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Abstract While generalized equations with differentiable single-valued base map-
pings and the associated Josephy—Newton method have been studied extensively,
the setting with semismooth base mapping had not been previously considered (apart
from the two special cases of usual nonlinear equations and of Karush—-Kuhn-Tucker
optimality systems). We introduce for the general semismooth case appropriate
notions of solution regularity and prove local convergence of the corresponding
Josephy—-Newton method. As an application, we immediately recover the known
primal-dual local convergence properties of semismooth sequential quadratic pro-
gramming algorithm (SQP), but also obtain some new results that complete the
analysis of the SQP primal rate of convergence, including its quasi-Newton variant.
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18 ALF. Izmailov et al.

1 Introduction

We consider the generalized equation (GE)
D (u) + N(u) >0, )

where @ : IR” — IR" is a (single-valued) base mapping, and N(-) is a field multi-
function from IR" to the subsets of IR” (i.e., N(u) C IR” for each u € IR"). As is
well known, this is a rather general framework [8]. For example, the case of usual
nonlinear equations corresponds to N(-) = {0}. More generally, when N(-) = Ng(-)
is the normal map associated to a closed convex set Q C IR” then GE (1) is a
variational inequality (VI)

ue Q, (®w),v—u)>0 VYveQ. 2)

This in particular includes the Karush-Kuhn-Tucker (KKT) optimality conditions
via the following well-known construction. Consider the problem

minimize f(x)

subject to h(x) =0, g(x) <0, ®)

where the objective function f:IR" — IR and the constraints mappings 4 : IR" —
IR’ and g : IR" — IR™ are differentiable. Stationary points of problem (3) and the
associated Lagrange multipliers are characterized by the KKT optimality system

oL
a(xs )\‘7 M) = 01 h(x) = 07 1% Z 0’ g(x) E O’ </“L7 g(x)> = O’ (4)

where L : R" x IR’ x IR” — IR is the Lagrangian of problem (3):
L(x, &, w) = f(x)+ (&, h(0)) + (i, g(x)).
Then the KKT system (4) is a particular instance of GE (1) with the mapping @ :
R" x R’ x R™ - IR" x IR! x IR given by
oL
O = (-0 A W, —h(), =g ). u = A ), ©)

and with
N()=Np(), 0=R"'xR xIR7. (6)

In this paper, we are interested in Newtonian methods for solving (1). An iteration
of the Josephy-Newton method [3, 13, 15, 16] solves the following (partially)
linearized GE:

® k) + T — u*) + N(w) 3 0, )

where u* € IR" is the current approximation to a solution of (1) and J; € IR"*". If ® is
differentiable then J; = ®'(u¥) is the basic choice. When in (1) we have N(-) = {0},
then (7) is just the classical Newton iteration for nonlinear equations. If GE (1) is
given by (5) and (6), i.e., it corresponds to KKT optimality conditions (4), then (7) is
an iteration of the fundamental SQP algorithm [2] for optimization.
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The Josephy—Newton Method for Semismooth GE and Semismooth SQP 19

When the mapping @ is not differentiable, a specific choice of Ji in the set of some
generalized derivatives should be employed in (7) instead of ®'(u*). It appears that
such methods have been previously studied only in the two special cases: that of the
usual nonlinear equations (when N(-) = {0}) [18, 19, 25, 28] and of the semismooth
SQP (when (1) corresponds to KKT conditions) [10, 26]. The goal of this work is
to develop the general semismooth Josephy—Newton framework. On the one hand,
it extends the Josephy-Newton method [3, 13, 15, 16] to the case of a possibly
nonsmooth base mapping ®. On the other hand, it extends the semismooth Newton
method for nonsmooth equations [18, 19, 25, 28] to the case of a GE. We shall
also consider an application of this framework to optimization. As a by-product, we
immediately recover the primal-dual local convergence result of [10] for semismooth
SQP. We point out that this result follows here from a more general yet much shorter
analysis. In addition, we obtain new and rather complete characterization of primal
superlinear rate of convergence of semismooth SQP and its quasi-Newton variants.

In this work, we consider that @ is only semismooth; differentiability of ® is not as-
sumed. One of the motivations to analyze this case comes from optimality systems for
optimization problems with the objective function and constraints differentiable with
locally Lipschitz-continuous first derivatives, but not necessarily twice differentiable.
Problems with such smoothness properties arise in stochastic programming and
optimal control (the so-called extended linear-quadratic problems [26, 30, 31]), in
semi-infinite programming and in primal decomposition procedures (see [17, 24]
and references therein). Once but not twice differentiable functions arise also when
reformulating complementarity constraints as in [12] or in the lifting approach
[11, 32]. Other possible sources are subproblems in penalty or augmented Lagrangian
methods with lower-level constraints treated directly and upper-level inequality
constraints treated via quadratic penalization or via augmented Lagrangian, which
gives rise to certain terms that are not twice differentiable in general; see, e.g., [1].

The rest of the paper is organized as follows. In Section 2 we introduce the notion
of strong regularity for GE with nondifferentiable base mapping, clarify its role and,
in particular, what it means in the case of optimization problems. Section 3 consti-
tutes convergence analysis of the semismooth Josephy—-Newton method, including
its perturbed and quasi-Newton variants. The application to the semismooth SQP
for optimization is given in Section 4. We finish with some concluding remarks in
Section 5. The Appendix contains three technical lemmas concerned with partial
derivatives and partial generalized Jacobians that are used in the paper.

Some final words about our notation are in order. The B-differential of  : IR" —
IR? at u € IR” is the set

@) = {J € R | 3{u*} c So such that (¥} — u, {®' W} — J},

where Sg is the set of points at which & is differentiable (this set is dense under our
assumptions). Then the Clarke generalized Jacobian of & at u is given by

0P (u) = convigd(u),
where conv S stands for the convex hull of the set S. For a mapping ®: IR” x R? —
IR?, the partial Clarke generalized Jacobian of ® at (u, v) € IR” x IR? with respect

to u is the Clarke generalized Jacobian of the mapping ®(-, v), which we denote by
0, P (u, v).

@ Springer



20 ALF. Izmailov et al.

The mapping ®: IR” — IR? is said to be semismooth [8, Section 7.4] at u € R” if
it is locally Lipschitz-continuous around u, directionally differentiable at u in every
direction, and satisfies the condition

sup [P (u +v) — ) — Jv| = o(|lvID.
Jedd (u+v)

If the stronger condition

sup ([P +v) — @) — Jv|| = O(|[v]*)
Jedd (u+v)

holds, then @ is said to be strongly semismooth at u.

We denote B(u,d) = {v e R" | |lv—u| <38}, u € R”, § > 0. The Euclidean pro-
jection of u € IR” onto a closed convex set S C IR" is denoted by ms(u). Two
properties that will be useful in the sequel are the following: if C C IR” is a closed
convex cone then

mcu—mcw) =0 VuelR', (8)
and
{ueR" [ mc(u) =0} = C°, ©)

where C° = {u € IR" | (u, v) < 0Vv € C}is the negative dual cone to C.

2 Strong Regularity

When @ is differentiable, closely related to convergence of the Josephy—Newton
scheme (7) is the notion of strong regularity, introduced in [29] (although, it should
be mentioned that in the differentiable case convergence can be established under
weaker assumptions [3]). Specifically, a solution & of GE (1) is referred to as strongly
regular if for each r € IR” close enough to 0 the perturbed (partially) linearized GE

@) + Q' (@) (w—u)+ Nwu)sr

has near iz the unique solution u(r) and the mapping u(-) is locally Lipschitz-
continuous at 0. Clearly, & is a strongly regular solution of GE (1) if and only if it
is a strongly regular solution of its linearization

& @) + Y’ (U)(u— i)+ N(u) 2 0.

Characterizations of strong regularity for generalized equations by means of gener-
alized differentiation were derived in [20] (see also [21]).

We next introduce an appropriate generalization of the notion of regularity for
the case when @ is not differentiable.

Definition 1 A solution &z € IR” of GE (1) is referred to as strongly regular with
respect to a set A C IR"™” if for each J € A the solution & of the GE

@ (i) + J(u —it) + N(u) 3 0 (10)
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The Josephy—Newton Method for Semismooth GE and Semismooth SQP 21

is strongly regular. (Le., for each J € A and for each r € IR” close enough to 0, the
perturbed partial linearization of (10)

Q@)+ Jwu—u)+ N@u)sr

has near u the unique solution u;(r) and the mapping u;(-) is locally Lipschitz-
continuous at 0.)

If A=035®®) (A =0d(i)) then i is referred to as a BD-regular (C D-regular)
solution of GE (1).

Evidently, Definition 1 extends the following widely used notions: strong regular-
ity [29] for the case of a smooth base mapping ® and A = {®’' (1)}, B D-regularity [23]
and C D-regularity [27] for usual equations corresponding to N(-) = {0}, A = D (&)
and A = 9P (i), respectively.

The following result regarding the stability of strong regularity subject to small
Lipschitzian perturbations follows, e.g., from [6, Theorem 1.4].

Proposition 1 For given ® : IR" — IR”, J € IR"™” and a multifunction N from IR” to
the subsets of IR", let i1 be a strongly regular solution of GE (10).

Then for any fixed neighborhood W of u and any sufficiently small € > O, there
exist £ > 0 and neighborhoods U of it and V of O such that for any mapping R : IR" —
IR" which is Lipschitz-continuous on W with Lipschitz constant £, and for any r €
R(t) +V, the GE

Rw)+ @) +Jw—-u)+Nu)>r

has in U the unique solution u(r), and the mapping u(-) is Lipschitz-continuous on
R(it) + V with Lipschitz constant £.

We next use Proposition 1 to prove solvability of perturbed linearized GE:s for all
points close enough to a strongly regular solution and all matrices J close enough to
the associated set A.

Proposition 2 Let @ : IR” — IR" be continuous at u € IR". For a given multifunction
N from IR" to the subsets of IR", let it be a solution of GE (1), strongly regular with
respect to a compact set A C IR"". y
Then there exist ¢ > 0, £ > 0 and neighborhoods U and U of u and V of 0 such that
forany it € U, any J € IR"™" satisfying
dist(J, A) < &, (11)
and anyr € V, the GE
Q@)+ Jwu—i)+ Nuw)>r (12)

has in U the unique solution u(r), and the mapping u(-) is Lipschitz-continuous on 'V
with Lipschitz constant {.
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22 AF. Izmailov et al.

Proof Fix any J € A. For each ii € IR” and J € IR"*” define the mapping R : IR" —
R,

Rw) = @) — ®@) — Jiu+ Ju+ (J — Du. (13)

For any pre-fixed ¢ > 0, the mapping R is Lipschitz-continuous on IR” with Lipschitz
constant ¢ provided J is close enough to J. Note also that R(1) = ® (i) — @ (@1) —
J(@@ — u) tends to 0 as &t — u. Therefore, by Proposition 1 applied with W = IR",
there exist ¢ > 0, £ > 0 and neighborhoods U and U of i and V of 0 such that for any
it e UandJ e IR" such that |/ — J|| < &, and for any r € V, the GE

Ruw+d@) +Ju—ia)+Nu)sr (14)

has in U the unique solution u(r), and the mapping u(-) is Lipschitz-continuous on V'
with Lipschitz constant £. Substituting (13) into (14), observe that the latter coincides
with (12).

Considering for each J € A the open ball in IR"*" centered at J and of radius
¢ defined above, we obtain the open cover of the compact set A which has a
finite subcover. We now re-define ¢ > 0 in such a way that any J € IR"*" satisfying
(11) belongs to the specified finite subcover. Furthermore, we take the maximum
value ¢ > 0 of the corresponding constants and the intersections U, U and V of
the corresponding neighborhoods defined above over the centers J of the balls
constituting this subcover. By further shrinking V' (if necessary) in order to ensure
that for any it € U, any J € IRV*" satisfying (11), and any r € V, the solution u(r) of
(12) corresponding to an appropriate element of the subcover belongs to U, we get
all the ingredients for the stated assertion. O

Consider now the optimization problem (3), where the objective function
f:IR" > IR and the constraints mappings 4 :IR" — IR’ and g:IR" — IR” are
differentiable, with their derivatives being locally Lipschitz-continuous. As already
noted, stationary points of problem (3) and the associated Lagrange multipliers are
characterized by the KKT optimality system (4), which corresponds to the GE (1)
with the base mapping ® given by (5) and the field multifunction N given by (6).

For a feasible point x of problem (3), let

A@ ={i=1,...,m| g =0}

stand for the set of indices of inequality constraints active at x. Furthermore, for a
Lagrange multiplier i associated with X, set

A, ) ={ie AX) | i >0}, Ao, ) ={i e AX) | i = 0}.

Recall that the linear independence constraint qualification (LICQ) at x consists of
saying that the gradients h//-()'c), j=1,...,1,8(X),i € A(X), are linearly independent.
For optimization problems with twice differentiable data, characterization of
strong regularity was derived in [29] (sufficiency) and in [5] (necessity). These
facts imply the following result which, in turn, gives the characterization of strong
regularity in the case of once differentiable data, in the sense of Definition 1.
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The Josephy—Newton Method for Semismooth GE and Semismooth SQP 23

Proposition3 Let f:R" > R, h:R" - R and g: R" — IR™ be dif ferentiable
at X € R". Let % be a stationary point of problem (3), and let (%, i) € R' x IR™ be
an associated Lagrange multiplier. Let H € IR™" be an arbitrary symmetric matrix

and let
H )" @’
J=|-n® o0 0 . (15)
—g® 0 0
If X and (A, f) satisfy LICQ and the condition
(HE, §) >0 V& e Ci(x, 1)\ {0}, (16)
where
Co(x, )= (5 € R" [ H(DE =0, g4z 1y (0E =0},
thenii = (X, A, ji) is a strongly regular solution of GE (10) with ®(-) and N(-) defined
according to (5) and (6), respectively.
Moreover, LICQ is necessary for strong regularity of ui, while the condition (16) is

necessary for strong regularity of it if X is a local solution of the quadratic programming
problem

minimize (f'(X), x — %) + 3 (H(x — X), x — X)

subject to A/ (X)(x — x) =0, g’A@ X)(x—x) <0. a7
Proof Problem (17) is locally (near X) equivalent to the problem
. . . ' = _ - l _ - _ -
minimize (f'(¥), x —x) + 5(H(x —X), x — X) (18)

subject to h(x) + A’ (X)(x — %) =0, g(x) + g (X)) (x — %) <O0.

It can be easily seen that the KKT system for problem (18) can be stated as the
GE (10) with ®(-) and N(-) defined according to (5) and (6), respectively, and with
J defined in (15). Moreover, stationarity of X in problem (3) with an associated
Lagrange multiplier (X, ji) is equivalent to stationarity of X in problem (18) with
the same Lagrange multiplier (i, f1); the sets of active at ¥ inequality constraints of
the two problems are the same; LICQ for the two problems at X means the same; and
finally, condition (16) coincides with the so-called strong second-order optimality
condition for problem (18). The needed assertions now follow applying the results of
[29] and [5] to problem (18) (this can be done, since (18) is a quadratic program and
thus satisfies the smoothness assumptions in [5, 29]). O

Remark I Tt can be seen that for any u = (x, A, ) € IR" x R' x IR™ it holds that

H (W) (g 0T oL
dw={[-"x) o0 0 H €8x 3 ) - (19)
g 0 0 x

Indeed, the inclusion of the left-hand side into the right-hand side follows from
Lemma 2 in the Appendix, while the converse inclusion follows by the fact that a
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24 AF. Izmailov et al.

mapping of two variables, which is differentiable with respect to one variable and
affine with respect to the other, is necessarily differentiable with respect to the
aggregated variable.

By equality (19), Proposition 3 immediately implies the following: If ¥ and (%, )
satisfy LICQ and the strong second-order sufficient optimality condition (SSOSC)

oL _
VHed, o (%A i) (HE §)>0 VEeCy (. i)\ (o) (20)

then it = (%, A, f1) is a CD-regular solution of GE (10) with ®(-) and N(-) defined
according to (5) and (6), respectively. In particular, in the case of twice differentiable
data, Proposition 3 applied with H = "(’,27%

strong regularity obtained in [29] and [5].

(X, A, 1) recovers the characterization of

In the sequel, along with SSOSC (20) we shall employ the weaker second-order
sufficient optimality condition (SOSC)

VHe ax% (X, A, i) (HE €)>0 VEeCX)\({0} (21)

where

COH={eR"|N(@®)E=0, gy @& =<0, (f(X), 8§ <0}

is the critical cone of problem (3) at x. Recall that the critical cone has the equivalent
representation

CO={teR"|N©®E=0, g4, DOE=0, gyep@E=0} (22

for any Lagrange multiplier (%, jt) associated with a stationary point ¥. Condition
(21) is indeed sufficient for local optimality of a stationary point ¥, as established
in [17].

3 Semismooth Josephy-Newton Method

In this section, along with the semismooth Josephy—Newton method given by (7) with
some Jy € d®(u*), we shall also consider its perturbed generalization. Specifically,
given the current iterate u* € IR", the next iterate uf*! satisfies the GE

" + @ (F) + T (u—u*) + Nw >0 (23)

with some Jj € 9@ (uF), where o € IR” is a perturbation term. The perturbation may
be induced, for example, by inexact solution of the subproblem & W) + Je(u — u®) +
N(u) > 0. Another possibility is the quasi-Newton variant that solves Dk + J(u —
uF) + N(u) > 0 with some J ¢ d® (uX). This corresponds to the perturbation term
o = (J = T @ —ub).

We start with the following a posteriori result concerned with superlinear rate of
convergence, assuming convergence itself. Among other things, this line of analysis
would turn convenient later, as it gives all the necessary convergence rate estimates
once convergence is established.
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The Josephy—Newton Method for Semismooth GE and Semismooth SQP 25

Proposition4 Let @ : IR” — IR” be semismooth at it € IR". Let ii be a solution of GE
(1), strongly regular with respect to some closed set A C 9P (it). Let a sequence {u*} C
IR’ be convergent to ii, and assume that u**' satisfies (23) for each k =0, 1, ..., with
some Ji € 30 (uF) and o € IR such that

dist (Jk, A) — 0as k — oo (24)
and
of = o ([|uf* =] + u —al). (25)

Then the rate of convergence of {(u*} is superlinear. Moreover, the rate of conver-
gence is quadratic provided ® is strongly semismooth at i and

2 2
of = O ([t = ut” + [uk ). (26)
Proof Definef: >0,{>0,U,UandV according to_Proposition 2 with A = A. Then
for any u* € U, any J; € d®(u¥) satisfying dist(Jx, A) < ¢, and any r € V, the GE
O )+ Tk (u—u*)+ Nw > r (27)

has in U the unique solution u(r) which is Lipschitz-continuous on V' with Lipschitz
constant £. For each k, set

= u) — @) — Ji (uF —a). (28)
Note that by the semismoothness of ® at i, it holds that
F=o(|uf—al). (29)
Note also that by (28),
0e® (@) + N @ = )+ Ji (it — u¥) + N @) — r*. (30)

By convergence of {1} to i, and by (24), (25) and (29), we conclude that for all
k large enough it holds that u*, uk*' € U N U, dist(Jy, A) < &, —w* € V and rk € V.
Hence, according to Proposition 2, u**! is the unique solution in U of GE (27) with
r=—ok, ie., u**" = u(—w*), while by (30), it is the unique solution in U of GE (27)
with r = r¥, i.e., it = u(r¥). Therefore,

[t =] = Ju (=) —u ()| < £+ = 0 (" = u] + [u* — ),
where the last estimate is by (25) and (29).
The proof that (31) implies the superlinear rate is standard; see, e.g., [13, Propo-

sition 2.1]. In addition, if ® is strongly semismooth at i then for 7* defined in (28) it
holds that

=0 (e -al’).

Combining this with (26), and with the inequality in (31), the quadratic rate of
convergence follows. O
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26 ALF. Izmailov et al.

Conditions (25) and (26) are not “practical”, because they involve the unknown
solution & and/or the next iterate u**!, which is usually computed affer the per-
turbation term is settled. Proposition 3.1 is merely a technical tool intended for
the analysis of some specific algorithms fitting the perturbed semismooth Josephy-
Newton method framework, which we discuss next.

An immediate application of Proposition 4 is a Dennis—Moré-type result for
the semismooth quasi-Josephy—Newton method. Let {J;} C IR"*” be a sequence of
matrices. For the current iterate u* € IR”, let the next iterate u**! be computed as a
solution of GE (7), and assume that {J} satisfies the Dennis—Moré-type condition:

min (=) G )] = o (!~ i), (2)

In the following a posteriori result, we allow for a possibility of somewhat more

special choices of matrices Jk.

Theorem 1 Let @ : IR" — IR" be semismooth at it € R". Let it be a solution of GE
(1), strongly regular with respect to some closed set A C 9 (ii). Let {J;} C IR bea
sequence of matrices, and let a sequence {u¥} C IR" be convergent to it and such that
for all k large enough u*+" satisfies (7) and there exist J;, € ® (u¥) satisfying

dist (fk, A) — 0ask — oo (33)
and
(Jk - fk) @ —uF) = o (||t —uF|). (34)
Then the rate of convergence of {u*} is superlinear.

Proof For each k set
a)k = (Jk — .ik) (ukH — btk) .

Then (34) implies (25). Employing (33), the result now follows immediately from
Proposition 4. O

The assumption that for each k large enough there exist J; € 0 (u) satisfying
(34) is equivalent to (32). If u is a C D-regular solution of GE (1) then Theorem 1
is applicable with A = d®(iz), and in this case (33) is automatic for any choice of
Ji € 80 u¥) according to upper semicontinuity of Clarke’s generalized Jacobian.
Another appealing possibility is to apply Theorem 1 with A = 33 ® (i1), assuming B D-
regularity of the solution i.

We proceed with a priori local analysis, i.e., sufficient conditions for convergence.

Theorem2 Let @ :IR" — IR" be semismooth at i € IR". Let i be a solution of
GE (1), strongly regular with respect to some closed set A C 9 (i1). Let A be a
multifunction from IR" to the subsets of IR"*", such that

Aw) C 0®wm) YuelRY (35)
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The Josephy—Newton Method for Semismooth GE and Semismooth SQP 27

and for any ¢ > 0 there exists a neighborhood O of u such that
dist (J, A)<e YJeA), YueO. (36)

Then there exists § > 0 such that for any starting point u® € IR" close enough to i,
for each k =0, 1, ... and any choice of J; € AuX), there exists the unique solution
ukt! of GE (7) satisfying

| — ] < 5 (37)

the sequence {u*} generated this way converges to ii, and the rate of convergence is
superlinear. Moreover, the rate of convergence is quadratic provided ® is strongly
semismooth at .

Proof Define e >0, £>0,U,U and V accordin~g to Proposition 2 with A = A.
Moreover, let U be such that (36) holds with O = U and with the specified «.

Then, according to Proposition 2, for any uk e U, any Ji € A(u¥) and anyreV,
the GE

O () + Tk (u—u*)+ Nw > r (38)

has in U the unique solution u(r) which is Lipschitz-continuous on V with Lipschitz
constant £. In particular, GE (7) has in U the unique solution u**! = u(0).

Defining r* according to (28) and employing (35), by the semismoothness of & at
it we conclude that (29) holds, and

0e ®®@) + N@@) = @ (u¥) + Ji (it — u*) + N@) —r*.

Shrinking U if necessary, by (29) we conclude that r* € V provided u* € U, and
hence, ii is the unique solution of GE (38) with r = ¥, i.e., it = u(r¥). Therefore,

”ukﬂ _ ﬁ” < ||u(rk) — “(O)H <7 Hrk” =0 (Huk - L_l”), (39)

where the last estimate is by (29).
From (39) we derive the following: for any ¢ € (0, 1), there exists § > 0 such that
B(ii, 8/2) c U, B(ii, 38/2) C U, and for any u* € B(ii, §/2) it holds that

||uk+1 ; (40)

— il = qu -a
implying that u**' € B(it, §/2). Then

o ] = el ot <32,

and hence, u**! is a solution of GE (7) satisfying (37). Moreover, for any point u**! €

IR" satisfying (37), it holds that

5 38
[t =l = o —uf |+ u —a] =5+ 5 ==
2 2
and hence, u**! € U, implying that u**! is a solution of GE (7) if and only if it
coincides with u**! = (0). Thus, the latter is the unique solution of GE (7) satisfying
(37).
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28 ALF. Izmailov et al.

Therefore, the inclusion u° € B(i, §/2) implies that the entire sequence (¥} is
uniquely defined (for any fixed rule of selecting J; € A(u*) for all k) and is contained
in B(it, §/2). Then (40) shows convergence of this sequence to u. The convergence
rate estimates now follow from Proposition 4. O

Remark 2 Theorem 2 generalizes local convergence results of the semismooth
Newton method for usual equations [25, 28]. Indeed, the two basic options for A(-)
are dp®(-) and d®(-). For the first option Theorem 2 is applicable with A = 3z (i1)
assuming B D-regularity of iz, while for the second option it is applicable with A =
d® (1) assuming C D-regularity of i. In addition, other choices of A(-) (e.g., related
to the specific problem structure) are possible.

Remark 3 For generalized equations with smooth bases a subtler local convergence
result was established in [3], where the assumptions are the semistability and
hemistability of the solution. The combination of these two properties is generally
weaker than strong regularity (in the smooth case). Note, however, that unlike in
Theorem 2, local uniqueness of the subproblems’ solutions does not hold under these
assumptions.

In the case of VI (2), the iteration (7) of the semismooth Josephy—Newton method
takes the form of the (linearized) VI

ue Q, (W) +L(w—u"), v-—uy>0 YveOQ (41)

with some J; € 3®(u*). In particular, for a nonlinear complementarity problem
(NCP)

u>0, ®w) >0, (u, ®Ww) =0, (42)

corresponding to VI (2) with Q = IR"}, the iteration (41) of the semismooth Josephy—
Newton method takes the form of the linear complementarity problem

u >0, CD(uk)+Jk(u—uk) >0, (u, <I>(uk)+Jk(u—uk)) =0.
According to Definition 1, strong regularity of a solution & of NCP (42) with respect
toaset A C IR"™” means that for any J € A the point i is a strongly regular solution
of the linear complementarity problem

u>0, o@+Jwu—-u)=>0, (u, @ +Ju—u))=0. (43)

The algebraic characterization of strong regularity for semismooth NCP (42) readily
follows applying the results of [29] to (43).

4 Semismooth SQP

In this section, we consider the sequential quadratic programming (SQP) algorithm
[2] for problem (3), which is a special case of the Josephy—Newton method (7).
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Algorithm 1 Choose (x°, 12, %) € R" x R/ x IR’ and set k = 0.

1. If (x%, A%, uk) satisfies the KKT system (4), stop.
2. Choose a symmetric matrix H; € IR”*" and compute x**
point of problem

! ¢ IR” as a stationary

minimize f(x*) + (f/(xF), x — xK) + L (H(x — x5), x — x*)

subject to h(x¥) + h'(x*)(x — x*) = 0, g(x*) + g (") (x — x) <0, (44)

and (A1, pk1y e R' x IR” as an associated Lagrange multiplier.
3. Adjust £ by 1 and go to step 1.

By the basic semismooth sequential quadratic programming (semismooth SQP)
method we mean Algorithm 1 with

aL
Hy € - (x5, 25, uk). (45)

Methods of this kind were considered, e.g., in [10, 26].
The KKT system of problem (44) has the form

F1ORY + Hi (e — x5 + (W 6F) T+ (g (9T =0,
h(x5) + W (x5 (x — x5) = 0, (46)
w=0, g&x")+g0Mx—x% <0, (u, gtx*) +g k) (x—xb)) =0.

It can be seen that the latter system is equivalent to the iteration GE (7) of the
Josephy—Newton method with u* = (x¥, Ak, %), ®(-) and N(-) defined according
to (5) and (6), respectively, and with

He (W) (gt
Je=| =K &5 0 0
g5 0 0

Semismoothness of the derivatives of f, 4 and g at x implies semismoothness
of ® at it = (¥, A, j1). Moreover, taking into account Proposition 3 and Remark 1,
Theorem 2 is applicable with A = 9®(¥) and A(-) = d®(-) provided ¥ and (&, f1) sat-
isfy LICQ and SSOSC (20). Therefore, we immediately obtain the local convergence
and rate of convergence result for the basic semismooth SQP algorithm.

Theorem 3 Ler f:IR" - IR, h: IR" — IR and g : R" — IR/ be differentiable in a
neighborhood of x € IR", with their derivatives being semismooth at X. Let X be a local
solution of problem (3) satisfying LICQ, and let SSOSC (20) hold for the associated
Lagrange multiplier (%, 1) € IR x IR™.

Then there exists 8§ > 0 such that for any starting point (x°, 1°, u%) € R" x IR’ x
IR™ close enough to (X, X, ji), for each k =0, 1, ... and any choice of H, satisfying
(45), there exists the unique stationary point x**' of problem (44) and the unique
associated Lagrange multiplier (\**!, u*+1) satisfying

” (xk+l —xk, AKHL 3k ,uk“ . Mk) ” <5 (47)
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the sequence {(x*, AX, %)} converges to (x, X, j1), and the rate of convergence is
superlinear. Moreover, the rate of convergence is quadratic provided the derivatives
of f, h and g are strongly semismooth at X.

Theorem 3 essentially recovers the local superlinear convergence result in [10],
which was obtained by direct (and rather involved) analysis. Here, this property is an
immediate consequence of the general local convergence theory for the semismooth
Josephy-Newton method, given by Theorem 2. A similar result was derived in [26],
but under stronger assumptions including the strict complementarity condition.

For optimization problems with twice differentiable data, Theorem 3 can be
sharpened. Specifically, it was demonstrated in [3] that LICQ can be replaced by
the generally weaker strict Mangasarian—-Fromovitz constraint qualification, while
SSOSC can be replaced by the usual second-order sufficient optimality condition.
However, unlike in Theorem 3, these assumptions cannot guarantee uniqueness of
the iteration sequence satisfying the localization condition (47).

As is well known (e.g., [4, Exercise 14.8]), superlinear or quadratic Q-rate of
convergence of the primal-dual sequence does not necessarily imply superlinear (or
even linear) Q-rate for the primal part. At the same time, primal convergence is
often of particular importance. To that end, we proceed with primal superlinear
convergence analysis for Algorithm 1.

Having in mind some potentially useful choices of Hj different from the basic (45),
as well as truncation of subproblems solution (e.g., [14]), we consider the following
perturbed version of semismooth SQP. For a given primal-dual iterate (x*, A¥, u¥) e
R" x IR x IR™, the next iterate (x¥+!, Ak, k+1) satisfies the relations

%(x", W)+ Wi T — x4+ (W () TR — 5
+(@ DT — pf) + of =0,
h(x*) + B () (* ! — xF) 4+ 0§ =0, (48)
P =0, g(k) + g () k! — 3Ky + ok <0,
(k! g(xk) + g/ () (F ! — xk) + k) = 0,

with some Wy € 8,2k (x*, Ak, k), where of € R", o € R/, and ¥ € IR™ are per-
turbation terms.

We first establish necessary conditions for primal superlinear convergence of the
iterates given by (48). Proposition 5 also suggests the proper form of the Dennis—
Moré-type condition for the semismooth case.

Proposition 5 Let f:IR" — IR, h:IR" — R’ and g:R" — IR be differentiable
in a neighborhood of x € IR", with their derivatives being semismooth at x. Let X
be a stationary point of problem (3), and let (%, i) € R x R be an associated
Lagrange multiplier. Let {(x*, A*, u¥)} ¢ IR" x R' x IR" be convergent to (X, X, i),
and assume that for each k large enough the triple (x**', AF*1, u*+1y satisfies
the system (48) with some Wy € 3,35 (x*, 1%, u*) and some ok € R", % € IR' and
ok e R™
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If the rate of convergence of {x*} is superlinear then

%714 (xk+l, Ak, Mk) _ % (xk’ Ak, Mk) — W (xk+1 _ xk) —0 (ka . )_‘H) , (49)
X 0x
o =o(|x* —x|). (50)
(w13€)A+(5c, o= ° (”xk - )_C”) . (51)
If in addition
[(wé‘)“,wm}\A(i)] — 0as k — oo, (52)
then
e (—of) = o (| = ]). (53)

Proof Let {W;} be an arbitrary sequence of matrices such that
~ oL
Wi € dy— (KK 1k
ox

for each k. Since {(x*, A¥, %)} is convergent to (%, A, &) (and hence, {(A¥, u%)} is
bounded), and the derivatives of f, & and g are locally Lipschitz-continuous at x,
one can easily see that there exist a neighborhood U of X and ¢ > 0 such that for
all k the mapping %(-, Ak, k) is Lipschitz-continuous on U with constant ¢, and
both x* and x**! belong to U for all k large enough. This implies that || W] < £ and
Wil < ¢ for all such k (since the matrices in the generalized Jacobian are bounded
by the Lipschitz constant of the mapping in question). In particular, {W;} and {W;}
are bounded sequences. Then, employing Lemma 3 in the Appendix (with p =r = n,
qg=1+m, Kx)=(H)T, NN, bx) = f'(x), y* =¥, b, y= (G, @) and
taking into account the superlinear convergence of {x*} to X, we obtain

% (xk+1’ Ak, 'uk) _ % (xk’ Ak, Mk) — W, (xk+1 _ xk)
_ <% (xk—o—l’ Ak, Mk) _ % ()_c, Ak, H«k) — W, (xk+1 _ )—C)>

_ (% (xk’ Ak, Mk) T ()—C’ Ak, Mk) W, (xk _ i))
_ (Wk _ Wk) (xk+1 ~ %)
= o (| = &) + o (|F = x[) + O (]*+" - %])

)

= o |+~ %]

which gives (49).
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Furthermore, from (48), using superlinear convergence of {x*} to ¥, boundedness
of {W;}, Lemma 3 and local Lipschitz-continuity of the derivatives of 4 and g at X,
we obtain that

_ w’f _ % (xk, Ak, Mk) + W, (xk+1 _xk)

()T 05T =) (8 () (= )

= (@) (F=7) + (¢ @) (k- i)
(0 ()T =2+ (g () (e - )
+ (% CANTSE % (%, 1K, 1k) — W (% — )‘c))
+ Wy (6 — x)

= (W ()" = (0 @)") (1 =35+ (' ) (4 = 7)
()"~ (8 @) (1 =) + (5 ®) (4 - )
+o (Jlx* - xIl)

= (W @) (' =2) + (¢ @) (W = i) + o (Ix* = 1), (54)
and

ok = —h () I () (1 -2
=—h(x)+h@+1 & (X -X)
+ (0 (x*) = (®) (x* —X) — 1 (x*) (" - %)
= o (Ix* —x|).
The latter relation gives (50).
Moreover, since ji4,z, 7 > 0, we have that /L’j”@ o> 0 for all k large enough,
and it then follows from the last line in (48) that
(wéc)m(;c, o = “8AL (xk) —8a.c (xk) (xk+1 - xk)
=—gaep ()84 O+ o p @ (-3
(8w (FF) = 8ay i @) (FF = 3)
—Za e () (T =%)
= o (" — 1),

which gives (51).
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For each k set
— (W @) =R+ (@) (- Q). (55)
Then from (54) it follows that
wlf—i-c?)]f:o(uxk—fc”). (56)

If (52) holds then, since {g(1, .. mpa@® X))} = g, mpam (X) < 0, the last line in (48)
implies that Nﬁ,...,m}\ A = 0 for all k large enough. Taking this into account, we
obtain from (22) and (55) that for all such k, for any ¢ € C(¥) it holds that

(@F, &) = (W =%, K (®0E) + (W - 1, ¢ (0)E)

( Ao(x, 1)° ng(X M)(x)€:>
<0,

where the inequality wkt > 0 was also employed. Therefore, c?)’f € (C(x))°. Hence,
according to (9), mcw (@F) = 0. Combining the latter with (56), and taking into
account the fact that 7wy (+) is nonexpansive, we obtain the last needed estimate (53).

]

We now proceed with sufficient conditions for primal superlinear convergence.
Following [9], in this analysis we only assume that the limiting stationary point x
and the associated limiting multiplier (1, jt) satisfy SOSC (21). Note that even in
the twice differentiable case other results in the literature (e.g., [4, Theorem 15.7];
see also [3], [22, Theorem 18.5] for related statements) require LICQ in addition to
SOSC. The analysis relies on the following primal error bound result that generalizes
[9] with respect to its smoothness assumptions.

Proposition 6 Let f:IR" — R, h: IR" — IR’ and g : R" — IR/ be differentiable in
a neighborhood of ¥ € R", with their derivatives being semismooth at X. Let X be
a stationary point of problem (3), let (i, i) € IR' x R™ be an associated Lagrange
multiplier, and assume that SOSC (21) holds.

Then the estimate

lx — x|l = (57)

h(x)

aL

TC) E(X, Ay 1)
min{u, —g(x)}

holds for all (x, x, 1) € R" x IR x IR™ close enough to (X, x, fi).

Proof We argue by contradiction. Suppose that (57) does not hold. Then there exist a
sequence {(x*, A¥, u%)} c IR" x R’ x R" tending to (X, A, 1) and a sequence #; —

+o0 such that for all k
oL
TC®) <£(xk, Ak, Mk))

k -
”x - X” > I h(xk)

min{u, —g(x")}
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This is further equivalent to

oL -
e (e 0k ) = o ([ = 3. (58)

h(x*)=o(|x* —x

). (59)

min {*, —g ()} = o (|x* = %)) (60)
From (59) it follows that
0=hE@+h@ (X %) +o(|F—x|)=n® (** -3)+o(|x*—%[). (61)

Moreover, since g,z i)(X) =0 < fLa, (& iz, from (60) we obtain that for all k large
enough

0 = min {Mlino'c. ) TEALG. m(xk)] +o ([« - %)
= —ga.cp () +o (|« — %)
= —ga.cn® — g4, @ (¢ — %) +o (| - x[)
= —gn, @ (= 3) +o (1" - 7). (62)
and similarly, since g, .. mpac (X) < 0= 1, ...mpA®)»
0= min {ufi iy —8. onawm ()} +o ([x* = %[)
= 11, mpa +o (¥ = ). (63)

Since the number of different partitions of the set Ay(x, i) is finite, passing onto
a subsequence if necessary, we can assume that there exist index sets /; and I, such
that I U I, = Ag(X, n), I N I, = @, and for each k it holds that

wh > =g (K, wh < —gn (69). (64)
Then by (60) we have
0 = min {uf . —gr, ()} +o (| - %)
= —g1, () +o (| - %)
=—gn(®) — g, @ (= %)+ o (|« —x|)
= =g, (® (¥ = %) +o |+~ %]), (65)

0 =min {uf,, —gr, ()} +o (| = %[) = wf, +o (¥ =x]).  (66)
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Finally, from (64) it also follows that

_M];z = 8h (xk)
= g5,(®) + g, () (¥ = %) + o (|«* - x])

),

= 85,0 (¢ = %) +o (|« - &

and hence, by (66),
§1,(0) (= %) = o (| — ). (67)

Without loss of generality we can assume that x* # x for all k, and (x* — X)/||x* —
X|| converges to some & € IR” \ {0} (||| = 1). Then by (22), (61), (62), (65) and (67)
we conclude that & € C(x) \ {0}.

Furthermore, employing (8) and (58) we obtain

oL oL
0= TC®) <a (xk’ }\k, Mk) — TC®) (a (xk’ )Jf’ Mk)>>
oL -
= e (G5 (5 4% ) o (14 = 7))

and hence, by (9) and by Lemma 3,

oL
(C@)° 3 —= (25 1) +o (| = %)
oL oL ,_
= (g (xkv )‘-ks Mk) - E( ) Ak? /*Lk))
oL ,_ _ - -
(G ) = S @) ) o ()

= Wi (¢ =2 + (" ®)" (= 7) + (g @) (u* - i)
). (68)

+o (||x* - x|

where {W;} is any sequence of matrices such that Wy, 8x%(xk, Ak, k) for each k.

By Lemma 2 there exists a sequence {W;} such that Wy € 9,25 (x*, X, 1) for
k large enough and W, — W, = O(| (A — X, u* — @)|). Then, since the sequence
{Wy} is bounded (by Lipschitz continuity of %(-, . i) on some neighborhood of
x), and since {(A¥, ©¥)} converges to (X, 1), passing to a subsequence if necessary,
we may assume that both {W;} and {W;} converge to some W e IR"*". By upper
semicontinuity of the generalized Jacobian it follows that W e Bx%()'c, X, it). Taking
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into account (22), (63) and (66), the inclusion £ € C(x) and the equalities g} (¥)§ =0
(see (65)) and i1, ... mpa. @ = 0, from (68) we obtain

0> (Wi (x* — %), &)+ (M — X W@E) + (1F — i, §®E)+ o (|+* - %)
= (Wi (" =3) . &)+ (1001, ompa)s 80t mp Ay DE) + 0 (| £ = x[)
= (Wi (x* = %), &)+ o (|x* - 7]).

X=X
Dividing the obtained relation by |x* — X|| and passing onto the limit, we conclude
that

(WE, £) <0,

which contradicts SOSC (21) because & € C(x) \ {0}. O

We are now in position to give conditions that are sufficient for primal superlinear
convergence of perturbed semismooth SQP.

Theorem 4 Under the assumptions of Proposition 5, let SOSC (21) hold.
If (52) holds and

oL oL
O (a (xk+1, Ak, Mk) ~ (xk’ Ak Mk) — W, (xk+1 _ xk) _ w’f)
= o (| =] + | — 2], (69)

ok = o (J#+1 — k] + o - %

) (70)
(@5) ey = 0 (" =] + * = %[}, (71)

then the rate of convergence of {x*} is superlinear.

Proof Employing convergence of {(xX, Ak, %)} to (%, A, 1) and local Lipschitz-

continuity of the derivatives of /& and g at X, from the first and the second equalities
in (48) we derive

% (ka, Akt MH])
_ % (xk+1, Ak, l/«k) T (h/ (xk+1))T ()\k+1 _ Ak) F (g () Tk = ik
0L ke 0Lk  OL ke k
_ax(x ’)L’M) ax(x,x,u)+ax(x,k,u)
+ (0 () (5 =38+ (8 () (4 = ) 4o (| = 5

_ % (xk—o—l’ Ak, Mk) _ % (xk7 Ak, Mk) — W, (xk+1 _ xk) _ a)’f

+o ([ = x¥]) (72)

@ Springer



The Josephy—Newton Method for Semismooth GE and Semismooth SQP 37

and

B ) = B () + B () (5 - x4) o0 (| — )

= —h +o (¥ = x*]). (73)
{80, ompam ()} = g0, ompa@ @ <0,
we then conclude that for all k£ large enough Mﬁ .]..,m}\ A = 0. Hence,
min [M'fﬁf.,m}\m)a T8l . mNAG) (xkﬂ)] =0. (74)
Observe that the last line in (48) can be written in the form
min { @ !, —g (x*) — g (x*) (X —xF) — i} = 0.
For each i € A(xX), employing this equality and the property
| min{a, b} —min{a, c¢}| <|b —c| Va, b, celR,
we obtain the estimate

i [ 0|
= [min {558, —gacm () = glace () (4 = ) + 0 (|1 — 5

= min {5 —gam () = g () (¢ =) = (04) 0}

= | @) | +0 (54 =241 (75)

Combining Proposition 6 and relations (69)—(75), we conclude that
[ = = o (! =]+ [ = %) = o (T = ] + |+* — %)
i.e., there exists a sequence {#x} of nonnegative reals such that t; — 0 and
[ = F = (6 = 3]+ 2 = x])
for all k large enough. This implies that
(=) [ = %] = o 5" = %],

and hence, for all k large enough

[+ %] = |k %
1—t

3

1.€e.,
[ = %] = o (| - %]).

which completes the proof. O
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Remark 4 Condition (69) follows from (49) and (53). Therefore, according to Propo-
sition 5, it is in fact also necessary for the primal superlinear convergence rate
(assuming (52)).

Remark 5 In Theorem 4 SOSC (21) can be replaced by the following sequential
second-order condition:

lim inf max (WE, &) >0 V& e C®\ {0} (76)

k—o00 oL
Wea,— (XX, A%, by

ox
(employing Lemma 2, one can easily see that (76) is implied by (21)). This would
require the development of a sequential counterpart of the primal error bound
established in Proposition 6. We omit the details.

The analysis of primal superlinear convergence developed above for the general
perturbed semismooth SQP framework (48) can be applied to some more specific
algorithms. In particular, Algorithm 1 can be viewed as a special case of this
framework with

a)lf = (Hr — Wy (ka — xk), a)IZ‘ =0, a)éc =0,

where {W;} is an arbitrary sequence of matrices such that Wy € 9,25 (x*, A%, u*)
for each k. From Proposition 5, Theorem 4, and Remarks 4 and 5, it follows that
under (76) primal superlinear convergence of quasi-Newton semismooth SQP is
characterized by the condition

oL oL
TC(x) (g (xk+1, Ak, Mk) o (xk, Ak ,uk) — H, (xk+1 _ xk))

= o ([ — x4 (77)

This can be regarded as a natural generalization of the Dennis—Moré-type condition
for smooth quasi-Newton SQP methods [22, Theorem 18.5] to the case of semi-
smooth first derivatives.

Recalling the usual Dennis—Moré condition for the smooth case, one might think
of replacing (77) by something like

max ) [7re@ (W = H)(*H =) | = o (x4 = x¥]). (78)

Wed, Ge (xk, ak, uk

This condition corresponds to the one used for similar purposes in [11], where it
was shown that (78) is necessary and, under (76), sufficient for primal superlinear
convergence of Algorithm 1 in the case when there are no inequality constraints. If
f, h and g are twice continuously differentiable near X, then by the Mean-Value
Theorem one can easily see that conditions (77) and (78) are equivalent. In the
semismooth case the relationship between these two conditions is not so clear.
From Proposition 5 it easily follows that (78) is necessary for primal superlinear
convergence. Therefore, it is implied by (77) provided that (76) holds. The converse
implication might not be true, but according to the discussion below, it appears
difficult to give an example of the lack of this implication. Namely, we shall show
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that under a certain reasonable additional assumption, (78) is sufficient for primal
superlinear convergence and thus implies (77).
Specifically, assume that the set

Ap=li=1,....m| &b + g (x*) (*' = x¥) =0} (79)

of indices of active inequality constraints of the semismooth SQP subproblems (44)
stabilizes, i.e., it holds that Ay = A for some fixed A C {1, ..., m} and all k large
enough. According to the last line in (46), by continuity, the inclusions

AL (%, 1) C Ay C AR®) (80)

always hold for all k large enough. Therefore, the stabilization property is automatic
with A = A(¥) when {(A*, u¥)} converges to a multiplier (A, ji) satisfying the strict
complementarity condition, i.e., such that i 45 > 0 (and hence, A, (X, 1) = A(X)).
In other cases, the stabilization property may not hold, but this still seems to be
reasonable numerical behavior, which should be quite typical. Note also that if this
stabilization property does not hold, one should hardly expect convergence of the
dual sequence, in general.

The following result extends the sufficiency part of [11, Theorem 2.2] to the case
when inequality constraints can be present.

Theorem 5 Ler f:IR" — IR, h: IR" — IR and g : R" — IR/ be differentiable in a
neighborhood of x € R", with their derivatives being semismooth at X. Let X be a
stationary point of problem (3), and let (%, i) € IR! x IR™ be an associated Lagrange
multiplier. Let a sequence {(x*, A¥, u*)} c IR" x IR! x IR™ generated by Algorithm 1
be convergent to (X, A, j1). Assume that (76) and (78) hold and that there exists an
index set A C {1, ..., m} such that Ay = A for all k large enough, where the index
sets Ay are defined according to (79).
Then the rate of convergence of {x*} is superlinear.

Proof Define the set
C(x) = {EeR" | W(D)E =0, g4(DE=0, gyipaDE <0}
By Hoffman’s error bound for linear systems (e.g., [8, Lemma 3.2.3]) we have that
dist (¥ = %, C(®) = O (| @ (' = )] + |ga® (*' = 9)]

Hmax 0. g a® (-] (8D

From the second line in (46), and from local Lipschitz-continuity of the derivative
of h at x, we obtain

W (@) (K = x) = W @) (T =) + 1 (@) (oF - %)
= B () = () (1 = )
= — (I (x*) = W' (@) (T = x5)
— (h (&) = (@) — 1 (%) (x* — %))
= o (|x* —x]). (82)
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For any sufficiently large k it holds that g ,(x) + g, (x*)(x**! — x¥) = 0, and simi-
larly to (82) it follows that

gu@ (K —%) = o (|x* - x]). (83)

Finally, if i € A(X) \ A and (g;(X), xk+1 — %) > 0, taking into account the last line of
(46) and local Lipschitz-continuity of the derivative of g at ¥, we obtain

max {0, <g;(2), sy —)_c>} _ (g;()_c), k1 —)_c)

k

:(g;(fc) T x (g,(x) X —x>

)+

< (g0, ¥ —xf) + (g (), x* — %)
= & (¥) = {gi (), ¥+ = )

= — (8 (x*) = gi(®), & —x¥)
— (& () - &:(® — [g(®), x* — %))

=o(|x* - x). (84)

Relations (81)—(84) imply that
dist (¥+! — %, C®) = o (|~ 7).
The latter means that for all k there exists £k € C(¥) such that

M —x=&to(|x—x|). (85)

From the first line of (46) and from semismoothness of the derivatives of f, 7 and
g at ¥, employing Lemma 3 and convergence of {(AX, 1%)} to (&, 1) we derive that
for any choice of matrices Wy € 9,25 (x*, A%, 1%) it holds that

—Hy (xk+l _xk) _ % (xk’ Ak, Mk) + (i (xk))T (Ak+l _ Ak) +(g (xk))T (Mkﬂ _ Mk)
= 00 ) = (@ ) - W (- )
S (R k) = S R+ (0 () 5 - )
(g ()" (T — ) + Wi (¢ = )

= Wi (= 3) + (' @) (¥ =3 + (¢ @) (u* - )
+ (0 @) (=29 + (g @) (= b o ([ - %)
=W (F—D)+ (W ®) A =D+ (¢ ®) (1 = i)
ol - ).
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Therefore,
Wi (X = %) = (W — Hp) (X = xF) — (1 (;‘C))T (k1 - %)
(g ®)" (! =) +o (|2~ %) (86)
From the definition of set A it follows that
81, omna () F &1 mpa (FF) (FF =x) <0

for all k large enough. Then, by the last line in (46),

“ﬁ“ mnA — 0 (87)

for all such k. Moreover, according to (80) it holds that C(¥) C C(X), and therefore,
(78) remains true with C(¥) substituted for C(x). Then, employing (86), (87), and the
fact that (x, &) < (¢ (), §) forall x € IR" and all £ € C(X) (see (8) and (9)), we
further obtain

(Wigh, ) = (Wi (¢4 = 3), &%)+ o (|6 — 2] [ £*])
= (Wi — Hy) (£ — x*), &%)
(@) G =3) + (@) (W - ), )+ o (|5~ 7] 4]
= (g (Wi = H (¢ = 29)) , 65) + o (| — %] 6°])
= o (| = x| + [ — %)) 6] (88)

From (76) and the inclusion C(¥) C C(%) it further follows that there exist y > 0
and a sequence { Wy} of matrices such that Wy € 9,25 (x*, 1*, u*) and for all k large
enough

(Wigh, £ = v )"
Then (88) implies
§ = o (|« =2 + |~ x])
and hence, given (85),
[ = &) = o (" = + [ * — 2]).

Repeating the argument completing the proof of Theorem 4, we obtain the superlin-
ear convergence rate of {xFy. m]

5 Concluding Remarks

We have introduced the notion of solution regularity and developed local conver-
gence theory for the Josephy—Newton method for generalized equations with semi-
smooth base mappings. The special case of semismooth SQP for optimization was
also considered, easily recovering its primal-dual convergence result and obtaining a
new characterization of primal superlinear convergence rate.
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Appendix

Lemmal Let K: IR? — IR™? be locally Lipschitz-continuous at x € IR? with
Lipschitz constant £g > 0 and b: IR? — IR" be an arbitrary map. Define the map
V: R x R?! — IR/,

V(x, y) = K(x)y +b(x). (89)

If W is differentiable with respect to x at (%, y') € IR? x IR? and (¥, y*) € IR? x IR?
with some y', y* € IR? then

B\IJ

H (x. ') o x )| <tk |y =y (90)

Proof Differentiability of ¥ with respect to x at (¥, y') and (%, y*) means that for
any £ € R?

4 , W 4
KEx+&)y +b(x+§) — KXy —b(X) — ax (%, y')&

_ . _ . v .
=W (x+& y)-W(x+E y) - a(x, y/)E
=o(l5Eh, Jj=12
This implies the relation

v v

= = 1 2 = 1 _
(K(x+£)— K@) (y' —»*) - (5 (%, )’)—a(x y))E—O(IISII). (91)

Fix an arbitrary & € IR?, ||&]| = 1. By (91), employing the fact that K is locally
Lipschitz-continuous at x with Lipschitz constant g, we have for all ¢ > 0

A\ v
(-2 )

< |KE+15) — K@ |y' = y?| + o)
< it |y' =y + 00

Dividing both sides by ¢ and passing onto the limit, we obtain

H(?ﬁ(ff,y —%(X y))&

Since £ is arbitrary, the required estimate (90) follows. O

<tk |y =Y.

Lemma2 Let K: IR? - IR™? and b : R” — IR" be locally Lipschitz-continuous at
X € IR?, and define the map ¥ : IR? x IR? — IR" according to (89). Let the sequences
{(x%, Y5} € IRP x IR and {(x*, ylz‘)} C IR? x IR? be both convergent to (x, y) with
some y € IRY.
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Then for any sequence of matrices {W}} C IR™? such that W} € 3 \Il(x y’f)for all
k, there exists a sequence of matrices {W3} C IR"™? such that W2 € 3, W (xk, y&) for all
k large enough, and

[Wi = Wil = oIy = yil)-

Proof Let U be a neighborhood of X, such that K and b are Lipschitz-continuous
on U. Then for all £ the mapping W(., y’2‘) is evidently Lipschitz-continuous on
U. Therefore, by Rademacher’s theorem, it is differentiable everywhere on U \ T,
where the Lebesgue measure of the set I' C U is zero. Let D C U stand for the set of
points of differentiability of W(-, yX). Since Clarke’s generalized J acoblan is “blind”
to sets of Lebesgue measure zero [7], for any k large enough (so that x* € U) and for
any matrix W,l € 9, W (x, y’f) there exist a positive integer si, matrices W,L e R
andrealsay ; > 0,i =1, ..., sg,suchthat} * ax ;= 1, W, =Y}, ak_iW,l’i,and for
eachi=1, , Sk, there exists a sequence {x’;’i} C Dy \ T convergent to x¥ and such
that {2 (x] , Y1)} — W as j— oo.
Furthermore by Lemma 1, for any k and j large enough it holds that

AN TN NN T
Ha*x(xf ) =5 (91 94)

where €k is the Lipschitz constant for K on U. For all k large enough, since \D( v5)
is locally Lipschitz-continuous at xk foralli=1, ..., s the sequence { (x i yz)}
is bounded and therefore, passing to a subsequence 1f necessary, we can assume that
each of these sequences converges to some W,%q ; as j — oo. Then by passing onto the
limit in (92) we derive the estimate

‘Se,(”yf;_y';” Vil .se (92)

IWi = Wi <txl|yf -y vi=1 ..., s (93)
Moreover, by the definition of B-differential we obtain that
Wi € @0p W (x*, ¥5).

Hence, by the definition of the generalized Jacobian, the convex combination W2 =
Y ag W,il. belongs to 3, ¥ (x¥, y%), and employing (93) we derive the estimate

Sk Sk
1 2
Z“k,iWk,i - Z“k,iWk,i

i=1 i=1

Wi — Wi =

Sk
< Dok [ Wi = Wi

i=1
Kk
< tx [yf =i
O
Lemma3 Ler K: IR? - IR and b: IR? — IR" be semismooth at x € IR?, and

define the map W: IR” x IR? +— IR according to (89). Let a sequence {(x*, y*)} C
IR? x IR? be convergent to (X, y) with some y € IRY.
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Then for any sequence of matrices {Wy} C IR such that Wy, € 8,V (x*, y*) for all
k, it holds that

W () = (7 y6) = Wi (FF = 3) = o ([~ 1))
Proof Applying Lemma 2 with yf = y* and y4 =y for all k, we conclude that
there exists a sequence of matrices {W;} C IR”*? such that W € 8, ¥ (x*, y) for all

sufficiently large k and Wy — Wi = O(]| y* — 3|1). Employing (89) and semismooth-
ness of K and b at x, we then derive the estimate

[ (¥ = w (% ") = Wi (& = 3)]
= (¥ (< ) = w () = (v (%) - v @ )|
+ (Wi = Wi) (¢ = )| + |w (. 5) = W §) = Wi (¢ = 5) |
= [(K (") = K@) (" = 9)| + O (|« = =] [y* = 3]) + o (|" - %)
O (" = %[ y* = 3[) + o (* = x])

= o ([« = %[).
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