

are general nonlinear, while in (4) they are quadratic). Thus, in principle, (4) should
be easier to solve. That said, we shall not be concerned here with specific methods for
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Quadratically constrained quadratic programming 145

solving subproblems of the structure of (4) (at the very least, the same techniques as
for (5) can be used). In the case of optimization, as discussed below, specific methods
are readily available.

For optimization problems (3), an iteration of the sequential quadratically-
constrained quadratic-programming method (SQCQP) consists of minimizing a
quadratic approximation of the objective function subject to a quadratic approxi-
mation of the constraints. Specifically, if x* € )" is the current iterate, then the next
iterate x**1 is obtained as a solution of the following approximation of the original
problem:

min fk(x)::(f/(xk),x—xk)—i—%(f”(xk)(x—xk),x—xk) st. x € Dy. (6)

Note that taking into account (2), the variational subproblem (4) describes (primal)
first-order necessary optimality conditions for (6). Therefore, SQCQP for optimiza-
tion is a special case in our framework.

As some previous work on SQCQP and related methods, we mention [1, 8, 11,
16, 17, 19, 21]. In the convex case, subproblem (6) can be cast as a second-order
cone program [12, 15], which can be solved efficiently by interior-point algorithms
(such as [14, 20]). In [1], nonconvex subproblems (6) were also handled quite effi-
ciently by using other nonlinear programming techniques. Even though quadratically
constrained subproblems are computationally more difficult than those that are lin-
early constrained (which is the case for the more traditional SQP methods, [2]), they
are manageable by modern computational tools and the extra effort in solving them
may be worthwhile. In other words, at least in some situations, one may expect that
fewer subproblems will need to be solved, when compared to SQP. Some numerical
validation of this can be found in the computational experiments of [1].

In order to guarantee global convergence, SQCQP methods require some modifi-
cations to subproblem (6), as well as a linesearch procedure for an adequately chosen
penalty function. (See, for example, [8, 19].) But under certain assumptions, locally
all those modifications reduce precisely to (6). Moreover, the unit stepsize satisfies
the linesearch criteria under very mild conditions [19, Proposition 8] (in particular,
no second-order sufficiency is needed for this), which is one of the attractive fea-
tures of SQCQP. Thus, what is relevant for local convergence analysis is precisely
the method given by (6), and this is the subject of this paper (except that we consider
the more general variational setting of (4)). Note that, as a consequence of accep-
tance of the unit stepsize, the Maratos effect [13, 18] does not occur in SQCQP. (We
note that Maratos effect can also be avoided in SQP methods that use second-order
corrections, or use, for example, an augmented Lagrangian merit function.)

We next survey the previous local rate of convergence results and compare them to
ours. As already mentioned, in the variational setting our method appears to be new.
Therefore, we limit our discussion to the case of optimization. In [1], local primal
superlinear rate of convergence of a trust-region SQCQP method is obtained under
the Mangasarian-Fromovitz constraint qualification (MFCQ) and a certain quadratic
growth condition. We note that, under MFCQ, quadratic growth is equivalent to
the second-order sufficient condition for optimality (SOSC), see [3, Theorem 3.70].
Quadratic convergence of the primal-dual sequence is obtained in [8] (the dual part
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of the sequence is formed by the Lagrange multipliers associated to solutions of (6)).
The assumptions in [8] are as follows: convexity of f and of g, the Slater condition
(equivalent to MFCQ in the convex case) and a strong second-order sufficient condi-
tion (implying quadratic growth). This set of assumptions is stronger than in [1], but
the assertions in the two papers are different and not comparable to each other. Thus,
neither of the two results implies the other one. To complement the picture, in this pa-
per we prove a third local convergence result, which is in the same relation to the two
previous ones: it neither follows from them nor implies them. Specifically, we shall
establish primal-dual quadratic convergence under the linear independence constraint
qualification (LICQ), strict complementarity condition, and SOSC. Compared to [8],
our assumptions are essentially different (we do not make any convexity assump-
tions; while [8] makes weaker regularity assumptions). Our assertions are stronger
than in [8], because in addition to primal-dual quadratic convergence we also prove
superlinear primal convergence. Compared to [1], our assumptions are more restric-
tive, of course. But our assertions are stronger as well: we prove quadratic primal-dual
convergence and superlinear primal convergence instead of superlinear primal con-
vergence only. In addition, we shall exhibit a Dennis-Moré type [6] necessary and
sufficient condition for superlinear convergence of the primal sequence in the case
when the primal-dual convergence is given.

A few words about our notation. For a matrix M of arbitrary dimensions, M; de-
notes the submatrix of M with rows indexed by /. When in matrix notation, vectors
are considered columns, and for a vector x we denote by x; the subvector of x with
coordinates indexed by /. By (-, -) we denote the Euclidean inner product, with || - ||
being the associated norm (the space will always be clear from the context). We use
the notation ¢ (1) = o(t) for any function ¢ : %ty — R? such that lim; .ot~ !¢ (t) = 0.
For a function ¥ : " x R — NP, we denote by W’ (x, 1) the full derivative of W at
the point (, i), and by W/ (X, it) the partial derivative of ¥ with respect to x at the
same point.

If & : RS x NP — NP is Lipschitz continuous in a neighborhood of a point (&, &) €
NS x RP, by P (5, £) we denote the Clarke generalized Jacobian of ® at (7, £), i.e.,

AP (G, &) = conv{llim o'l e (0!, ) — 5,8), (0, &) ENcD},

where conv denotes convex hull of a set, and N is the set of points at which @ is
differentiable (by Rademacher’s Theorem, @ is differentiable almost everywhere in
a neighborhood of (&, £)). In the sequel, we shall make use of the following Implicit
Function Theorem.

Theorem 1 ([4, p. 256]) Let ® : R x NP — NP be Lipschitz continuous in a neigh-
borhood of a point (6, &) € RS x NP such that (5, &) = 0.

Suppose that the set of p X p matrices M, for which there exists a p X s matrix N
such that [N, M € d® (&, ), has full rank.

Then there exist a neighborhood Uy of &, a neighborhood Qq of €, and the unique
Lipschitz continuous function & : Uy — Qo such that ® (o, £(0)) =0 for all o € Uy.
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Quadratically constrained quadratic programming 147

2 Primal-dual quadratic convergence

As is well-known, under adequate constraint qualifications (which would be the case
here), the solution of variational problem (1) is equivalent to the solution of the
Karush-Kuhn-Tucker (KKT) system: find (x, u) € %" x R such that

F(x)+ ) pigi(x) =0,
i=1 @)

gi(x) <0, wi =0, nigi(x)=0, i=1,...,m.

For the same reason, solutions of subproblem (4) are described by the following
mixed complementarity problem [7] in (x, u) € R" x R™:

FOM) + Fef) (e =25 + > gl (8% + ¢/ () (x — x%)) =0, ®)
i=1

and foralli =1, ..., m, it holds that

1
g () + (gl (xF), x —xF) + 5<g{’<x")<x —xky, x —xky <o, )

mi =0, (10)

1
i (g () + (gl (xF), x — x5y + 5<g;’(x")<x — x5, x—xfpy =0

Note that in the case of the optimization problem (3), i.e., when (2) holds, the above
are precisely the optimality conditions for SQCQP subproblem (6).

Let (x, t) € R" x N be some fixed solution of the KKT system (7), which by
virtue of further assumptions will be locally unique.

We say that LICQ holds at x if

{g,f (x),i €I} isalinearly independent set, (12)
where
I=1G)={i=1,...,m]| g (x)=0}

is the index set of constraints active at x € D. Under LICQ, the multiplier i associ-
ated to the given x is unique by necessity. We shall also use the following partitioning
of I:

L=LGp={iellg>0, Ih=hEp=_{iellg=0=I\1I,

corresponding to strongly and weakly active constraints, respectively. Define

m
WO xR R W) = F() + ) igi (o), (13)

i=1
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148 D. Fernandez, M. Solodov

which is the mapping appearing in the pure equality part of the KKT system (7). We
say that (x, i) satisfies the second-order sufficiency condition (SOSC) if

(W (x,)d.d)#0 Vd e K\ {0}, (14)
where
K=K@x)={deR"| (g (x),d) <0,i €l (g(x),d)=0,i €l}. (15)

Note that since the cone K is convex, (14) means that the quadratic form has the
same nonzero sign for all d € K \ {0}. The word “sufficiency” should not be taken
literally in the setting of a general KKT system; it is used here by analogy with the
optimization case, where conditions of this form (with the positive sign) are sufficient
for optimality. In the case of the optimization problem corresponding to (2), K is the
standard critical cone of (3) at x, and

W(x, ) =L (x, 1),

where

m
L' xR >R, L) =f&)+ Y migi(x)
i=1
is the Lagrangian of (3). Then (14) with the positive sign reduces to the classical
second-order sufficient condition for optimality

(L' (%, yd,d) >0 Vde K\ {0}.
Finally, we say that strict complementarity holds at (x, ) if Ip =@, i.e.,
/11‘>O Viel. (16)

We are now in position to state our first convergence result. Since we are not
making any convexity/monotonicity type assumptions, even under the stated below
conditions at (X, it), the mixed complementarity problem (8—11) (or the optimization
subproblem (6)) may have solutions “of no interest”, far from x* (or x). We therefore
talk about the specific solution closest to x¥. This is typical in results of this nature.

Theorem 2 Let (x, 1) € N" x R™ be a solution of the KKT system (7). Suppose that
F is differentiable and g is twice differentiable in some neighborhood of x, and that
the first derivative of F and the second derivative of g are Lipschitz continuous in
this neighborhood. Suppose further that LICQ (12), SOSC (14) and the strict com-
plementarity condition (16) are satisfied.

Then there exists a neighborhood U of X such that if x* € U, then the mixed com-
plementarity problem (8~11) has a solution (x**1, u*+1) € K" x R™. Moreover, if
MNeU and, for each k > 0, x**1 s the closest to x* solution of (8—11), then there ex-
ists a neighborhood V of ji such that (8-11) defines unique sequence {(x**1, ukt1)}
which stays in U x V and converges quadratically to (x, 1).
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Quadratically constrained quadratic programming 149

Proof We first prove existence of a solution for the mixed complementarity problem
(8-11), starting with (8) and (11). To this end, we shall apply the Implicit Function
Theorem (Theorem 1) to the mapping ® : R” x R x R — R x R defined by

W(x, )+ W (x, ) (y —x)

p1(g1(x) + (g (x), y — x) + 3(g] (X)(y —x), y —x))

Qxsy, u) = . A7)

L (8 (X) + (g}, (X), y — x) + gl (x)(y — x), y — x))

where W is given by (13). Thinking of x € %" as a parameter, the system
®(x; y, u) =0 has n + m equations and n + m unknowns (y, u) € R" x R" .

Since (x, [t) is a solution of the KKT system (7), we have that ®(x; x, ) = 0. By
our smoothness hypotheses on F and g, ® is Lipschitz continuous in a neighborhood
of (x; x, ). Moreover, since @ is continuously differentiable with respect to y and p,
it easily follows that d®(x; x, ft) is the set of matrices [N, M ], where M is given by

VLX) gi®) g® ... g,
mg®T a® 0 ... 0

M= (P, &) 5 )= fgp®T 0 & ... 0 |, @18)
fmgp(X)T 0 e 0 g

and
N econvf lim @ (s y ) | sy ) = ), ey ) € No .

To apply Theorem 1, it remains to show that M is nonsingular. Suppose that
M(;’}) =0, where v € " and w € R". Then we have

WLE v+ Y wig (%) =0, (19)

i=I
i(gi (%), v) +wigi(x) =0, i=1,...,m. (20)

Since g;(x) < 0 and fi; =0 for all i & I; and by the strict complementarity condi-
tion (16), g;(x) =0 and i; > 0 for all i € I, it follows from (20) that

(g/(X),v)=0, Viel,
w;=0, Vié¢l.

2y

Since strict complementarity means that I = @, from (15) and (21) we have that
v € K. Multiplying both sides in (19) by v, we obtain

0= (WL W, v) + Y wilgl @), v) + Y wi(g](®). v)

iel i¢l
= (W, (x, A)v, v),
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150 D. Fernandez, M. Solodov

where the second equality follows from (21). Since v € K, SOSC (14) implies that
v =0. Now by (19) and (21), using also that v = 0, we obtain that

0=> w;g ().

iel

Then LICQ (12) implies that w; = 0 for all i € I. Taking into account (21), we con-
clude that w = 0, so that (v, w) = 0. Hence, M is nonsingular.

Then, by Theorem 1, there exist a neighborhood Uy of x in 9", a neighborhood
Qo of (x, ) in R" x R™, and a Lipschitz continuous function & : Uy — Qo such
that ®(x; £(x)) = 0 for all x € Uy, where £(x) = (y(x), u(x)) and &(x) = (x, ).
Furthermore, & is unique in the sense that if X € Uy, (9, t) € Qo and ®(X; ¥, i) =0,
then (3, 1) = &(X).

Using the continuity of y and p at X and the strict complementarity condition (16),
it follows that the sets

U= {x €Uy gx)

1
+ (gj (x), y(x) —x) + 5<g{-/<x>(y<x) —x),y(x) —x) <0,Vi ¢ 1},
Uy={xeUy|pni(x)>0,Viel}

are nonempty and open (and they contain x). Furthermore, since €2¢ is a neighbor-
hood of (x, 1), there exist a neighborhood W of x in i" and a neighborhood V of 1
in M™ such that W x V C Q. Let

Us={xeUNU; | Ex)e W x V]

If x € U3, then (y(x), u(x)) € W x V, and since ®(x; £(x)) = 0, using the defin-
itions of U; and U,, we conclude that

1
0=gi(x)+ (g/(x), y(x) —x) + E(g,f/(x)(y(x) —x),y(x) —x), Viel,
0=pi(x), Vigl

(22)

Now, combining @ (x; £(x)) = 0 with (22) and with the definitions of Uy and U,, we
obtain that (y(x), u(x)) is a solution of the mixed complementarity problem (8—11).

Now let x¥ € Us, k > 0. We next show that if x**! is the solution of (8—11) closest
to x* and %! is the associated multiplier, then these are uniquely defined by x¥*1 =
y(x*) and p**t! = p(x*). First, note that the gradients of constraints in (9) that are
active at y(x¥) form the set {g] (x*) + g/ (x*) (y(x*) — x¥), i € I}. For x* sufficiently
close to x, this is a small perturbation of the linearly independent set in the LICQ
condition (12). Thus, it is linearly independent itself, which implies that w(x¥) is in
fact the unique multiplier associated to y(xk). Taking Uy sufficiently small (so that
Us is sufficiently small), it can also be seen that the solution closest to x* (among all
the solutions of (8—11)) is precisely y(xk), since it is the only solution in W. From
now on, x* € Uz, x*T1 = y(x*) and p* ! = pu(xb).
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By (8), we have that

m
0=F@*+Y uitg(h
i=1

+ (F’(x") + Zuf“g?(xk)) @ =)
i=1

=FON) + ) ufei ")+ (T = gl b

iel iel
+ (F’(xk) +y Mﬁ‘g,”(xk)> @ —xh
iel
+ ) i = uhHgl ) = X, (23)

iel

where we have taken into account that ,uf.‘H =O0foralli ¢1.
By (22), we also have that

1
Ozg,'(xk) + (gl{(xk)’xk-l-l —Xk) + _(gl{/(xk)(xk-i-l _)Ck),xk+1 _xk>7 vl c I

2

(24)
Defining
an o ol n 1] Fx)+Y i mig(x)
H: R x (R > Rw" x vl H) = re ! ,z=(x, up),
gr(x)

relations (23) and (24) can be written as

0=HE)+H @ =2+ Eraa, (25)

where
E ( Ziel(ﬂfﬂ — ub)gl (k) (kT — XKy )
Kkl = )
Nl )t —xy xk+ —xky i e T
1

Note that (25) is not a Newton equation, as it is not linear with respect to z<*1.
However, we shall relate it, a posteriori, to a specially perturbed Newton type iterative
process. The rest of the proof makes this precise and establishes the quadratic rate of
convergence.

First, note that H(z) = 0. By a proof similar to that for the nonsingularity of the
matrix M defined in (18), it can be seen that the matrix

VL(F ) g (@T)
g7 (%) 0

is nonsingular (in the above formula for H'(zZ), we have used the fact that fi; = 0 for

all i ¢ I). Since H'(Z) is nonsingular, there exists a constant > 0 such that

H'(z)= (

zelUp={zeW | |H @ <n).

@ Springer



152 D. Fernandez, M. Solodov

Since F’ and glf/ ,i =1,...,m, are Lipschitz continuous functions in a neighborhood
of X, taking p > O sufficiently small, there exists a constant L > 0 such that || H'(w) —
H'(2)|| < L|lw — z|| for all w,z € B(Z, p), where B(Z, p) denotes the open ball in
R with center at Z and radius p.

We next show that if z¥ € B(z, p) then there exists a constant ¢ > 0 such
that || Exsq1]l < cl|lz¥F! — 25|12 for all k > 1, where z¥ = (xk,/ﬂ;). Since g/,i =
1,...,m, are continuous at x, there exists a constant y > 0 such that ||glf’(x)|| <vy,
i=1,...,m, for all x € W such that ||x — X|| < p. Since z* € B(Z, p) implies
lxk — || < p, we have that

k+1 k k+1 k 14 k+1 k)2
1Ex k1l < Vay gt = il 1 —x ”+§Z”x o xb

iel
<y max{||pu ™ — ), 15 = 5K )+ || L xk)?
< Syl = AP+ 2 > 2k — k)2
<yWn+m/2)| M =42
_ cllzk+1 _ Zk||2’ (26)

where the monotonicity of the norm has been used repeatedly.
Let r =1/(2n(L +4c)), and define Us = {x € Us | [|y(x) — %[|* + | u(x) — a||* <
2} U5 Us x M. Then there exists 8 > 0 such that B(z, 8) C U4 N U5
Let e = min{é, r, p}, and define

={x e N" | [ly(x) — %> + (x) — al* < &%)

Then x° € U implies that ||z! —Z| < e.
Now, proceeding by induction, we will show that if ||z —Z|| < & then ||zFH —Z|| <
e. By the construction of the set U, if ||z — Z|| < & then the following properties hold:

k+1

IH' ()71 <, (27)
Y [Py — 28)
L A
1
15—z <r < —, (29)
4nc

where in (27) we use that e U4, (28) holds since ¢ < r, and (29) follows from
xK € Us. Also, because x* € Us, by (25) it follows that

= HETHE - HR) + B,
where H (z) = 0 was also taken into account. We further obtain

I =zl = 12F =2 - B’V HE) — H@) + Exp) |
<|H'NIH )V -2+ HE) - HE) = Ecpl
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1
< nH / [H'(z*) — H' @+t (2 —2)1* — 2)dt — Ex j1
0

IA

1
n(ank —Z||2/ (1 = )dt + || 5! —zk||2)
0

A

nL _ _ _
7||z" —z12 4 2nell T = 2012 + 2neliZt -z

IA

L _ 1 _
n(; +2c>||z" —zI*+ Enz"“ -zl

where the second inequality follows from (27) and the Mean-Value Theorem, in the
third inequality we use the Lipschitz continuity of H’ and (26), for the fourth inequal-
ity we use that || Z5+! — zK||2 < 2(||Z5F! — 2|12 + ||z* — z||%), and the fifth inequality
follows from 2nc||Z¥*! — Z|| < 1, which is ensured by (29).

Now, rearranging terms in the relation above, we deduce that

12—zl < (L +4o) 125 —zI1%. (30)

Then, by (28), we have |51 —Z|| < 1|28 —Z)| <e.
In consequence, if x € U then (xk*!, u**+1) € U x V for all k > 0, and since

,uf‘H =i =0foralli ¢ I, we have

o 1 ) 1\F )
R A — @ ol =14 -2 < Euzk -z << (5) Iz' -zl

so that {(karl , uk“)} converges to (x, i). Then, by (30), we conclude that the rate
of convergence is quadratic. U

3 Primal superlinear convergence

As is well known, quadratic convergence of {(xk, /,Lk )} to (x, ft) does not imply even
superlinear or linear convergence of {x*} to X. Assuming that some type of conver-
gence occurs, we next give necessary and sufficient conditions for superlinear con-
vergence of the primal sequence. This condition is of the Dennis-Moré type [6], and
allows for derivative approximations. Specific rules for quasi-Newton updates are
certainly of great interest, but these are beyond the scope of this paper. But we note
that our analysis covers the situations where computing the derivatives involves com-
putational work and the precision of approximation can be controlled. Such is the
case, for example, when the derivatives are approximated by finite-difference proce-
dures. The accuracy parameter can be controlled using estimates for the distance to
the solution via error bounds (see [7] for a discussion of error bounds for variational
problems and [5, 9] for detailed comparisons in the context of KKT systems specif-
ically). In particular, those estimates give some idea of how precise should be the
approximation in order to conform to conditions (37) or (38) below.

Let Hy be some approximation of F’ (xk) and G; be some approximation of
glf’(xk) (of course, this includes the possibility of exact derivatives, as in the setting
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154 D. Fernandez, M. Solodov

of Sect. 2). We consider a sequence {(x¥, 1¥)} generated by the following process.
Given x* € W, Hy € W™ and Gy € W™>",i = 1,...,m, find (x**1, uk+1) e
R x R™ such that

FOM) + He M =2+ " gl 09 + Gia " = x) =0, 31

i
i=1

and foralli =1, ..., m, it holds that
g (") + (g (), XM — 1) 4 %(G,-,koc"“ — x5k <o, (32)
>0, (33)
1 (g (R + (8] () M — ) + %<Gi,k<x"+‘ —xb), xRy =0. (34)

In the sequel, we shall consider separately the two possible cases in SOSC (14)
(i.e., when (14) holds with the positive sign and when it holds with the negative sign).
Note also that since the cone K is closed, those two cases can be stated as follows:
there exists ¢ > 0 such that

(W.(%, d, d) > 1]|d|> VdeK, (35)

or

— (W%, 0, d) = t|d||* Vd € K. (36)

Theorem 3 Let (x, 1) € R x R be a solution of the KKT system (7). Suppose that
F is differentiable and g is twice differentiable in some neighborhood of x. Suppose
further that a sequence {(x*, i)}, generated according to (31-34) with uniformly
bounded G;y,i =1,...,m, converges to (X, [L).

If {x*} converges superlinearly to X then

Pg[(W} (%, 1) — M) (T = x5 = o1 = xF), (37)
where Pg[-] denotes the orthogonal projector onto the cone K defined in (15) and

m
Mi=He+ ) ui Gig

i=1

Conversely, if LICQ (12) and SOSC (14) are satisfied, then the rate of convergence
of {xk} to x is superlinear if (35) and (37) hold, or if (36) holds and

Pr[(My — W, (%, ) (X — x5y = o(IxF1 — XK. (38)

Proof Denote d* = x*¥*1 — x* By (31), we have that

m
0=F(") + Hed" + " i (6] + Giged®) = W (* M + Mra®. (39)

i
i=1
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Quadratically constrained quadratic programming 155

Also, we have that

m
Wk, ) =Wk, )Y+ G — e ()
i=1

=Wk, Y ) G — g () + ot - E1D)
i=1

m
= —Mpd" + ) (i — i gl @) +o(lIx* — x|, (40)
i=1
where the last equality is by (39).
Suppose first that {xK} converges to x superlinearly, i.e., X3 =o(IxF = x|)).
Since W (x, n) =0, it holds that
Wk, ) = W, @)+ WLE, D) =) +o(Ixk — X))
= —W, (%, Wd* + W, (&, @) = %) +o(lx* — X))
= —W, (%, Wd" + o(||x* — ). 41)

Combining (41) and (40), we obtain

(W (X, @) — My)d"* —Z(u"“ — )8} @) +o(llx* - z|). (42)
i=1

Taking into account that each G; x is uniformly bounded and using the continuity
argument in (34), we conclude that for all sufficiently large k, it holds that /,Lk+1
fii =0,Vi ¢ I, and u¥*' — ji; = uF1 > 0, Vi € I. Then, by (42), for all v € K it
holds that

(W%, 1) — Mpd* — o(lx* — %)), v) = Zwk“—ﬂ, ) g/ (%), v)

= (it — (g (%), v)

iel

= Wt — ) (g (), v)
iely

=Y gl (@), v) (43)
i€l

where we have used that (g;(x), v) =0, Vi € I, (g/(¥),v) <0, Vi € Iy (see (15)).
By properties of projection operator onto a convex cone, inequality (43) means that

Pr (WL, 1) — Mp)d* —o(x* —%D1=0
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156 D. Fernandez, M. Solodov

Then, by nonexpansiveness of the projection operator, it follows that
I Pk (W%, 1) — M)d* || = | Pk [(¥}. (5, 1) — M)d* — o(|lx* — |1
—Px[(¥}, (¥, i) — Myd ]|
=o(||lx* — x|)).
It remains to show that o([|x* — x||) = o(||d*||). For this, note that

o(llx* = %I o(lx* = X1 o(lx* = X1
<

Id 7 xR = E = I = xR = E ) = o(llxk — F)

_o(IxF =z /lx* — x|
= PR P —0 ask— oo.
I—o(llx* = x|D/llx* — x|l

This concludes the proof of (37).
We now prove the sufficiency part, assuming LICQ and SOSC. Denote

1
Lok = g () + (g/ (x5, d*) + 5<G,~,kd", d"y.

By the continuity argument (taking also into account uniform boundedness of G; ),
{I'; x} converges to g;(x), as k — oo. Thus for all k sufficiently large, taking into
account (34), we have that

Tie<0, pitl=0, Vvigl,

(44)
Fix=0, p >0, viel,.
By the Mean-Value Theorem, for each i =1, ..., m, there exists a vector ZF in the
line segment joining x* and x, such that
_ _ _ 1 i _ _
gi (") = gi(®) + (), 2" = 5) + J(g/ " " = D), ¢ — F).
Note that {z""¥} converges to ¥ when k — oo. For i € I, we then obtain
_ _ _ 1 ; _ _
Fik =g () + (g (0, x" =8 + (g @H " = 5), 2" - %)
1
+ (8 (), d") + S (Gixd", d")
= (g} (@), ! — %) + wf, (45)

where

1 . 1
(gl (") xh =5, xF —x) + 3 (Gixd*, d").

wk = (g} (") — gl(®),d") + 5

Clearly,
wf = o(|lx* — ) + o(ld* ).
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By LICQ (12), for each k, there exists u* € %" such that

g @uk =wk,  where uf =o(|lx* — %) + o(|ld*|)). (46)
Let vF = x**1 — x 4 4¥. Then by (46) and (45), we have

(gl(®), vy = (gl @), x* T — %) +wk =Tyx Viel. (47)

Since I'; x =0, Vi € I (by (44)) and T'; x <0, Vi € Iy (by (32)), relation (47) shows
that v¥ € K. Since W (X, 1) = 0, we have that

0= (W(x, @), v") = (F@), ) + ) i lg)(®). v*) = (F (%), vF).
i€1+
We then obtain

(W, 1,0 = (F ), v5) + ) i (gl (), vF)
i=1

=Y e @) ) + Y it

i¢l iel
—0, (48)
where we have used (47) for the second equality, and (44) with (34) for the last
equality.
Also,

qj(xk+l’ Mk+1) — \Il(xk, Mk+1) + ‘I/;(xk,,uk+l)dk +0(||dk||)
= (W} 5, A — Myd* + o(llak )
= (W&, i) — Md* + (W, (5, ) — Wl (&, )a* + o(l1d¥ )
= (WL(%, i) — Md* +o(|ld*|), (49)

where (39) has been used in the second equality, and the last equality is by the con-
tinuity of W,. Let Pk = vk /|vk. Multiplying both sides in (49) by p* (which is
bounded), we conclude that

(WA Wk phy = (WL(F, 1) — Mpd*, p*) + o(1d¥ ). (50)
On the other hand,

(W R B Ry = (W, Wk, p*)
WL, )Y = ), pF) oI - x))
= (WL (&, 1l H T — 5), phy + oIkt = x))

= (WL (F, ) —5), ph)y +o(Ix*T = X)), (51)
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where the second equality follows from (48), and the last follows from the continuity
of W/ and boundedness of {p*}.
Combining (50) and (51), we conclude that

(WL, )T =3, ph) = (W&, @) — Mpd*, p*) + o(ld¥]) + o(lx* T — X)),

(52)

Suppose now that SOSC holds. Then for the case (36) and (38), by (52) and (46),
we have

tHI | < —(W &, vk, pb)
= (W&, )& —x**), pb) — (W (&, put, p*)
= (M — W} (&, )d*, p*y + o(lld"|) + o (I = %) + o(fIx* — 1)
< (Px[(My — W} (&, )d*]. p*) + o(ld* ) + o(Ix* 1 = &) + o(flx* — X))
=o(ld*|) + o(Ix**! = X ) + o(lIx* — x|,

where the second inequality follows from the fact that for any closed convex cone C
and v € C, it holds that (x, v) < (Pc[x], v)Vx. Similarly, for the case (35) and (37)
we obtain

tlvk | < (WL(x, vk, p*)

= (W%, ) — Md*, p*) + o(lla* ) + o(lx*T" = %[ + o(llx* — %)
(Px (W (%, 1) — Mp)d*]. p*) + o(ld*[l) + o(Ix* ! = &) + o(llx* — X))
=o(lld* ) + o(Ix* 1 = %) + o(Ix* — ).

IA

Summarizing, in both cases v* = o(||d* ) + o(|x*T! — x||) + o(||x¥ — X |).
Since x¥t1 — ¥ = vk —uk = o(IxF 1 = %|)) + o(Jlx* — %|)) + o(||ld¥|)), there exists
a sequence {f;} converging to O such that

[k — % < (kT = )+ ok = 1+ k) 53
<2t (XK — %) + [Ix* = x).

Since #; < 1/2 for k sufficiently large, rearranging terms in (53) we obtain

I ! — X 21y

— < —0 ask— oo.
lx% — || 1 -2z

In consequence, x**t1 — x = o(||x¥ — X)), i.e., {x¥} converges superlinearly to x. [J

In particular, Theorem 3 shows superlinear convergence of {x*} to x in the set-
ting of Theorem 2, where Hj = F’(x¥), Gix= glf’(xk),i =1,...,m, so that My =
Hi+>0", /Lf“Gi,k — F'(X)+ Y /L ig! (X) = W,(X, it) as k — oc. In this case,
conditions (37) and (38) are automatically satisfied.
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We also note that in the setting of Theorem 2 (or more generally, when cone K is
a subspace), we do not have to consider separately the two cases of SOSC ((35) and
(36)) and the two cases of the Dennis-Moré condition ((37) and (38)). Indeed, when
K is a subspace, we have (x, v) = (Pg[x], v) for all v € K. We can further state the
SOSC (14) as

(W (%, v, v)| > t]v]|> VveK,

and modify the corresponding parts of the proof of Theorem 3, as follows.

For the necessity part, note that for any x € ", there exists the unique decom-
position x = v 4+ v* with v = Px[x] € K and v* € K. Evidently, changing the
sign, one has —x = —v — v*, where —v = Px[—x] € K and —v* € K+. Hence,
| Px[x]ll = || Pk [—x]|| for any x € R". It follows that in this case, conditions (37)
and (38) are equivalent.

For the sufficiency part, we have that

tlv I < (WL, v®, ph)
< (W%, @) — Mpd*, ph) |+ o(ld ) + o(Ix* 1 = &) + o(llx* — X))
= [(Pk[(W} (X, 1) — M)d*], p*)| + o(ld* ) + o(Ix* ! — Z|) + o(llx* — %)
=o([ld*[)) + o(Ix*1 = Z|) + o(lIx* — ).

and the rest of the proof applies.

4 Concluding remarks

We have established a new result on the quadratic convergence of the primal-dual se-
quence of the sequential quadratically-constrained quadratic-programming method.
A necessary and sufficient characterization of the superlinear convergence of the pri-
mal sequence has also been provided. Additionally, the class of methods under con-
sideration has been extended from the optimization setting to the more general vari-
ational problems.
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