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Abstract

Recent papers indicate that some algorithms for constrained optimization may exhibit
worst-case complexity bounds that are very similar to those of unconstrained optimization
algorithms. A natural question is whether well established practical algorithms, perhaps with
small variations, may enjoy analogous complexity results. In the present paper we show that
the answer is positive with respect to Inexact Restoration algorithms in which first-order
methods are employed for approximating the solution of subproblems.

Key words: Complexity, Continuous Optimization, Constrained Optimization, Inexact Restora-
tion Methods, Regularization.

1 Introduction

Inexact Restoration (IR) algorithms were introduced with the aim of solving constrained opti-
mization problems [33, 35]. Each iteration of an IR algorithm consists of two phases. In the
first phase one improves feasibility and in the second case optimality is improved onto a linear
tangent approximation of the constraints. When a sufficient descent criterion does not hold
the trial point is modified in such a way that, eventually, acceptance occurs at a point that
may be close to the solution of the restoration (first) phase. The acceptance criterion may use
merit functions [33, 35] or filters [30]. The IR approach proved to be quite useful for electronic
structure calculations [28] and other matricial problems for which natural restoration procedures
exist.

Constrained optimization algorithms exhibiting unconstrained-like complexity results were
given in [9, 22]. These algorithms are not reliable for practical calculations because they generate
short-step sequences, due to the necessity of maintaining approximate feasibility at every itera-
tion. However, the two-phase nature of those algorithms motivated the present research. Unlike
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the algorithms [9, 22|, which employ an initial restoration phase followed by a second phase of
short iterations that preserve approximate feasibility, IR algorithms alternate restoration and
optimization phases, not limited by feasibility tolerances but subject to a global criterion of
quality. In such a way, large steps are possible when the current approximation is far from the
solution. In this paper we will show that pleasant complexity results hold for an IR algorithm
that is similar to the ones presented in [33] and other IR papers.

The analysis of the worst-case function-evaluation complexity of continuous optimization
algorithms became relevant in the last 12 years. Given a stopping criterion based on a tolerance
e > 0, one tries to find a (sharp) upper bound for the number of evaluations that a given
algorithm needs for satisfying the stopping requirement. In unconstrained optimization, if f(x)
is the objective function, the generally accepted first-order stopping criterion corresponds to
the approximate annihilation of the gradient, ||V f(z)|| < e. For this case, relevant complexity
results, if the derivatives of the objective function satisfy Lipschitz-continuity requirements, are
(see [6, 7,12, 17, 18, 19, 21, 25, 31, 38]):

1. Suitable gradient-related or quasi-Newton algorithms stop employing, at most, O(c~?)
function and gradient evaluations.

2. Suitable Newton-like algorithms stop employing, at most, 0(5_3/ 2) function, gradient, and
Hessian evaluations.

The “O(e~?) statement” means that the maximal number of evaluations is smaller than a
constant times €74, where the constant depends on the initial approximation, parameters of the
algorithm and characteristics of the problem.

Essentially, the results above are also true for constrained problems in which the feasible
set is simple enough [23, 34]. Roughly speaking, simplicity of the feasible set means that the
minimization of a quadratic function onto such a set is relatively easy to perform.

The papers [9, 22] proved that, for minimization problems with general constraints, O(¢~?)
results can be proved that are similar to those in the unconstrained case, for some algorithms
based on a single feasibility phase, followed by a short-step optimization phase.

However, the short-step characteristic of the algorithms [9, 22] makes them unsuitable for
practical computations. Very short steps are necessary to guarantee pleasant worst-case behavior
but the number of short steps that are necessary to prove complexity is close to the number of
short steps that one would employ in a sensible implementation of the algorithms.

On the other hand, Cartis, Gould, and Toint [20] considered the complexity of nonconvex
equality-constrained optimization employing a first-order exact penalty method. Under the
assumption that penalty parameters are bounded, the complexity of finding and approximate
KKT point was proved to be O(s72).

This state of facts motivated us to study well-established constrained optimization algo-
rithms from the point of view of worst-case complexity. The analogy (feasibility and optimality
phases) between the algorithms [9, 22| and the framework of Inexact Restoration (IR) methods
[14, 27, 33, 35] led us to define a suitable regularized form of IR and to study its complex-
ity properties. Inexact Restoration techniques for constrained optimization were introduced in
[33, 35], improved, extended and analyzed in [27] and [14], among others, and used successfully
in relevant applications [28].



In this paper we analyze a first-order version of IR (no second-derivative information will
be used) and we prove that the computer work necessary to achieve suitable stopping criteria
is smaller than a constant times (e;ela o T e;pzt), where €y, is the feasibility tolerance, €, is the
optimality tolerance and the constant depends on algorithmic parameters and characteristics of
the optimization problem such as function bounds and Lipschitz constants.

In Section 2 we present the main algorithm and we state some basic results. In Section 3 we
prove the complexity results and in Section 4 we state conclusions and lines for future research.

Notation
The symbol || - || will denote the Euclidean norm on R™.
Pp(z) denotes the Euclidean projection of z onto the convex set D.
We denote N = {0,1,2,...}.

2 Inexact Restoration Algorithm
The problem considered in this paper is:
Minimize f(x) subject to h(zx) =0 and x €, (1)

where f: R" = R, h: R® — R™, and 2 is a nonempty and compact polytope. Every nonlinear
programming problem including inequality constraints may be formulated in the form (1) since
a constraint hj(z) < 0 may be replaced with hj(xz) + 2 =0,z > 0. In most practical cases 2 is
an n-dimensional box £ < x < u. The generalization of our results for a general compact and
convex {2 is also possible subject to constraint-qualification assumptions on €.

We define, for all z € R™,

clx) = k@) )

All along this paper we will assume that the functions f and h are continuously differentiable,
and there exist nonnegative constants L, Cy, Ly, Cp, Cyp, and L. such that, for all z, 2z €

[f () = ) < Lyllz — =], (3)

IVf(@) = VI < Lyllz -2, (4)

f(2) < f(2) + V(@) (z = 2) + Lyllz — 2|, (5)
flz) < Cy, (6)

Ih(x) = h(2)|| < Lnflz — 2], (7)
IVh(z) = VA(2)|| < Ln|lx - 2], (8)



1h()] < Ih(x) + Vh(2)" (z = 2)|| + Lallz = z|?, 9)

A ()| < Ch, (10)
IVh(2)|| < Con, (11)
IVe(@) = Ve(z)|| < Lellz — 2], (12)
and
c(z) < e(z) + Ve(x) ' (z — ) + Le||z — = (13)

The (unknown) constants Ly, Cf, Ly, Ch, Cyp, and L. will be called characteristics of the
problem (1). The complexity results to be proved in this paper will be of the form
Computer Work < Constant x (e,

—2
feas + Eopt)7

where “Constant” only depends on characteristics of the problem and algorithmic parameters,
defined below. Moreover, €y, is a tolerance related to infeasibility, and €, is a tolerance for
optimality. All along the paper, expressions of the form a = O(b) or a < O(b) will mean that the
nonnegative quantity a is not bigger than a constant times the quantity b where the constant only
depends on characteristics of the problem and algorithmic parameters. In particular, a > 1/0(1)
indicates that the quantity a is not smaller than a positive quantity that only depends on
characteristics of the problem and algorithmic parameters.
For all z € Q, and 0 € (0,1), we define the merit function ®(z, ) by

®(z,0) = 0f(x) + (1 - )[|n(2)].- (14)

The main algorithm considered in this paper is presented below. Unlike other optimization
algorithms for which complexity has been analyzed [9, 22], the description of Algorithm 2.1 does
not depend of the possible stopping parameters €yqqs and €. In particular, we describe the
algorithm without a stopping criterion regarding €fe,s and €. This makes it easy to show
that the asymptotic convergence results follow as trivial consequences of the complexity ones.
If restoration breakdown does not occur, the algorithm generates an infinite sequence and com-
plexity results will follow from bounds on the number of iterations at which desired precisions
are not achieved.

Algorithm 2.1 - Inexact Restoration
Let v >0, M > 1, K > 0, ftmaz = Mmin > 0, 6o € (0,1), 7 € (0,1), and rgeqs € (0,7) be
algorithmic parameters. Let 20 € Q. Set k «+ 0.

Step 1 Restoration phase.
Compute yk € 2 using Algorithm 2.2 below with parameters M, 7, 7 teqs, fmin, and fimag-



Test the inequality

IR (y™)II < rllh(a®)])- (15)
If (15) does not hold, stop Algorithm 2.1 declaring restoration failure.

Step 2 Penalty parameter
If

O(y"*, 1) — B(z",0y) < %(1 —)([I")] = [[p(")) (16)
set Opr1 = 0.

Else, compute
(L4 7r)([[EM)] = R M)])

P = (R = £ + )] — AT i
Step 3 Optimization phase.
Choose € [tmin, thmaz) and Hy, € R™ " symmetric, such that ||Hg| < M.
Step 3.1 Tangent set minimization
Compute x € R™ an approximate solution of the following subproblem:
Minimize — Vf(y*)"(z — y*) + 3(z — y*)" Hi(x — y*) + pllx — y*|?
subject to  Vh(y¥)T(z —y*) =0 (18)

z € Q.

(The sense in which the solution of (18) must be approximated by x will be given later in
Assumptions 3.1 and 3.2. Assumption 3.2 depends on the algorithmic parameter x.)

Step 3.2 Descent conditions

Test the conditions

f@) < fF) =l —y*|1? (19)
and
(2, 0p41) < P(a¥, 1) + %(1 — ) (|h )| = [[R(®)]). (20)

If both (19) and (20) are fulfilled, define ps, = u, 2**! = 2, update k < k + 1, and go to
Step 1.
Else, update

ft € [24,104] (21)

and go to Step 3.1.
Algorithm 2.2 below describes the restoration procedure. This algorithm is similar to Algo-
rithm 2.1 of [13] applied to the function ¢(y) = 3||h(y)||> with appropriate choices of the target

and the precision.

Algorithm 2.2 - Restoration procedure



Step 1 If ||h(z¥)|| = 0 set y* = ¥ and return to Algorithm 2.1.

Step 2 Compute
L ooy kyy2 k
Carget = 5T [|h(xz™)||* and €. = 7 feqs|| (2" (22)

Step 3 Initialize 20 = 2*, ¢ « 0, and ¢ « 0.
Step 4 If ¢(2°) < carger or [|[Po(2" — Ve(2Y)) — 24| < e set y* = 2¢, oy = o, and return to
Algorithm 2.1. Else, choose 0 € [tmin, maz) and By € R™*™ symmetric and positive definite,
such that || By|| < M and | B, || < M.
Step 4.1 Find the solution z € R™ of the following subproblem:

Minimize ~ Ve(z9)T (2 — 2%) + 1(2 — 2T Bo(z — 2°) + 5|2 — 242 (23)

subject to 2z € Q.
Step 4.2 Test the condition

c(z) < e(z) = 7llz = 2% (24)
If (24) is fulfilled, define 2! = 2, ore = o, update £ <— £+1, and go to Step 4. Else, update
o € [20,100] (25)
and go to Step 4.1.
Remark
Algorithm 2.1 stops, employing a finite number of iterations, only when restoration fails.

Failure of restoration is declared when a point y is found such that ||Po(y* — Ve(y*)) — y¥|| <
T feas||P(@F)[| but |R(y*)|| > r||h(z*)|. Therefore,

1Pa(y"™ = Ve(®) = yF I < 7 peas (=" (26)
but
1h(z")I < %Ilh(yk)H- (27)
By (26) and (27),
1Pa(y* = VARG — 4| < @Hh(yk)ll (28)

If 7feqs << 7 this means that the infeasibility of y* is considerably bigger than the projected
gradient of the sum of infeasibility squares at y*. If |h(y*)| is not small (28) probably indicates
proximity to a local minimizer of ||h(y)||* at which ||h(y)|| does not vanish. On the other hand,
if ||h(y*)| is small, the fulfillment of (28) reflects the non-fulfillment of a desirable constraint
qualification. For example, if y* is interior to 2, (28) implies that there exists v € R™ such that
|lv]| =1 and

IVhGbyol < L.
This property probably indicates the proximity of a feasible point at which the gradients
Vhi(y),...,Vhny(y) are not linearly independent.



Lemma 2.1 Algorithm 2.2 finishes finding y* € Q that satisfies

C(yk) S Ctarget (29)

1Pa(y* = Ve(y®) — ¥l < e (30)

(xk)_ctaﬂ‘get

employing, at most, O (C ) iterations and evaluations of c. Moreover, at each iteration

c

of Algorithm 2.2, the descent condition (24) is tested O(1) times. Finally, one has that oj <
0(1).

Proof. By (13), if z is a solution of (23), we have that

o(z) — e(2") < Ve(z)T (2 = 2% + Le||z — 2Y))?

1
= Ve(!)T (z=2")+5 (2= Bele==")+ 2 =5 |*~2

g
< (=2 +Lo)llz - #I1.

1
IIZ—ZZIIZ—5(Z—Z‘Z)TBZ(Z—ZZ)JrLcIIZ—ZL)II2

Therefore, if § > L. + v, we have that (24) holds.
On the other hand, by the contraction property of projections and (12),

| Po (27! — Ve(21h) — 281 — P (2 — [Ve(2Y) + Bz — 29)) + 241

< IVe(z) = VeI + M|z = 2| < (Le + M)z —2°).
Thus,
1Pa(z! =Ve(z" 1) =2 < [|Pa(z""! = [Ve(z") + Br(" =20)]) =2 |+ (L M) |74 =21 .
Now, again by the contraction property of projections,
1P (=4 =[Ve(z")+Bi(zH =)o (2" —2)])) = Pa (" = [Ve(z)) + B (" =] || < o2 =2
Thus, since Po(z! — [Ve(2Y) 4+ Bp(2F! — 28) + o (21 — 29)]) — 21 = 0, (31) implies tha(tgl)
[Po(zT = V() — 21 < (0 + Le + M)||2T = 2. (32)

Thus, the desired result follows from (24) and (32). O
Corollary 2.1 The number of iterations and evaluations of h at each call of Algorithm 2.2 is

bounded by a constant O(1).

Proof. By (22), the result follows from Lemma 2.1. O

The objective of the following results is to show that the distance between z* and y* is
bounded by a multiple of the infeasibility measure.



Lemma 2.2 There exists Cs < O(1) such that, for all k and l, the iterates generated by Algo-
rithm 2.2 satisfy
121 = 2| < Gyl n (")l

Proof. The result is obvious if z¢+1 = 2¢. Otherwise, define

+1 l

2 — 2

V=
2000 — 2L

Note that Ve(29)Tv < 0. Consider the function ¢(t) = tVe(29) v + %UT(Bg + ol)v, for t > 0.

The unconstrained minimizer of this parabola is

B Ve(z9H)Tw < _VC(ZK)TU
vI(By+opl)v —  vTByw

te =

Therefore,
_ Iech)
A (By)

where \(By) > 0 is the smallest eigenvalue of By. Therefore, A\;(B;) = 1/||B,*|| > 1/M. So,

Tx

te < M||Ve(2h)]. (33)

Let £ be the minimizer of ((t) subject to z¢ + tv € Q. By the convexity of Q and the form of
©(t) we have that £ < t,. But, by construction, z¢ 4+ v = 21, So, by (33),

1251 = 2| < M[Ve(=")]| < M|[VA(z)h(z")|| < MCgnllh(z")]). (34)

Since c(zf) < ¢(z*) we have that ||h(z%)| < ||h(z¥)|, so the thesis follows from (34) with
Cs = MCwuy, 0

Lemma 2.3 There exists § < O(1) such that, for all y* computed at Step 1 of Algorithm 2.1,
we have that

ly* = 2*| < BlIA@M)]. (35)

Proof. Let Npgi be the number of iterations performed by Algorithm 2.2 at iteration k of
Algorithm 2.1. By Corollary 2.1 we have that there exists Ng such that Ng, < Np < O(1).
Then, by Lemma 2.2, we have that

Npg
ly* = 2| = [ D" = 2N < NaCllh(=b)].
I=1
Defining f = NrCs we have the desired result. O



3 Complexity and convergence

All along this section we consider sequences {z*} and {y*} generated by Algorithm 2.1. These
sequences are defined for all k € N, except if stopping occurs at some 3* with the diagnostic of
failure of restoration. The main results of this section say that, given an arbitrary € > 0, the
number of iterations such that the norm of infeasibility is bigger than e is smaller than O(s1)
and that the number of iterations such that the norm of a vector that represents optimality is
bigger than ¢ is smaller than O(¢72). As a consequence, we will obtain global convergence of
the algorithm and suitable stopping criteria.

The first technical lemma states that the penalty parameters {0} are bounded away from
Zero.

Lemma 3.1 Given z* and y* satisfying (15), Step 2 of Algorithm 2.1 is well defined. Moreover,
Ok+1 < Oy, the inequality

(1 =) (IaH) = a1 (36)

N[

(I)(yk) 9k+1) - (I)(xk’ 9k+1) <
is fulfilled, and there exits Cyp < 1/O(1) such that
0, > Cly. (37)

Proof. We will first prove that Step 2 is well defined and that 0 < 41 < 6. If ||h(y%)| —
|h(zF)|| = 0, then, by (15), we have that ||h(y*)|| = ||h(2¥)| = 0 and ®(z*,0;) = ®(y*, 01).
Thus, (16) holds in this case and, consequently, 011 = 6 > 0.

Therefore, it remains to consider only the case in which ||h(y¥)|| < ||h(z¥)||. In this case, we
obtain that

B~ IR+ T IAGH) ]~ )
= LR |~ Ihh) > (39)

By direct calculations, the inequality (16) is equivalent to

OklF (y*) — f(®) + 1AM = lIay™)Il]

=)~ TG, (39)

Thus, by (38) and the fact that 6, > 0, the requirement (16) is fulfilled whenever f(y*) —
F(@®) + [h(zF)|| — |R(yF)|| < 0. In this case, the algorithm also chooses 6,1 = 6} > 0.
Therefore, we only need to consider the case in which

FOF) = f (@) + M) = Ay > 0.

< M) = [1R(y™)I +



In this case, both the numerator and the denominator of (17) are positive. It turns out that
Or+1 > 0 whenever 611 is equal to 6 or it is defined by (17). Moreover, if (16) does not hold,
then, by (39), we have that

1—r

D(y*,0) - D(a*,0) > —

(R = 1R (z*)])

for all # > 0. Now, since the choice (17) obviously implies that
O [f (") — F(2®) + [|B(")] = A ()]
—r

. 5= (IR = IR, (40)

we conclude that 0 < 041 < 0 in all cases. Thus, since 0y € (0,1), the sequence {6y} is positive
and non-increasing. Furthermore, by (16), (17) and (40), we have that

= [lh(z®)]| = 1Ay +

LU I,

(I)(ykaek—‘rl) - (D(‘Tkaek—‘rl) <

It remains to prove that the sequence {6} is bounded away from zero. For this purpose, it
suffices to show that 0y, is greater than a fixed positive number when it is defined by (17). In
this case, we have that:

L") = @) + R = A
bont L+ DGR ] — (A
2 [ 1" — F()
STy [Hh(ﬂc’“)H ST 1}
Thus, by (3), (15), and Lemma 2.4,

1 2 L¢|ly* — 2F L
< { slly” = 27| +1]§2 [ fﬂ+1].
Ope1 — 1+7r [ (1—7)||h(z®)] 1+r|l—r

This implies that the sequence {1/641} is bounded. Therefore, the monotone sequence {6} is
bounded away from zero.

-1
Then, defining Cy = [lfrr (fff + 1) ] we have that 0, > Cpy, as we wanted to prove. O

Assumption 3.1 For every iteration k, the approxzimate solution of the quadratic programming
problem (18) satisfies

VI (@~ 98) + (o= o Hile — g + e~ 4 < 0. (1)

Lemma 3.2 below states that the criteria for stopping an optimality phase are necessarily
satisfied after O(1) iterations.

10



Lemma 3.2 Suppose that the approximate solutions of (18) satisfy Assumption 3.1. Then,
there exists npeqg € N, such that nyeq < O(1), and after at most nyeq updates (21), conditions
(19) and (20) are satisfied. (Thus, Step 3 of Algorithm 2.1 ends in finite time.) Moreover, there
exists i < O(1) such that py, < i for all k.

Proof. By Lemma 3.1, there exists > 1/0O(1) such that
0r > 0 for all k. (42)
Define _
1-40
= max {fy, éLh} . (43)
If w > M + Ly + o then, by (5) and (41),
fl@) < fO5)+ VI (@ —y") + Lille — o)

< TN+ VI @ )+ 5= TG - + ()

Iy +a) o = ¥ — alle — v
1

£GP + T (@ = 9) + 2@ = ) Hule = o) + sl — 912 = alfe — 5

FF) — alz — y*|1%

Since v < a, (19) holds. Moreover, by the definition of «,

IA

IN

1—-6
— Lz — ¥ % (44)

fl@) = fh) < -

Let us show now that condition (20) also holds for © > M + Ly 4+ «. By (9), (36), (44), (42)
and the definition of ®, we have:

®(, 0 41) — (2", O 1)

= ®(2,0p41) — P, Ops1) + B, Ops1) — B(2", 1)
< O [f(@) — F)]+ (1 = i) (|10()]] = [|R(M)I)

1—7r
+ (1™ = 1h)])
0 L 12 (1 — 0o Il — 12 4 ST (R — (et
kt1—=—Lnllz — v~ |7 + ( k1) Lnlle — 7|17 + (1) = [1R(z™)])
1-0 _ 1—7r
< —0— LthU—kaQJr(l—H)LthC—kaz+T(Hh(yk)H—Hh(-%'k)H)

< TSR - ).

Thus, after at most n,ey = UogQ(M + Ly +a) —log,
(20) are satisfied. Note that by (37) we have that 13¢

(,umm)J + 1 updates (21), both (19) and
<& 1. Thus, we have that

7
a < O(Lp).

11



Moreover, by the boundedness of the initial p and the update rule (21), there exists i > 0 such
that the whole sequence {uy} is bounded by [M + Ly + o] + 1 < [i independently of k. O

In Theorem 3.1 we prove that the sum of the infeasibilities of all the iterates is bounded and
that the same happens with the sum of all the squared increments computed in the optimality
phases.

Theorem 3.1 Suppose that Assumption 3.1 holds. Then, there exist h < O(1) and Cy < O(1)
such that for allk € N and j < k, if the sequences {2/} and {4’} are generated by Algorithm 2.1,
we have that

k
> k(@) < B, (45)
j=1
k . —
> by < rh, (46)
j=1
k—1
F@®) < f@®) + LeBh — ) [la? T — ¢ |, (47)
7=0
and .
D a7 =) < Ca (48)
§=0

Proof. By condition (20), for all j one has that

1—r

B, 0,.1) < B, ;1) (UIn(y) ]~ 1) ).

Therefore, by (15),

1 . (1_r)2 .
(2", 0541) < (27, 0j41) — (2]l (49)

Let us define p; = (1 —6;)/6; for all j. By Lemma 3.1, we have that ; > Cjy for all j. This
implies that p; < C%; — 1 for all j. Since {p;} is bounded, and nondecreasing and py > 0, it
follows that, for all k,

k-1 )
Z Pj+1 = Pj) = Pk — po < - (50)
—0 Co

By (10) and (50) we have that there exists C, < O(1), such that

k—

H

(pj+1 = p) IR < G, (51)
=0

<.

12



Now, by (49), for all j < k —1,
1—0‘1 . . _3'1 . (1_7,)2 ]
— (@) < f@?) + —LE (@) — )]
0j+1 011 20511

Since 641 < 1, this implies that, for all j <k —1,

F@™h) +

(1

. . ; 1 B § j
FE) + @) < £@) + preallae)] - S ).

Therefore, for all j < k —1,
. . . . . 1 —17)2 .
P 4 pya I < £+ il + (o1 — o) — S ),

Thus, we have that

k—1 9 k—
F@®) + prlla(a®) | < F2°) + pollR (@) + Y (pj1 = py)llR(2?)]]
Jj=0 Jj=
Therefore, by (51),
9 k-1

F@®) + prllR(@®)| < £(@) + poll ()] +
Thus,

—r 2
2’| <! ) 1R(@®)]| = [f ") + prlla(a™) 1) + £ (@) + polla(a®) ] + C,.

Since {pk} > 0, by (6) and (10), it follows that there exists o < O(1) such that Z?:o |h(z?)| < h.
Thus, (45) is proved. Then, (46) follows from (15) and (45).
Now, by (19), for all j < k — 1 we have:

P = f@) < J@) = F@) + S6) — F@) < e =P 4 ) - Fa).
Then, by (3) and (35),
F@*) = f(a?) < —Alla7 =3P+ BLg || h(2)]]
for all j < k — 1. Therefore,

k—1 k—1
F(a*) < @) =7 D Nl =P + 8Ly Y |h(a?)]
=0 =0
Therefore, (47) follows from (45) and (48) follows from (6) and (45). O

Assumption 3.2 means that we should solve the quadratic subproblem of Algorithm 2.1 with
precision of the order of ||z*+1 — 3/*||.
From now on, we define, for all k£ € N,

Dyir = {w € Q| Vh(yH (z — y*) = 0}. (52)

13



Assumption 3.2 Assumption 3.1 holds and there exists k > 0 such that, for every iteration
k, the approzimate solution of the quadratic programming problem (18) satisfies (41) and

1Py, (& = Vf(y*) = Hp(@™ = F) = 20 (2"t = ) — 2| < w2t — o) (53)

In the following lemma we prove that the sum of the optimality measures for all the iterates
generated by Algorithm 2.1 is bounded.

Lemma 3.3 Suppose that Assumption 3.2 holds. Then, for every iteration k, if z*1 is gener-
ated by Algorithm 2.1, we have:

|Ppyyy (2T = V(@R — aF | < (Ly + 20+ M + k)| = o) (54)

k+1(

and
1Py (" = V@) = y"Il < (2+2Lp + 20 + M + &)||" T — ], (55)

where [ is defined in Lemma 3.2.
Moreover, for every iteration k we have that

k
> Pp, ., (27 = V(27 T)) — 2P < (Ly + 20+ M + 1)Cy (56)
j=0
and
D P, (6 = V) = oI < (24 2L5 + 21+ M + £)*Cy, (57)
j=0

where Cy is given in (48).

Proof. By (53), the contraction property of projections, and Lemma 3.2 (boundedness of )

we have that:
|1Ppyyy (2P = W f(2F)) — 2F |

< ||Pp,.,, (@"*! = V(@) = Pp,,, (2" = Vf(y*) = Hp(2"T — %) — 20, (2T — )|
+Ppyy, (" = VF(F) = Hi(2" =) = 2 (2" — o)) — 2™
<V = VGO + 20 + M) |25 = ¥ + sl — o7
< (Lj+ 2+ M + g)|Jz*T — 45|

So, (54) is proved.
Let us now prove (55). By contraction of projections and (4) we have that

1P, (& = V(2" h) — 2™t = [Pp,, (5" = VE®) = M
<Py (51 = V(@) = Pp, (" = VEGO) + [ = )]

S VFEE) = VO] + 2™ =P < (Lp +2) 2™ = o).
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Then, (55) follows form (54).
Finally, (56) and (57) follow from (48), (54), and (55). O

Lemma 3.4 states that the number of iterates such that the infeasibility is bigger than a
given €fqqs is, at most, proportional to 1 / € feas-

Lemma 3.4 Suppose that Assumption 3.2 holds and €feqs > 0. Let Nipfeqs be the number of
iterations of Algorithm 2.1 such that

IA(&*)[| > €seas-
Then, _
h

€feas

Ninfeas < (58)
h
€feas

Moreover, the number of iterations such that ||h(y*)|| > €feqs is not bigger than r
Proof. By (45) we have that

k
> lIn@d)| < h.
j=1

Therefore, the number of iterations at which ||h(z7)|| > €feqs cannot be bigger than h/€feqs.

Analogously, by (46), the number of iterations of Algorithm 2.1 such that A (y")|| > €feas can-

not be bigger than r fh . O

€feas

In the following lemma we prove that the number of iterations for which the optimality

measure is given than an arbitrarily given e, is, at most, proportional to 1/ egpt.

Lemma 3.5 Suppose that Assumption 3.2 holds and €,,; > 0. Let Nop be the number of
iterations j of Algorithm 2.1 such that

1P,y (27 = V(@) — 27| > eopr. (59)
Then,
Nopt < (Lg + 2fi + M + £)2Cye, 2. (60)

Moreover, if Nopty is the number of iterations such that

1Pp;, (7 = VI7) =9Il > €opts (61)

we have that

Nopty < (2+ 2Lg + 2fi + M + £)2Cae 2. (62)
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Proof. Assume that (59) holds for more than N, iterations. Then, there exists k such that
among the k first iterations there are N, iterations that satisfy (60). Therefore,

k
S IPpy (@7 = L) — 2 > Noed,e (63)
=0
Therefore, by (56),
Noptegpe < (L + 201+ M + k)*Cy.
This implies (60). Analogously, (62) follows from (57). O

The following theorem is the complexity result that says that the number of iterates with

infeasibility bigger than €f.,s or projected gradient of f bigger than €,,; cannot be bigger than

a quantity proportional to 1/€feqs + 1/€2,;.

Theorem 3.2 Suppose that Assumption 3.2 holds, €fcqs > 0 and €opy > 0. Then:

o The number of iterations such that

AT D) > €geas or |Pp,, (277 = V(@) = 2™ > €op (64)
s bounded by -
h€fos + (L + 20+ M + £)*Caepy + 1

and there exists ¢; < O(1) such that the number of evaluations of h and the number of
evaluations of f are bounded by ci[he; ), + (Lp + 20+ M + K)QC’degth +1].

feas

o The number of iterations such that
IR > €eas o 1P, (7 = V) =1l > eopt (65)

is bounded by B
rhe;elas +(2+4+2Lf+2p+ M+ /1)2Cd6;p2t +1
and there exists co < O(1) such that the number of evaluations of h and the number of

evaluations of f are bounded by calhe; L, + (2+ 2Ly + 20+ M + H)QCdEJpZt +1].

feas

Proof. Assume that k iterations of Algorithm 2.1 are executed satisfying (64) and

k1> hep )+ (Lp + 20+ M + £)*Cae .

feas
Therefore, for all j = 0,1,...,k; the iterate 271! was defined and at least one of the following
two statements held: ‘
12| > €feas (66)
HPD;‘H (SCJ—H - Vf(x]+1)) - xﬁ_l” > €opt- (67)
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By Lemma 3.4, (66) can occur at most in ﬁe;;as iterations. Moreover, by Lemma 3.5, we
have that (67) can occur at most in (L + 2a + M + /{)QC’degp% iterations. Therefore, the
number of iterations at which at least one of the statements (66) or (67) hold cannot exceed
Be}elas +(Ly+20+ M+ /{)QCde;p% + 1. This completes the first part of the proof. The bound on
the number of evaluations of h follows from the number of iterations and Lemma 2.1 whereas the
bound on the number of evaluations of f follows from the number of iterations and Lemma 3.2.

The second part of the thesis is proved in an entirely analogous way. O

The convergence theorem below is an immediate consequence of the complexity results.

Theorem 3.3 Suppose that Assumption 3.2 holds and that Algorithm 2.1 does not stop by
restoration failure. Then,

lim Hh(xk)H =0, lim ||Pp, (a;k — Vf(xk)) — wkH =0. (68)
k—o0 k—o0
Jim ([A(y") [ =0, and lim || Pp,, (" = V(") - "] =0. (69)
—00 k—o0

Proof. Assume that the algorithm generates infinitely many iterations and that ||h(z*)| does
not converge to zero. This implies that there exists € > 0 and an infinite set of indices K such
that ||h(z*)|| > e for all k € K. Therefore (64) occurs infinitely many times with €feqs = €.
This is impossible by Theorem 3.2. In a similar way, we prove that ||Pp, (z¥ — V f(z¥)) — 2¥||
converges to zero. Analogously, (69) is proved using (65). O

From Theorems 3.2 and 3.3 we see that a reasonable stopping criterion for the practical
application of Algorithm 2.1 is

1Ry < €feas and [[Ppy,, (4 = VI (5*)) = 4" 1| < €ope. (70)

The condition (70) is the natural stopping criterion associated to the Approximate Gradient
Projection (AGP) optimality condition introduced in [36] and analyzed in [2] and [3].

The last theorem establishes that every limit point generated by Algorithm 2.1 satisfies the
AGP optimality condition and, under AGP-regularity, satisfies the KKT optimality conditions.

Theorem 3.4 Suppose that Assumption 3.2 holds and that Algorithm 2.1 does not stop by
restoration failure. Let y* € Q be a limit point of the sequence {y*} generated by the algorithm.
Then, y* is feasible (||h(y*)|| = 0) and satisfies the AGP optimality condition. Finally, if y*
satisfies the AGP-reqularity condition, the KKT conditions hold at y*.

Proof.  The first statement is a consequence of continuity and (69). KKT-fulfillment under
AGP-regularity follows from [3]. O
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4 Future research

Inexact Restoration methods have proved to be very efficient for solving problems in which
there exist natural ways to restore feasibility, induced by the structure of constraints [1, 5,
10, 14, 15, 16, 24, 26, 28, 32, 37]. Different general-purpose implementations have been given
in [8, 11, 29]. The fact that, according to the results of the present paper, our version of
the TR algorithm enjoys pleasant complexity properties is quite stimulating for the search of
more competitive general-purpose computer implementations. As frequently occurs, theoretical
developments inspire algorithmic ideas. Clearly, the properties (15), (35), (19) and (20) play a
main role in the proofs of complexity and convergence. This suggests that new developments
could be possible focusing on those properties with the aim of their fulfillment by means of
a single quadratic programming subproblem, opening the possibility of obtaining sequential
quadratic programming (SQP) algorithms with satisfactory complexity properties.
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