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Abstract

We present a primal-dual augmented Lagrangian method for solving an equality
constrained minimization problem, which is able to rapidly detect infeasibility. The
method is based on a modification of the algorithm proposed in Armand and Ombheni
(Optim Methods Softw 32(1):1-21, 2017). A new parameter is introduced to scale the
objective function and, in case of infeasibility, to force the convergence of the iterates
to an infeasible stationary point. It is shown, under mild assumptions, that whenever
the algorithm converges to an infeasible stationary point, the rate of convergence is
quadratic. This is a new convergence result for the class of augmented Lagrangian
methods. The global convergence of the algorithm is also analyzed. It is also proved
that, when the algorithm converges to a stationary point, the properties of the original
algorithm are preserved. The numerical experiments show that our new approach is as
good as the original one when the algorithm converges to a local minimum, but much
more efficient in case of infeasibility.

Keywords Nonlinear optimization - Augmented Lagrangian method - Infeasibility
detection

1 Introduction

When solving an optimization problem, most of the time it is not known in advance
if the problem is feasible or not. If care is not taken, the numerical solution of an
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infeasible nonlinear problem may lead to a long sequence of iterations until the algo-
rithm stops because a failure is detected. Even if the problem is feasible, the sequence
of iterates may sometimes converges to an infeasible stationary point. In that case, it
would be convenient to quickly detect the infeasibility of the computed solution, in
order to choose a new starting point and hope to converge to a feasible solution. A
rapid infeasibility detection is particularly important when solving large sequences of
nonlinear optimization problems that differ from each other by the variation of values
of some parameters or by some slight modifications of the optimization model, as for
example in branch-and-bound methods.

In this paper, we concentrate on the rapid detection of the infeasibility in the frame-
work of the solution of a nonlinear optimization problem by means of a primal-dual
augmented Lagrangian method. The augmented Lagrangian method was proposed
independently by Hestenes [1] and Powell [2]. It is known to be very robust with
respect to the degeneracy due to the linear dependence of the gradients of the con-
straints. This method is the basis of some efficient softwares like LANCELOT-A [3],
ALGENCAN [4-6] and SPDOPT [7]. It is worth noting that the algorithm proposed
in [7] departs from the standard augmented Lagrangian algorithm by its primal-dual
nature. The advantage is to get a superlinear or quadratic rate of convergence of the
iterates to an optimal solution under usual assumptions. In this paper, we propose a
modification of this algorithm, which also guarantees a rapid rate of convergence when
the sequence of iterates converges to an infeasible stationary point.

The infeasibility detection has been recently the focus of particular attention for
improving the behavior of augmented Lagrangian algorithms. Martinez and Prudente
[8] proposed an adaptive stopping criterion for the solution of the subproblems and
showed that their new algorithm performs better than the original version of ALGEN-
CAN. Birgin et al. [9,10] improved also an augmented Lagrangian algorithm within
the framework of global optimization and show better performances than the initial
implementation in [11]. Gongalves et al. [12] extend the results of [9] to an entire
class of penalty functions. Within the framework of sequential quadratic program-
ming (SQP) methods, Byrd et al. [13] have proposed an algorithm to quickly detect
infeasibility and have shown that their algorithm has fast local convergence properties.
To our knowledge, this is the first work that analyzes the local convergence around an
infeasible stationary point. More recently, Burke et al. [14] have improved the infea-
sibility detection for an SQP algorithm. They also proved the global and rapid local
convergence properties of their algorithm.

The augmented Lagrangian method of Armand and Ombheni [7] may detect infea-
sibility when the sequence of dual variables becomes unbounded and the penalty
parameter is forced to zero. The main drawback is that the infeasibility can take long
to detect. We then propose to introduce a new parameter, called the feasibility parame-
ter, whose role is to control the progress of the iterates to the feasible set. This parameter
scales the objective function relatively to the constraints until a nearly feasible point
is detected. The level of feasibility detection is arbitrary and, for example, can be
chosen of the same order as the overall stopping tolerance. Once this event arises,
the algorithm switches to its normal behavior and continues the minimization process
until convergence. From a formal point of view, the algorithm can be interpreted as
the numerical solution of the Fritz John optimality conditions, but with a perturbation

@ Springer



Journal of Optimization Theory and Applications (2019) 181:197-215 199

of the constraints due to the augmented Lagrangian parameters (Lagrange multiplier
and quadratic penalty term). The feasibility parameter is updated dynamically. In par-
ticular, its value depends on the norm of the residual of a primal-dual system related to
the minimization of the infeasibility measure. This leads to a superlinear or quadratic
convergence of the sequence of iterates to an infeasible stationary point. To our knowl-
edge, this is the first local convergence result in the infeasible case of an augmented
Lagrangian method. The paper concentrates on the equality constraints case, to com-
plete the capability of the algorithm [7] in detecting infeasibility. A possible extension
to the general case with equalities and inequalities is discussed in Sect. 7.

The paper is organized as follows. In the next section, we summarize our notation
and terminology which will be used. The algorithm is described in the next section.
The global convergence and the asymptotic analysis are studied in Sects. 4 and 5.
Some numerical experiments are reported in Sect. 6 to demonstrate the efficiency of
new method. Section 7 ends the paper.

2 Notation

For two real vectors x and y of same lengths, x T y is their Euclidean scalar product and
x|l = (x "x)!/? is the associated norm. For a real matrix M, the induced matrix norm
is |M|| = max{||Md|| : ||d|| < 1}. The inertia of a real symmetric matrix M, denoted
by In(M) := (14, t—, tp), is the numbers of positive, negative and null eigenvalues.
For a function f and an iterate x, to simplify the notation we denote f; = f(xx).
Likewise, f™* stands for f(x*), g,j stands for g(x,j), and so on. The positive part
of a real number r is defined by r, = max{r, 0}. Let {a;} and {b;} be nonnegative
scalar sequences. We write ay = O(by), or equivalently by = £2(ay), if there exists a
constant ¢ > 0O such that a; < c by, for all k € N. The notation a;y = ® (b;) means that
ar = O(by) and a; = 2(by). We also write ay = o(by), if ax = € by for all k € N,
with lim ¢; = 0.

3 Algorithm

We consider the equality constrained optimization problem
minimize p f (x) subject to c(x) =0, (Py)

where f:R" — R and ¢:R" — R are smooth, and where p > 0. For the value
p = 1, the problem (Py) is referred as the original problem, the one to be initially
solved. For the value p = 0, any feasible solution is optimal for (Pp). The parameter
p is then called as the feasibility parameter.

The main contribution of this paper is to propose an updating strategy of the fea-
sibility parameter, in order to guarantee the global convergence of the minimization
algorithm to a feasible or an infeasible stationary point of the original problem and
also fast local convergence in both cases.
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Let us recall some definitions about stationary points. A point x € R" is called a
Fritz John (FJ) point of problem (Py) if there exists (z, y) € R x R” with (z,y) # 0
such that

c(x)=0 and zg(x)+ A(x)y =0,

where g(x) = V f(x) denotes the gradient of f atx and A(x) = Vc(x) is the transpose
of the Jacobian matrix of the constraints at x. A FJ point x is a Karush—Kuhn-Tucker
(KKT) point whenever z # 0. In that case, y/z is the vector of Lagrange multipliers
related to problem (P;). A FJ point x for which z = 0 is called a singular stationary
point. In other words, a singular stationary point is a feasible point at which the linear
independence constraint qualification (LICQ) does not hold. A point x € R” is called
an infeasible stationary point of problem (Py) if

c(x) #0 and A(x)c(x) =0.

In other words, an infeasible stationary point is not feasible for the problem (P;) and
is a stationary point for the feasibility problem

minimizeepr % lc(x)|. (1)
The augmented Lagrangian associated with (P,) is defined as
Lpo(x. 1) = pf ) +21Te@) + 55 @I, 2

where A € R is an estimate of the vector of Lagrange multipliers associated with
the equality constraints and o > 0 is a quadratic penalty parameter. Recall that when
x* is a KKT point for (P,), with an associated vector of Lagrange multipliers 1*, if
the sufficient second-order optimality conditions hold at x*, then x* is a strict local
minimum of £, (-, A*) provided that o is small enough, see e.g., [15, Proposition
1.26]. This result serves as a basis of augmented Lagrangian methods, in which the
augmented Lagrangian is minimized while the parameters A and ¢ are updated in an
appropriate manner, see e.g., [16, Chapter 17].
The first-order optimality conditions for minimizing £, (-, 1) are

pg(x) + A(x) (A + Le(x)) =0.

By introducing the dual variable y € R™ and the notation w := (x, y), these optimality
conditions can be reformulated as

Sw. h p.o) = (pg(x) + A(X)y> —o.

c(x) +o(h—y)
This formulation of the optimality conditions for minimizing (2) serves as a basis of

our algorithm. Note that by setting A = y, we retrieve the optimality conditions of
problem (P,).
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Let us define the regularized Jacobian matrix of the function @ with respect to w
by

H A
pmatw) = (M 40

where 6 > 0 is a regularization parameter and where

Hyo(w) = pV2f(x) + Y yiVei(x) +01

i=1

is theregularized Hessian of the Lagrangian associated with (P, ). During the iterations,
the regularization parameter is chosen to control the inertia of regularized Jacobian
matrix of @. Itis well known that In(J,, 5.9 (w)) = (n, m, 0) if and only if the matrix

Kpoow) = Hyo(w) + LAX)AX)T

is positive definite (see e.g., [17, Lemma A.16]). A link with the augmented Lagrangian
is given by the following formula:

Kpoow) =V2 Ly o(x,y— 2c(x) +01.

The algorithm is a Newton-type method for the solution of the optimality system
@ = 0, and it follows the one proposed in [7]. The globalization scheme of the
algorithm uses two kinds of iteration. At a main iteration, called outer iteration, all the
parameters A, p and o are updated and a full Newton step for the solution of @ = 0
is performed. If the norm of the residual ||@|| at the trial iterate is deemed sufficiently
small, then the new iterate is updated and a new outer iteration is called, otherwise the
parameters are fixed to their current values and a sequence of inner iterations is applied
in order to reduce sufficiently || @ ||. The inner iteration algorithm is a backtracking line
search applied to a primal-dual merit function, whose first-order optimality conditions
correspond to @ = 0.

Algorithm 1 is quite similar to [7, Algorithm 1], except for the first four steps which
are related to the updating of the parameters.

Initially, a primal-dual starting point is defined and the values of the parameters are
chosen. A flag is used to indicate if the algorithm is in the feasibility detection phase
(F = true)ornot (F = false).

At the first step, the algorithm tests if a nearly feasible point, with regards to a
feasibility tolerance € > 0, has been detected. If it is the case, the algorithm switches
into the normal operating mode of [7, Algorithm 1]. This means in particular that the
feasibility parameter px will remain constant for all further iterations. This switching
mechanism is necessary to avoid the undesirable situation where the feasibility mea-
sure goes to zero very slowly, while the condition (3) is alternatively satisfied and not
satisfied an infinite number of times, leading to decreasing the feasibility parameter
to zero. Moreover, in this situation, it would be impossible to make the distinction
between the satisfaction of the KKT conditions and the regularity of the constraints.
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Algorithm 1

0. Initialize wy = (xg, yo) € R and set Ay = yg. Choose parameters py > 0, 09 > 0, € > 0,
a€l0,1[,¢ e Nand 7 €]0, 1[. Set k =0 and ig = 0. Set F = true.

1. If |lcg |l <€, thensetF = false.

2. Choose ¢ > 0 such that {¢x} — 0.If k =0 or

lell < amaxlic;, ||+ (k= )4 < j <k} +& 3)
then set iy = k and go to Step 4, otherwise set iy = ik.

3. If F = true, then choose 0 < pr+1 < 7o and set 0y 4| = oy, else choose 0 < o} < T0o} and set

Pk+1 = Pk-Set A1 = plt‘o—:lkk and go to Step 5.

4. Choose 0 < oy < 0. Set pg1 = px and Ay = yi.
5. Choose 6 > 0, such that In(Jy) = (n, m,0), where J; = Jorg1,0k41,6 (Wk)- Compute w,j by
solving the linear system
Jk(wk+ —wy) = =P (Wi, At 15 Pkd-15 Ok4-1)-
6. Choose & > 0 such that {g;} — 0. If
1D W A1 Pks 15 ok DI < £ “4)
then set wy 41 = w;’. Otherwise, apply a sequence of inner iterations to find wy| such that
1D (Wi 1+ Me 1 Pr 15 O DI < . Q)

7. If termination criteria hold for (P,) then stop, else increment k by 1 and go to Step 1.

At the second step, the algorithm tests if a sufficient reduction in the feasibility
measure has been obtained. If it is the case, the feasibility parameter is kept constant,
the Lagrange multiplier estimate is set to the current value of the dual variable and
a new value of the quadratic penalty parameter is chosen. For k > 1, the index i is
the number of the last iteration prior to k at which inequality (3) holds. Note that, at
Step 4, the quadratic penalty parameter is chosen in such a way that it could remain
constant all along the iterations. But in that case, the convergence to a KKT point is
only linear and the numerical experiments in [7] have shown that, in practice, it is
better to force the convergence of oy to zero.

If the algorithm detects that the constraints have not decreased sufficiently, because
condition (3) is not satisfied, then there are two situations. If F = true, then the
algorithm is still in the feasibility detection phase. In that case, the feasibility param-
eter is sufficiently decreased, the quadratic penalty parameter is kept constant and the
Lagrange multiplier estimate is rescaled. This scaling is important to force the con-
vergence to zero of {A;} when this step is always executed from some iteration (see
Lemma 3.1-(ii)), ensuring that the sequence of iterates approaches stationarity of the
feasibility problem (see Theorem 4.1-(ii)). The second situation is when F = false.
In that case, the algorithm has left the feasibility detection phase. Then, the feasibility
parameter is kept constant, but the quadratic penalty parameter is decreased to penalize
the constraints and the Lagrange multiplier estimate is kept constant as in a classical
augmented Lagrangian algorithm.
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The following lemma summarizes the behavior of the algorithm regarding the fea-
sibility detection strategy and the update rules of the parameters.

Lemma 3.1 Assume that Algorithm 1 generates an infinite sequence {wy}. Let K C N
be the set of iteration indices for which the condition (3) is satisfied.

(1) If K is infinite, then the subsequence {ci}rejc converges to zero and {py} is even-
tually constant.

(i) IfK is finite, thenlim inf ||cg || > O and both sequences {oy p} and {ox A} converge
to zero.

Proof For k € N, set B = |c;, ||. We then have for all k € K,
B <amax{Bj : (k — )4 < j <k} + &

and for all k ¢ K, Bx+1 = PBx. It has been shown in [7, Lemma 3.1] that such a
sequence converges to zero. This proves the first conclusion of assertion (i). Since
{ck}rexc converges to zero, then there exists kg € K such that ||cg,|| < € and thus
F = false for all further iterations. The update rules of the feasibility parameter
at Step 3 and Step 4 imply that py = py, for all k > ko, which proves the second
conclusion of assertion (i).

To prove conclusion (ii), suppose that K is finite and let kp = max K. For all
k > ko + 1, ix = ko and Step 3 is executed. It follows that for all k£ > ko + £, we have
llckll > allck, I, and therefore liminf ||cx|| > 0. We consider two cases. If at some
iteration k, ||cx|| < €, then F = false for all further iterations. The update of the
parameters at Step 3 implies that both sequences {py} and {A;} are eventually constant
and {oy } tends to zero. It follows that {0} or} and {oy Ax} tend to zero. The second case
is when ||ck|| > € for all k € N, which implies that F = true at each iteration. In that
case, forall k > ko + 1, px+1 < TPk, Ok+1 = o and Ay = %yko. ‘We deduce that
{px} goes to zero, {0y} is eventually constant, and {A;} goes tc(; zero, which implies
that both sequences {oy pr} and {ox A} tend to zero. m]

At Step 5 of Algorithm 1, the parameter 6y is selected to control the inertia of
the matrix Ji. This issue is important to avoid that the outer iterates converge to a
stationary point, which is not a local minimum, see [18].

At Step 6, a tolerance & > 0 is chosen to check if a sufficient reduction in the
norm of the optimality conditions at the candidate iterate w,j has been obtained. An
example of choice of g is detailed in Sect. 6. If the residual norm is not smaller than
this tolerance, then a sequence of inner iterations is called to compute the new iterate.

The inner iteration algorithm consists of a minimization procedure of the primal-
dual merit function defined by

PrpowW) = Loo(x, 1) + 55 llc(x) + o (L = M7,
where v > 0 is a scaling parameter. It is easy to see that w is a stationary point

of this function if and only if @ (w, A, p, o) = 0. The minimization procedure is a
backtracking line search algorithm quite similar to [7, Algorithm 2], and we refer
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the interested reader to this paper for a full description of this algorithm. The only
difference is that in our description of Algorithm 1, the quadratic parameter oy is
kept constant during the inner iterations, while in [7] it can be increased. This choice
has no impact from a theoretical point of view and simplifies the presentation of the
algorithm. In our numerical experiments, the value of the quadratic penalty parameter
is also kept constant during the inner iterations.

4 Global Convergence Analysis

The global convergence of the inner iteration algorithm has been studied in [7, The-
orem 2.3]. It has been shown that if the function f is bounded from below and if the
gradient of the constraints and the regularized Hessian of the Lagrangian stay bounded
during the inner iterations, then the iterate wy41 can be computed in a finite number
of inner iterations. In view of this result, it will be assumed that the inner iteration
algorithm succeeds in a finite number of iterations in finding w4 each time it is
called at Step 6 of Algorithm 1.

Theorem 4.1 Assume that Algorithm 1 generates an infinite sequence {wy}. Assume
also that the sequence {(gk, Ar)}is bounded. In any case, the iterates approach feasible
or infeasible stationarity of problem (Py). More precisely, let K C N be the set of
iteration indices for which the condition (3) is satisfied. Then, at least one of the
following situations occurs.

() If K is infinite, then the subsequence {ci}i tends to zero. In addition, if {yi}x is
bounded, then the sequence {(gr, Ay)} has a limit point (g, A) such thatg+Ay =0
for some y € R™. If {yx}c is unbounded, then { Ay} has a limit point A which is
rank deficient.

(ii) If IC is finite, then {||ck ||} is bounded away from zero and {Acy} tends to zero.

Proof First note that the convergence to zero of the sequence {pxgx + Ax i} is a direct
consequence of Step 6 of Algorithm 1.

Let us prove outcome (i). Lemma 3.1-(i) implies that limjc ¢z = 0 and {px} is
eventually constant. If {y;}xc is bounded, then the assumptions imply that the whole
sequence {(gk, Ak, yk/px)}xc is bounded and so has a limit point (g, A, ¥) such that
g + Ay = 0, which proves the first part of outcome (i). Suppose now that {yx}x is
unbounded. There exists K’ C K such that y; # Oforallk € X' andlimg: || yr| = oo
For k € K/, we have

|Agurll < H)’kH ”pkgk + Akyk” + H)’kH ”gk”

where ux = yi/||ykll- Since {(Ag, ux)}x is bounded, it has a limit point (A, @), with
u # 0. By taking the limit in the previous inequality, knowing that the two terms of
the right-hand side tend to zero, we deduce that Ait = 0, which proves the second part
of outcome (i).
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For outcome (ii), suppose that K is finite. Lemma 3.1-(ii) implies that {|ck|} is
bounded away from zero and {0} pr, oAk} tends to zero. For all kK € N, we have

Arck = Ax(ck + ok (Ak — yk)) — ok Arrk + ok (ok8k + AkYk) — Ok Pk 8k -
By taking the norm on both sides, for all kK we have

| Axcll
< N Arllllck + ok ke — YOl + owll Ak Akl + okl orgk + Ak yill + owpicll gk |l
< max{||Acll, ok, gk} 2IP (wk, Ak, Yk, o) | + orllrell + o o).

Since the first term of the right-hand side of this inequality is bounded above and all
the terms in the parentheses tend to zero, we have lim Ay cy = 0, which concludes the
proof. O

To sum up, the next result shows the behavior of the algorithm when the sequence of
primal iterates remains bounded, a usual and mild assumption in a global convergence
analysis.

Theorem 4.2 Assume that Algorithm 1 generates an infinite sequence {wy} such that
the sequence {xy} lies in a compact set.

(1) Any feasible limit point of the sequence {xy} is a Fritz John point of problem (P1).
(ii) Ifthe sequence {x} has no feasible limit point, then any limit point is an infeasible
stationary point of problem (Py).

Proof The compactness assumption implies that the sequences {gx} and {A;} are
bounded and so Theorem 4.1 applies.

Let x be a limit point of {xz} such that ¢ = 0. From Lemma 3.1-(ii), we have that
the condition (3) is satisfied an infinite number of times. It follows from Lemma 3.1-(i)
that there exists ko € N such that for all k > ko, pr = px,. Let J C N such that
the subsequence {x;} 7 tends to x. Step 6 of Algorithm 1 implies that the sequence
{pro 8k + Aryxr} tends to zero. Dividing by || (ok,. yx)|l and because pg, 7# 0, we have

Pro8k + AkYk
b I (Pko» YOI

By compactness, the sequence {(ox,, Yk)/ Il (oxy, Yx) I} 7 has a limit point (o, y), such
that [|(p, )|l = 1 and 5§ + Ay = 0, which proves assertion (i).

Suppose now that {x;} has no feasible limit point. From Lemma 3.1-(i), we have that
the condition (3) is only satisfied a finite number of times. Theorem 4.1-(ii) implies
that A¢ = 0 for any limit point x of {x;}, which proves assertion (ii). O

5 Asymptotic Analysis

We have to distinguish two cases for the asymptotic analysis. The first one is when
the sequence {wy} converges to a primal-dual solution of the problem. In this case,
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because {cx} converges to zero, the feasibility parameter becomes constant after a
finite number of iterations and the algorithm is reduced to Algorithm 1 in [7] applied
to the solution of problem (P,) with a fixed value of p. It has been shown that under
the classical assumptions of linear independence constraint qualification and second-
order sufficient conditions at the optimal limit point, a suitable choice of the parameters
allows to get a superlinear or quadratic rate of convergence of {wy}, see [7, Theorems
4.4 and 4.5]. The second case to analyze is when the sequence {x;} converges to an
infeasible stationary point. This is what we will develop in detail in this section.

The first assumption is that the sequence of iterates converges to an infeasible
stationary point.

Assumption 1 Algorithm 1 generates an infinite sequence {wy} which converges to
w* = (x*, y*) € R"™™ where x* is an infeasible stationary point of problem (Py).

This assumption is very usual for the analysis of the rate of convergence of a numer-
ical optimization algorithm. Note that it is equivalent to assume that {x;} converges to
an infeasible stationary point x* and that the algorithm always stays in the feasibility
detection phase, i.e., F = true for all the iterations. Indeed, by Lemma 3.1-(i), the
convergence of {x} to an infeasible stationary point x* implies that the condition (3) is
satisfied for a finite number of iterations. In that case, by Lemma 3.1-(ii), the sequence
{ox A} tends to zero. Step 3 of Algorithm 1 implies that if F = true at any iteration,
then {0y} is eventually constant and on the contrary, if F = false at some iteration,
then {0} — 0. Since {cx + ox(Ax — yk)} tends to zero, the sequence {0y} tends to
¢* # 0 and thus {yx} has a finite limit if and only if F keeps the value true at all the
iterations. This indicates that the choice of the value of the feasibility tolerance € is
an important issue relatively to the behavior of the algorithm. In practice, € is chosen
equal to, or smaller than, the stopping tolerance of the overall algorithm.

Lemma 5.1 Under Assumption 1, the inequality (3) is satisfied a finite number of times,
the sequence {py} converges to zero, {or} is eventually constant, and || || = O(pk).

Proof Assumption 1 implies that {c;} converges to a nonzero value. Therefore, by
virtue of Lemma 3.1-(i), the inequality (3) is satisfied only a finite number of times. It
follows that Step 3 of Algorithm 1 is always executed for k sufficiently large and that
F = true for all iterations. Indeed, for all k¥ € N we have

el < llek + 0w (hie = Ol + ox 1Akl + oxcll ye -

Step 6 and Lemma 3.1-(ii) imply that the first two terms of the right-hand side of the
inequality tend to zero. Because {yi} is supposed to be convergent, we deduce that
the sequence {0y} does not converge to zero, which implies that F = true for all
iterations. Therefore, there exists kg € N such that for all k > ko, pr < tk=ko Pkos
Ok = Ok, and Ax/px = Aky/ Pky» the conclusion follows. O

Let o > 0 be the limit value of {o}}. For w = (x, y) € R"™ let us define

_( Ay
F(w) = (C(x) v Uy) ) (6)
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*

We have lim @ (wy, A, pr, ox) = @ (w*,0,0,0) = F(w*), and therefore y* = %c .

Assumption 2 The functions f and c are twice continuously differentiable and their
second derivatives are Lipschitz continuous over an open neighborhood of x*.

The Hessian matrix of the function % llc||? is defined as
C:=Y,ciVc+AAT.
Assumption 3 The sufficient second-order optimality conditions hold at x* for the
feasibility problem (1), i.e., the matrix C* is positive definite.
The following lemma is a direct consequence of these assumptions.

Lemma 5.2 Under Assumptions 2 and 3, there exist a neighborhood W of w*, M > 0,
L > 0and0 < a; < ay such that for all w, w' € W we have

@) 1IF' )~ < M,
(i) [|F(w') — F(w) — F'(w)w' —w)|| < §llw—w'|?,
(i) aiflw —w'|l < |F(w) = F("| < azllw — w’|.

Proof To prove (i), it suffices to show that F'(w*) is nonsingular. By using the fact
that y* = %c*, we have

1 x*\72 ok *
Foo kY EZiCivci A
F(w)_( AT ol)

It is well known that F/(w*) is nonsingular if and only if the matrix éC*, the Schur
complement of —o I of the matrix F’(w?*), is positive definite (see e.g., [19, Lemma
4.1]). Thus, item (i) follows from Assumption 3. Assumption 2 implies that F’ is
Lipschitz continuous on W with the Lipschitz constant L. Property (ii) then follows
from the Lipschitz continuity of F’ and from [20, Lemma 4.1.12]. The assertion (iii)
follows from [20, Lemma 4.1.16]. O

The next lemma shows that the matrix J; used at Step 5 of Algorithm 1 is a good
approximation of the Jacobian matrix of F at wy; when the feasibility parameter goes
to zero.

Lemma 5.3 Under Assumptions 1-3, there exists f > 0 such that for all k € N large
enough,

Ik — F{ < Bors1 and |1J;")| < 2M,

where M is defined by Lemma 5.2.

Proof From the definition of Ji, for all k € N we have
Ik = F{Il = lloks1 V2 fic + 01 .
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Since {x;} converges to x* and f is assumed to be twice continuously differentiable
in a neighborhood of x*, the first inequality will be proved if we show that 6; = 0 for
k large enough. This is the case if In(J;) = (n, m, 0) or, equivalently, if K, »,0(wx)
is positive definite for k large enough. For all k € N, we have

K,Okﬂ,U,O(wk) = H,Ok+l’0(wk) + %AkA;‘r
= 2C* + 2(Cx — C*) + Hpyp 0%k, Y — ).

By assumption, C* is positive definite and the two other matrices tend to zero when k
tends to infinity. It follows that K, ., »0(wk) is positive definite for k large enough,
first inequality.

Using Lemma 5.2-(i), the inequality just proved and the fact that { p; } tends to zero,
for k large enough we have

IE k= EOIL < 1E Nk — F

M Bpi+1
1

5-

IAIA

It then suffices to apply [20, Theorem 3.1.4] to prove the second inequality.

The last lemma gives an estimate of the distance of the Newton iterate w,j to the
solution w*.

Lemma 5.4 Assume that Assumptions 1-3 hold. The sequence of iterates generated
by Algorithm 1 satisfies

lwi” — w*| = Olwx — w*||I*) + O(px+1).

Proof Let k € N. From the definition of the trial iterate u)k+ at Step 5 of Algorithm 1,
we have

wi —w* = w — w* — I D (Wi, st prst, 0)
= J; Uk = FD(wr — w*) + Fl(wg — w*) — Fy
+ Fi — @ (Wi, At 1s k1, 0)).
By using F* = 0, by taking the norm on both sides, then by applying Lemma 5.3,

Lemma 5.2-(ii), finally by using the convergence of {wy} to w*, the boundedness of
{gr} and || Ak || = O(pr) from Lemma 5.1, we obtain

lwi — w*||

< 17Nk = Fllwe — w* || + 1 F* = Fe — F{(w* — wp)|
+ Fi — @ (Wi, Ay 1. prt1. 0|

< 2M (Bors1llwk — w*ll + S llwe — w*lI? + prsllgell + o k1)
= 0(pr+1) + O(|lwg — w*||1?),
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which concludes the proof. O
We now state the main result of this section. This theorem shows the rapid rate of
convergence of Algorithm 1 in the infeasible case. In addition, under a suitable choice
of the parameters, there is no need of inner iterations for k large enough. In this case,
the cost of the one iteration of the algorithm is reduced to the solution of the linear
system at Step 5, which can be done with O((n + m)3) arithmetic operations.

Theorem 5.1 Assume that Assumptions 1-3 hold. Lett €]0, 2]. If the feasibility param-
eter of Algorithm 1 is chosen so that py+1 = O(|| Fx||"), then

lwies1 — w*ll = O(|we — w*|"). (N

In addition, if pry1 = O (| Fx||") and if g, = .Q(,o,i/)forO < t' < t, then for k large
enough there is no inner iterations, i.e., Wi+ = w,j'.

Proof The assumption on the value of pxy; and the Lipschitz property of F from
Lemma 5.2-(iii) imply that

pk+1 = O(Jlwg — w*||"). (8)
Using this estimate in Lemma 5.4, we deduce that
lw —w*|| = O(lwg — w*|"). 9

At Step 6 of Algorithm 1, we have either wyy1 = w,‘: or w41 is computed by means
of the inner iterations. In the first case, it is clear that (7) follows from (9). Suppose
now that the second case holds, i.e., the inequality (4) is not satisfied at iteration k.
We then have

1D (Wit 1, Akt 1, Prr1, Ol < ek < 1P (Wi, A1y o1, 0)] (10)

From (9), the sequence { w,j} tends to w™*, and therefore {g,j'} is bounded. Using the
second inequality of Lemma 5.2-(iii) and Lemma 5.1, then (8) and (9), we deduce
that

D W, det1, prsts O < NEE = F*I + o gl 1| + o llAk1
= O(Jlwy" — w*|)) + O(pi+1)
= O(lwx — w*||"). (11)

Combining (10) and(11), we obtain

1P (W1, At 1, P41, 0) | = O(Jwr — w*|").
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Finally, from the first inequality of Lemma 5.2-(iii), the last estimate, the boundedness
of {gr}, Lemma 5.1 and the estimate (8), we have

arllwiyr — w*|| < [[Feg1 — F¥|
= || F+1]
< NP (Wit15 Ak 15 Pk+15 O + Pr+1l8k+1 1 + o [ Ak41l
= O(lwx — w*[I") + O(pr+1)
= O(Jlwx — w*||"),

which proves (7).

Let us now prove the second assertion of the theorem. On the one hand, Lemma 5.2-
(iii) and (7) imply that ||Fr+1]] = O(||Fx|l"). By assumption, we have pry; =
O Fill"), and thus pr1 = O(pp). Since ' < t, we then have prpy = 0(,0,’{,).
On the other hand, the estimate (11) implies that

1D W, Mt1, prs1s )l = OUFiell") = O(pis1).

By assumption, & = .Q(,o,’(/); therefore, for k large enough, the inequality (4) is
satisfied. O

6 Numerical Experiments

Our algorithm is called SPDOPT-ID (strongly primal-dual optimization with infeasi-
bility detection) and has been implemented in C. The performances of SPDOPT-ID
are compared with those of SPDOPT-AL [7] on a set of 130 standard problems from
the CUTEr collection [21]. The selected problems are those with equality constraints
and a solution time less than 300s. To create a second set of 130 infeasible problems,
the constraint c% + 1 = 0, where ¢ is the first component of ¢, has been added to
each problem. Note that the addition of this new constraint leads to a twofold diffi-
culty. Indeed, not only the constraints are infeasible, but their gradients are linearly
dependent.

We also compare the condition used to update the parameters in Step 2 of Algo-
rithm 1, with the one used in [7, Algorithm 1]. The algorithm called SPDOPT-IDOId
is Algorithm 1, but with the inequality (3) which is replaced by

ekl = amax{lici; || +&i; « (k— €)1 = j <k} (12)
We will show that this modification is of importance when solving an infeasible prob-
lem and that the use of (3) in place of (12) leads to better numerical performances.

The feasibility parameter is initially set to pg = 1. When F = true, the feasibility
parameter in Step 3 is updated by the formula

P+t = min{0.2p¢, 0.2 Fill, 1/(k + D).
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The assumption on pi1 in the statements of Theorem 5.1 is satisfied with = 2. The
rate of convergence of {wy} to w* is then quadratic. A lower bound of 10~'° is applied
on this parameter.
The parameters oy and 6, are updated at Step 4 and Step 5 as in [7, Algorithm 1].
To be able to solve a quadratic problem in only one iteration, we adopt the

same procedure as in [22] for the choice of the starting point. Let w = (X, y),
where % is the default starting point and y = (1,...,1)". Initially, the fol-
lowing linear system Jjoo(w)d = —@(w,y,1,0) is solved. If the inequality

2w +d,0,1,0)]|cc < [|@(w,0,]1,0)| is satisfied, then wg = w + d, other-
wise wg = w.

The algorithm is terminated and an optimal solution is declared to be found if
I(gk + Akyi/Pks c)lloo < € With &, = 1078, Otherwise, the algorithm returns a
notification that an infeasible stationary point has been found if px < &, |lckll > €u
and || @ (wg, 0,0, 0%) oo < &q- For SPDOPT-AL, we also add the stopping condition
llekll > s |Akckll < €q and ox < &, to terminate this algorithm at an infeasible
stationary point.

As mentioned in Sect. 5, the feasibility tolerance at Step 1 is set to € = ¢, to geta
fast local convergence when the algorithm converges to an infeasible stationary point.

At Step 2 of Algorithm 1, we choose a = 0.9,¢ = 2 and { = 100y px for all
iteration k.

The sequence of tolerance {g;} in Step 6 is defined by the following formula:

ex = 0.9 max{||®(wi, Ai, pi, o) : (k =4y <@ <k} + &

The convergence to zero of the sequence {&} is a consequence of [22, Proposition 1].
This choice meets the requirements to get a fast convergence both in the feasible case,
i.e., & = £2(ox+1), and in the infeasible case, i.e., g = .Q(,o,’(,), with ¢/ = 1.

The symmetric indefinite factorization code MAS57 [23] is used to factorize and
regularize the matrix Ji. Since this factorization reveals the inertia of the matrix, the
correction parameter 6, initially set to zero, is increased and a new factorization is
performed until the inertia of J; has the correct value.

The maximum number of iterations, counting both the inner and the outer iterations,
is limited to 3000.

For the standard problems, only 129 problems solved by at least one of three algo-
rithms are selected for the comparison purpose (problem dixchlng has not been
solved). Figure 1 shows the performance profiles of Dolan and Moré [24] on the num-
bers of function and gradient evaluations. For t > 0, ps(t) is the fraction of test
problems for which the performance of the solver s is within a factor 27 of the best
one. These profiles show that the performances of the three algorithms are very simi-
lar, the difference is not significant. In terms of robustness, the three algorithms solve
successfully the same number of problems (128 problems). We can conclude that the
infeasibility detection does not reduce the performances of the algorithm for solving
standard problems.

Figure 2 shows the performances of these algorithms in terms of numbers of function
and gradient evaluations on a set of 126 infeasible problems (the problems gilbert,
hager3, porousl, porous?2 have been eliminated since three algorithms can-
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Fig.1 Performance profiles comparing the three algorithms on the set of standard problems
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Fig.2 Performance profiles comparing the three algorithms on the set of infeasible problems

not detect the infeasibility). We observe that SPDOPT-ID is the most efficient algorithm
for detecting infeasible problems, with an efficiency rate of approximately 90%. In any
case, the efficiency of SPDOPT-ID and SPDOPT-IDOId is very significant compar-
ing to SPDOPT-AL. In terms of robustness, our two algorithms are more robust than
SPDOPT-AL since they can detect more than 95% of problems, whereas SPDOPT-AL
only detects less than 60%. This figure also shows that SPDOPT-ID is better comparing
to SPDOPT-IDOId, justifying the choice of new criterion for updating parameters.
We conclude this section by a comparison of a numerical estimate of the rate of
convergence of the new algorithm SPDOPT-ID and of the original one SPDOPT-
AL, when the sequence of iterates converges to an infeasible stationary point. We
used a graphical representation inspired by [14]. We selected a set of 58 problems
among the collection of infeasible problems, for which both algorithms generate a
sequence converging to an infeasible stationary point. Figure 3 shows the last ten
values of ||Akck|| for SPDOPT-AL and of || Fi|| for SPDOPT-ID. We cannot plot
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Fig.3 Values of log;( | Axck |l and logq || Fi |l for the last ten iterations of SPDOPT-AL and SPDOPT-ID.
T represents the index of the stopping iteration for each run

the values || Fy|| for SPDOPT-AL, because when the sequence of iterates converges
to an infeasible stationary point, {ox} goes to zero and {y;} becomes unbounded.
Under some regularity assumptions, we obviously have ||Aick]l = O (|lxx — x*|)
and | Fr|| = O(JJlwx — w*|]). These curves empirically show that there is a true
improvement in the rate of convergence of the algorithm, from linear to quadratic.

For the solution of these infeasible problems, we observed that for the last four outer
iterations, there is no inner iterations (i.e., wWxy+| = w;’) for 90% of the problems.
This percentage is more than 93% if one considers the last three outer iterations.
For the infeasible problems for which SPDOPT-ID uses inner iterations at the last
outer iterations, either the algorithm does not terminate successfully or the quadratic
convergence is not observed. These observations confirm the asymptotic property of
our algorithm.

7 Conclusions

During the solution of an optimization problem, a rapid detection of the infeasibility
is a difficult task. In the framework of an augmented Lagrangian method, we have
proposed to add a new parameter, which has to scale down the objective function when
the infeasibility measure is not sufficiently reduced. The global and local convergence
analyses, as well as the numerical results, show that this method is reliable for both
solving a feasible optimization problem and quickly detecting the infeasibility.

The original algorithm SPDOPT-AL [7] uses only one penalty parameter oy to
balance between optimality and feasibility as in a classical augmented Lagrangian
algorithm. According to [7, Theorem 3.4], when the problem is infeasible, any
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limit point of {x;} is an infeasible stationary point, but the sequence {y;} becomes
unbounded. For this classical scheme, we did not find a way to update the penalty
parameter to get a fast rate of convergence to an infeasible stationary point. In practice,
we only observed a linear rate of convergence, as shown in Fig. 3. The introduction
of the feasibility parameter px allows to balance between the solution of the first-
order optimality conditions of the original problem (P;) and the ones of the feasibility
problem (1). By this way, we see that taking oy — 0 in the classical scheme is not
equivalent to taking pr — 0 and keeping o} constant in the new scheme.

Another advantage of our new scheme is that in case of convergence to an infeasible
stationary point, when the quadratic penalty parameter oy is kept constant, it becomes
a regularization term for the matrix F’(w). For this reason, the asymptotic analysis
near an infeasible stationary point does not require a constraint qualification like some
other works in the literature, see e.g., [13, Assumption 3.2-(b)] and [14, Assumption
4.19-(a)].

The quadratic convergence to an infeasible stationary point is an original result
for an augmented Lagrangian algorithm. However, the fast local convergence is only
guaranteed under the assumption that the infeasible stationary point, the limit point
of the sequence of iterates, is sufficiently infeasible, i.e., ||c*|| > ¢, for some € > 0.
On some examples, we observed that the algorithm converges with a linear rate to
an infeasible stationary point, because the norm of the constraints evaluated at this
point is very close to the stopping tolerance. Hence, an open question is to design an
algorithm with rapid convergence in the infeasible case, regardless the norm of the
constraints at the limit point.

Another natural question is the extension of this approach to the solution of general
optimization problem with equality and inequality constraints. One possibility is to
introduce slack variables to inequality constraints and apply augmented Lagrangian
method in the case of simple bounds as in [4,25]. On the other hand, we note that
infeasibility detection has been used in the framework of interior point methods [26,
27]. However, these works did not report complete global and local convergence
analyses of their methods, despite good numerical results. To our knowledge, there is
no local convergence result for nonlinear interior points methods in the infeasible case.
To extend our approach, a possibility is to combine an augmented Lagrangian method
and a log-barrier penalty to handle inequalities as in [28]. But the introduction of a
feasibility parameter makes the convergence analysis quite different. Indeed, in that
case the feasibility parameter becomes a scaling factor between the log-barrier function
and the quadratic penalty term; therefore, when the sequence of iterates converges to
an infeasible stationary point, this sequence follows a path of solutions parameterized
by the log-barrier penalty parameter, see [29].

References

—_

Hestenes, M.R.: Multiplier and gradient methods. J. Optim. Theory Appl. 4, 303-320 (1969)

2. Powell, M.J.D.: A method for nonlinear constraints in minimization problems. In: Optimization (Sym-
posium of University Keele, Keele, 1968), pp. 283-298. Academic Press, London (1969)

3. Conn, A.R., Gould, N.LM., Toint, PL.: LANCELOT, Springer Series in Computational Mathematics,

vol. 17. Springer, Berlin (1992). A Fortran package for large-scale nonlinear optimization (release A)

@ Springer



Journal of Optimization Theory and Applications (2019) 181:197-215 215

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Andreani, R., Birgin, E.G., Martinez, J.M., Schuverdt, M.L.: On augmented Lagrangian methods with

general lower-level constraints. STAM J. Optim. 18(4), 1286-1309 (2007)

. Andreani, R., Birgin, E.G., Martinez, J.M., Schuverdt, M.L.: Augmented Lagrangian methods under

the constant positive linear dependence constraint qualification. Math. Program. 111(1-2), 5-32 (2008)

. Birgin, E.G., Martinez, J.M.: Practical augmented Lagrangian methods for constrained optimiza-

tion, Fundamentals of Algorithms, vol. 10. Society for Industrial and Applied Mathematics (SIAM),
Philadelphia, PA (2014)

. Armand, P, Omheni, R.: A globally and quadratically convergent primal-dual augmented Lagrangian

algorithm for equality constrained optimization. Optim. Methods Softw. 32(1), 1-21 (2017)

. Martinez, J.M., Prudente, L.D.F.: Handling infeasibility in a large-scale nonlinear optimization algo-

rithm. Numer. Algorithms 60(2), 263-277 (2012)

. Birgin, E.G., Martinez, J.M., Prudente, L.F.: Augmented Lagrangians with possible infeasibility and

finite termination for global nonlinear programming. J. Glob. Optim. 58(2), 207-242 (2014)

Birgin, E.G., Martinez, J.M., Prudente, L.E.: Optimality properties of an augmented Lagrangian method
on infeasible problems. Comput. Optim. Appl. 60(3), 609-631 (2015)

Birgin, E.G., Floudas, C.A., Martinez, J.M.: Global minimization using an augmented Lagrangian
method with variable lower-level constraints. Math. Program. 125(1), 139-162 (2010)

Gongalves, M.L.N., Melo, J.G., Prudente, L.F.: Augmented Lagrangian methods for nonlinear pro-
gramming with possible infeasibility. J. Glob. Optim. 63(2), 297-318 (2015)

Byrd, R.H., Curtis, F.E., Nocedal, J.: Infeasibility detection and SQP methods for nonlinear optimiza-
tion. SIAM J. Optim. 20(5), 2281-2299 (2010)

Burke, J.V., Curtis, F.E., Wang, H.: A sequential quadratic optimization algorithm with rapid infeasi-
bility detection. SIAM J. Optim. 24(2), 839-872 (2014)

Bertsekas, D.P.: Constrained optimization and Lagrange multiplier methods. In: Computer Science
and Applied Mathematics. Academic Press, Inc. [Harcourt Brace Jovanovich, Publishers], New York
(1982)

Nocedal, J., Wright, S.J.: Numerical Optimization, 2nd edn. Springer Series in Operations Research
and Financial Engineering. Springer, New York (2006)

Forsgren, A., Gill, P.E., Wright, M.H.: Interior methods for nonlinear optimization. SIAM Rev. 44(4),
525-597 (2002). (2003)

Armand, P., Benoist, J., Orban, D.: From global to local convergence of interior methods for nonlinear
optimization. Optim. Methods Softw. 28(5), 1051-1080 (2013)

Forsgren, A., Gill, P.E.: Primal-dual interior methods for nonconvex nonlinear programming. SIAM
J. Optim. 8(4), 1132-1152 (1998)

Dennis Jr., J.E., Schnabel, R.B.: Numerical Methods for Unconstrained Optimization and Nonlinear
Equations, Classics in Applied Mathematics, vol. 16. Society for Industrial and Applied Mathematics
(SIAM), Philadelphia (1996)

Gould, N.ILM., Orban, D., Toint, P.L.: Cuter and sifdec: a constrained and unconstrained testing envi-
ronment, revisited. ACM Trans. Math. Softw. 29(4), 373-394 (2003)

Armand, P., Benoist, J., Omheni, R., Pateloup, V.: Study of a primal-dual algorithm for equality
constrained minimization. Comput. Optim. Appl. 59(3), 405-433 (2014)

Duff, I.S.: MAS57-a code for the solution of sparse symmetric definite and indefinite systems. ACM
Trans. Math. Softw. 30(2), 118-144 (2004)

Dolan, E.D., Moré, J.J.: Benchmarking optimization software with performance profiles. Math. Pro-
gram. 91(2), 201-213 (2002)

Birgin, E.G., Bueno, L.F.,, Martinez, J.M.: Sequential equality-constrained optimization for nonlinear
programming. Comput. Optim. Appl. 65(3), 699-721 (2016)

Curtis, F.E.: A penalty-interior-point algorithm for nonlinear constrained optimization. Math. Program.
Comput. 4(2), 181-209 (2012)

Nocedal, J., Oztoprak, F., Waltz, R.A.: An interior point method for nonlinear programming with
infeasibility detection capabilities. Optim. Methods Softw. 29(4), 837-854 (2014)

Armand, P., Omheni, R.: A mixed logarithmic barrier-augmented Lagrangian method for nonlinear
optimization. J. Optim. Theory Appl. 173(2), 523-547 (2017)

Armand, P., Tran, N.N.: Rapid infeasibility detection in a mixed logarithmic barrier augmented
Lagrangian method for nonlinear optimization. Optim. Methods Softw. (2018). https://doi.org/10.
1080/10556788.2018.1528250

@ Springer


https://doi.org/10.1080/10556788.2018.1528250
https://doi.org/10.1080/10556788.2018.1528250

	An Augmented Lagrangian Method for Equality Constrained Optimization with Rapid Infeasibility Detection Capabilities
	Abstract
	1 Introduction
	2 Notation
	3 Algorithm
	4 Global Convergence Analysis
	5 Asymptotic Analysis
	6 Numerical Experiments
	7 Conclusions
	References




