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CONVERGENCE OF A REGULARIZED EUCLIDEAN RESIDUAL
ALGORITHM FOR NONLINEAR LEAST-SQUARES*
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Abstract. The convergence properties of the new regularized Euclidean residual method for solv-
ing general nonlinear least-squares and nonlinear equation problems are investigated. This method,
derived from a proposal by Nesterov [Optim. Methods Softw., 22 (2007), pp. 469-483], uses a model
of the objective function consisting of the unsquared Euclidean linearized residual regularized by a
quadratic term. At variance with previous analysis, its convergence properties are here considered
without assuming uniformly nonsingular globally Lipschitz continuous Jacobians nor an exact sub-
problem solution. It is proved that the method is globally convergent to first-order critical points
and, under stronger assumptions, to roots of the underlying system of nonlinear equations. The rate
of convergence is also shown to be quadratic under stronger assumptions.
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1. Introduction. Finding values that minimize a specified norm || F(z)| of a
given vector-valued continuously differentiable function F' € R™ of several variables
x € R™ is one of the cornerstones of computational mathematics. Although other
norms are of interest, we shall concentrate here on the Euclidean-norm case, for this
then leads to the equivalent nonlinear least-squares problem

(L1) min f(z) < 4| F ()|

involving the continuously differentiable f(xz). This problem is not only of practical
importance for its own sake in applications such as parameter identification, image
registration, and data assimilation, but its solution also forms the basis of many meth-
ods for solving optimization problems involving constraints. It is, for example, crucial
when reducing constraint violation in several sequential quadratic programming tech-
niques (see Celis [5], Byrd, Schnabel, and Shultz [2], Omojokun [15], Vardi [21], Powell
and Yuan [16], etc.). The central problem of solving systems of nonlinear equations

(1.2) F(z)=0

for n = m is also covered by the formulation (1.1) in the sense that one then wishes
to reduce the objective function f(x) to zero. More generally, first-order optimality
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2 BELLAVIA, CARTIS, GOULD, MORINI, AND TOINT

conditions for (1.1) require that
g(x) =J ' (2)F(x) =0

involving the Jacobian J(z) of F'(z), and it is these conditions that we seek to satisfy.

Nearly all efficient methods for the solution of this problem are variants of New-
ton’s method, in which (structured) quadratic approximations to f(z) are minimized.
However, such methods are well known not to be globally convergent and must then
be modified to include safeguards to guarantee convergence from arbitrary starting
points. Line-search and trust regions (in which the quadratic model is minimized in
a restricted neighborhood of the current iterate) offer two standard safeguards (see
Nocedal and Wright [14] or Conn, Gould, and Toint [6] for more details).

Interestingly, other techniques are possible, and methods based on adaptive regu-
larization have recently created some interest (see Griewank [9], Nesterov and Polyak
[13], Weiser, Deuflhard, and Erdmann [22], or Cartis, Gould, and Toint [3]). In such
methods, the smooth objective function’s model is minimized in a neighborhood im-
plicitly defined by a regularization term which penalizes the third power of the step
length. In this paper, we consider another new technique proposed by Nesterov [12]
for the special case of nonlinear systems (1.2). This technique is different from previ-
ous approaches in that it uses a nonsmooth model of || F(z)||, based on a linearization
of F, rather than the smooth f(z) which is then regularized by a quadratic term.
However, as is the case for the cubic regularization, this model can be consistently
interpreted as an overestimation of the function ||F(x)|| when the Jacobian matrix
F is Lipschitz continuous, an intuitively appealing property. Another interesting!
feature of this technique is that it only involves the Jacobian of F' and thus that its
expected performance depends on the condition number of that matrix (rather than
on its square) for zero residual problems. In his paper, Nesterov [12] proves interesting
global complexity results and fast local rate of convergence, under rather restrictive
assumptions requiring that m < n, that J(z) is uniformly of full rank and globally
Lipschitz continuous, and that the model is globally minimized exactly at every itera-
tion. His global convergence analysis to first-order critical points is more general, but
it still requires the latter and global Lipschitz continuity of the Jacobian. Note that
this is a simplified version of the generalized class of proximal-point methods (e.g.,
Rockafellar [17]) applied to the model rather than actual objective || F(x)].

As discussed at the end of our paper (see section 5), this new class of methods
appears to compare favorably with a modern trust-region code in some nontrivial
examples. It is thus of interest to investigate its convergence properties, especially in
a weaker setting than that considered by Nesterov, allowing now for general (possibly
over- or underdetermined) nonlinear least-squares for both the global and local anal-
yses and without requiring the exact solution of subproblems. Furthermore, global
convergence is proved without concerns for the global or local Lipschitz continuity or
full-rank property of the Jacobian, while the fast local rate analysis requires only local
full-rank property, and minimal Lipschitz continuity, of the Jacobian. Section 2 first
describes the method in more detail. The global convergence analysis to first-order
critical points is then carried out in section 3 under very weak assumptions on the
step calculation. Section 4 then investigates how a more accurate step can be com-
puted and the implication of this improvement on the local convergence properties.

L Although not unique, several variants of the trust-region Gauss—Newton method share this
property. See Cartis, Gould, and Toint [4], for instance.
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REGULARIZED RESIDUALS FOR NONLINEAR LEAST-SQUARES 3

Preliminary numerical results are presented in section 5. Finally, some conclusions
and perspectives are discussed in section 6.

Throughout the paper, a subscript will denote an iteration counter, and for a
particular iterate x and relevant function h(x), hy will be shorthand for A(xy). The
(appropriately dimensioned) identity matrix will be denoted by I.

2. The method. We start by introducing the “modified Gauss—Newton
method” proposed by Nesterov [12] and its extension to the general nonlinear least-
squares case, which uses the same motivation. If we assume that J(x) is globally
Lipschitz continuous (with constant 2L) and since Taylor’s theorem gives that, for
some iterate xyg,

Flay +p) = Flay) + J(zn)p + /0 ((ax + tp) — J(a))pt,

we deduce from the triangle inequality that

1
(2.1) [F(zx +p)ll < [|F(zr) + Jipll + IIPII/ [/ (zx +tp) — Ji|| dt,
0

(2:2) < | F (i) + Jipll + Llpll* = m} (p).

Therefore, if we knew the constant L and if we were able to compute a step pg
minimizing the model m} (p), then the point 211 = ' +py must improve ||F(z)|| and
hence the objective function f(x) of (1.1). Here we follow a more indirect approach
suggested by Griewank [9], Cartis, Gould, and Toint [3], and (in a simpler form)
by Nesterov and Polyak [13] and Nesterov [12], and introduce a dynamic positive
parameter o and the nonsmooth model

def
(2.3) mi(p) = ||F(zx) + Jep|| + ox[p||?

of ||[F(x)| around zj. Cartis, Gould, and Toint [3] provide rules for adapting the
parameter oy in a numerically efficient manner. In this regard, it is important to note
that the model (2.3) is an exact penalty function for the problem

min ||p||?> subject to Jip = —F(x1),
peR”

and for all oy, sufficiently small, its minimizer solves F'(x) 4+ Jxp = 0, if such system
is compatible (see Nocedal and Wright [14, section 15.3]). We would thus expect
the Newton step (satisfying Jyp = —F(zk),) to be taken asymptotically for small
enough oy.

In Nesterov [12], the solution of the subproblem

(2.4) min my, (p)

zeR"
is expressed in terms of the solution of a one-dimensional optimization problem with
a nonnegative simple bound, while Cartis, Gould, and Toint [4] rely, for the min-
imization of mY in (2.3), on the equivalent differentiable constrained optimization
problem

(2.5) min v+ oplpl|?, subject to || F(xy) + Jep|* = v
zeR",veR
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4 BELLAVIA, CARTIS, GOULD, MORINI, AND TOINT

for some v > 0. The first-order optimality conditions for (2.5) take the form
okp - JkT(F(CCk) + Jkp)
()< e

for any p such that the residual v = || Fy, + Jxp|| is nonzero? and for some multiplier &.
Letting

(2.7) B 171, F, Y F(z), and g, & JTF,
the vector p solves (2.6) if p = p(A) where A > 0 and
(2.8) (Bx + A\)p = —gk, A= 20%||Fr + Jkpl-

Note that if there is a p for which Fj + Jip = 0, then this p satisfies (2.8) along with
A = 0, and this case must be checked for before attempting to find another vector p
and a scalar A > 0 which solve (2.8).

In this paper, we consider a slightly more general model of the form

def
(2.9) mi(p) = VIF + Jepl? + prlpll? + olpl®

for some scalar pp > 0 and attempt to find a step p by (possibly approximately)
solving

2.10 i .
(210) min m (p)

If pp > 0 and F # 0, the model my(p) is continuously differentiable, but this is
not the case if ui = 0 since its first and second derivatives are both undefined when
Fy, + Jigp = 0. However, it always enjoys the following desirable property.

LEMMA 2.1. Suppose that o, > 0. Then the model my(p) is strictly convex for
all py, > 0.

Proof. Indeed, since mg(p) = ¢(p) + ox||p||?, where

(2.11) &(p) L /1 Fx + Jnpl + w2l

and the function o||p||? is strictly convex, my(p) is strictly convex if ¢(p) is convex.
But the functions g1 (p) = [|[Fx + Jxpll, 92(p) = /&, ||| are convex and nonnegative
for all p € R™. It then follows that ¢(p) is convex. O

If J(z) is globally Lipschitz continuous, then (2.1) and the inequality mQ(p) <
my(p) again ensure that my(p) consistently overestimates ||F'(z + p)|| if o > L.

The algorithm adopted to solve (1.1) then uses the model my along the lines of
the adaptive cubic overestimation (ACO) method proposed by Cartis, Gould, and
Toint [3]. As in this method, an approximate solution of (2.10) is allowed, in the
sense that one accepts any step p such that the model (2.9) at p produces a value of
the model smaller than that achieved by the Cauchy point given by

(2.12) Py = — QL Gk, ay = argmin my (—agy),
a>0

2If Fy, + Jxp = 0, the linear independence constraint qualification (LICQ) fails for (2.5) and the
first-order conditions (2.6) do not apply.
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REGULARIZED RESIDUALS FOR NONLINEAR LEAST-SQUARES )

with g being given by (2.7). Observe that ay, is uniquely defined in this last expression
since my, is strictly convex.

We may now state our algorithm more formally as Algorithm RER (2.1) which
follows. As is usual in trust-region methods, the iteration k will be called successful
if pr > m and unsuccessful otherwise.

It is important to note at this point that the denominator in (2.14) is always
strictly positive whenever the current iterate is not a first-order critical point (this is
proved in Lemma 3.2 below) and hence that the algorithm is well defined. Moreover,
this also ensures that the sequence of successive ||F(zy)| is nonincreasing. For future
reference, we also state the following simple properties of Algorithm 2.1.

ALGORITHM 2.1. REGULARIZED EUCLIDEAN RESIDUAL (RER) ALGORITHM

An initial point z¢ and the constants gy > 0,09 > 0, 1 > n9 > 11 > 0,
Y2 >71>1,7v3>0, ¢ >0, and ep > 0 are given.

For k=0,1,... until ||gx|| < €4 or ||F(z)| < er do

Step 1: Compute an approximate minimizer py of my(p) such that
(2.13) mi(pr) < m(ph),
where pf is given in (2.12).

Step 2: Compute

_ IEG@R)I = 1F(x +pi)ll

(2.14) Pk = T ()] — ()

Step 3: Set

o = 4 aw e i pr 2,
k+1 Tk otherwise.

Step 4: Set

(0, o] if pr, > M2 (very successful),
(2.15) okt € [0k, M0k ) if ;1 < pr <mn2 (successtul),
[vi0k,v20% ) otherwise (unsuccessful).
Step 5: Set
~f min(uw, 3| Fettl)  if pr > ms
(2.16) Hrt1 = { bk otherwise.
LEMMA 2.2.

(i) The sequence {u} is nonnegative, monotonically nonincreasing, and such that
wr < minfuo, vs|| Fxll]. As a consequence, the initial choice po = 0 implies that
wr =0 for all k, in which case my(p) = mY(p) at every iteration.

(i1) If there exists a limit point x* of the sequence {xi} of iterates generated by
Algorithm RER such that F(z*) = 0, then all limit points of {z} are roots

of F(z) =0.
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6 BELLAVIA, CARTIS, GOULD, MORINI, AND TOINT

Proof. (ii) Since the sequence {||Fk||} is nonincreasing and bounded below, it
is convergent. Then the existence of a limit point z* such that F(z*) = 0 implies
that all limit points share this property, and thus, every limit point of {z} is a zero
of F. O

Nesterov [12] also proposes a simpler dynamic update of the regularization pa-
rameter, which, in our notation, amounts to choosing 71 =12 =1, y1 = 72 = 2, and
Ok+1 = 20k whenever pr, > 1. When the Jacobian is Lipschitz continuous, this strat-
egy may be proved to be efficient in the sense that it needs on average one increase in
oy, for one decrease. A similar property holds for our present choices (see Theorem 6.1
in Cartis, Gould, and Toint [3]), and we believe that our greater flexibility (and, in
particular, the possibility to choose 71 to be a small positive constant) is important
for the practical efficiency of the algorithm.

3. Global convergence analysis. We first make note of a simple bounding
result, whose proof follows by inspection.

LEMMA 3.1. For all o € [0,1], we have that ta<1—+1—-a <a.

In order to prove global convergence to first-order critical points, we first derive
an easy consequence of the fact that an iterate is not first-order critical.

LEMMA 3.2. Assume that g # 0. Then, for ui >0,

(3.1) Fy, #0, (gk, (Bk + /ka)gk> > 0, and <pk, (Bk + /ka)pk> >0
and also that
(3.2) mi(pi) < [|Fkll.

Proof.  The first statement in (3.1) immediately results from our assumption
that gx = JI F), # 0, from which we also deduce that || Bg|| = ||Jf Jk|| > 0. Moreover,
J,Z"F;~C € range(Jg) = null(Jy)* and thus Jygr = JngFk is nonzero. The first
inequality in (3.1) then results from the identity (g, (Bx + uxl)gr) = ||JkJL Fxll® +
urllgel|?. We also observe that the inequality (V,m(0),gx) = |lgxll?/||Fk| > 0
ensures that —gj, is a descent direction for my at 0 and thus that (3.2) follows from
(2.12). Finally, my(pr) < mi(pg) < || Fk|| because of (3.2) and (2.13). Thus Jipy is
nonzero, and the last inequality of (3.1) follows from (py, (B + pxI)pk) = || Jkpk||* +
pllpel®. O

We now provide a lower bound on the decrease attained at the Cauchy step.

LEMMA 3.3. Assume that g # 0. Then we have that
lgwl? L 1

3.3) || Fx|| —m > || Fe|| — mi(pt) > min , ,

where we consider the Euclidean matriz norm.
Proof. For any « > 0, we deduce from (2.9) and (2.11) that

(34)  mp(—agr) = d(—agk) + ora?(|gill* = [|FrllV/1 — 7(a) + oxe®| gk,

where

() = 20kl — i (Br + jud)gx
(|2 ’

and the denominator of this last expression is nonzero because of Lemma 3.2. Trivially,
we have that 1 — m(«) > 0; moreover, w(a) > 0 for any « € (0, @), where

2||gx|I?
gF (B + i) g’

a =
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REGULARIZED RESIDUALS FOR NONLINEAR LEAST-SQUARES 7

which is also well defined for ug > 0 because of Lemma 3.2. Choosing « € (0, &), it
follows that 0 < m(«) < 1. By Lemma 3.1, this implies that /1 — 7(a) < 1—m()/2,
and (3.4) then yields that

2al|gr|l* — o®gif (Bx + puI)gr
m(-agi) ~ |7l < 1Al (1~ s + ovo gl - | Bl

(0%
=———[2/lgxll? = agZ (B I 2| g I?
s 2ol = gl (B + D] + o0
« 2 (0%
(35) 9 (14 2Byt | + vl ).
17 2

The right-hand side of the last inequality is negative for any a € (0, &) with

R 2
G = .
| Bi + pr Il + 20| F |l
Note that & > & as
2 2 2
N |
| Br + pe ||| g | | Bk + pr || + 200k Fi |l
Now, introduce
1
(3.6) o

- 2max (204 || Fe |, || Br + prd)”

Clearly, o* < &. Then, from (3.5), we obtain

* 2 *
% a || gk « *
mel=atgn) = 15 < T (<14 S+l + ol
ol (1)
< LI (142
] 2
__lal? 1

A\ Py || max (20| Fill, [| Bk + pl [])’

which completes the proof since my(pr) < mi(pf) < mi(—a*gr) because of (2.12)
and (2.13). O

Using a similar methodology, we now derive a bound on the step.

LEMMA 3.4. Assume that g # 0. Then we have that

2[|gel
I <

3.7 .

Proof. The fact that my(pr) < ||Fx|| gives that ||px] > 0, {gx,px) < 0, and

(3.8) [ Fllv/1 = 7 (pr) + okllprll® < |1 Fxll,

where

3.9 et 2(gk, k) + (P, (Br + uel)pr) — 2(gr, o)l — Pr, (Br 4 pd)pr)
( . ) Tk(pk) - ||Fk||2 - ||Fk||2 )
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8 BELLAVIA, CARTIS, GOULD, MORINI, AND TOINT

and also that 0 < 7, (pr) < 1. Note that 74 (px) is well defined because of Lemma 3.2.
Hence, we have that

[ %l ’

owllpel < 1B [t = vI=7lpe) | < I Fklima(pe) =

where we have used Lemma 3.1. This yields, using (3.1) and the Cauchy—Schwarz
inequality, that

(3.10) okl Full pall* < 2l{gk, pi)| = (s (Br + sl i) < 2lge. pi)] < 2l giel 1wl

Dividing both sides by ||px|| then gives (3.7). To proceed in our analysis we make a
further assumption on the Jacobian of F'(x). O

Assumption 3.1. Let {x} be the sequence generated by Algorithm RER. Then
there exists a positive constant x; such that, for all k£ > 0 and all = € [z, 2% + p&],

(3.11) |J(x)]] < Ky

Note that the monotonic nature of the sequence {||Fj||} implies that, for all &,
(3.12) IFl < 1ol

We then immediately deduce from (3.11) and Lemma 2.2 that, for & > 0,
(3.13) 1Be+ Tl < 5+ 6] Fo | < s

Another consequence of (3.11) is that in the conditions of Lemma 3.4, (3.7) implies

2
(3.14) ol < 222, k>0,
O

Next we give a bound on the error between the objective function and the model at
the new candidate iterate.

LEMMA 3.5. Suppose that F' : R™ — R™ is continuously differentiable. Then, for
k>0,

1
(3.15)  [|F(zk + pr)l| — mi(pr) < ||pk||/ 17 (zk + tp) — Jill dt — ox|lpr]|”-
0

Furthermore, if Assumption 3.1 holds, then

2K !
(3.16) ||F(5Ck —l—pk)H — mk(pk) < O'_]:/ ||J(!Ek -l-tpk) - Jk” dt, k>0.
0

Proof. The mean value theorem implies that

1
F(xy + pr) = F(ar) + Jrpr +/ [J(wr + tpr) — Ji| pr dt,
0

which further gives that

1
1F G+ pll < 1B+ Tl + Il |19+ tm) = il .
0
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Therefore, using (2.11) and the inequality va? + b2 > a for all a,b > 0, we obtain
that

| F(zx + pi)ll — ma(pe) = | F(xx + pr)ll — ¢(px) — o llpe

1
< |IFx+ Tepell — 6ox) + s / 1T+ tpr) — T de
0

—oullpal?
1
< llpl / 1Tk + tpr) — Jill dt — ool
0

as desired. The bound (3.16) now follows from (3.14) and (3.15). 0

Next we show that provided there are only finitely many successful iterations, all
later iterates are first-order critical.

THEOREM 3.6. Let F' : R" — R™ be continuously differentiable. Suppose that
Assumption 3.1 holds and that there are only finitely many successful or very successful
iterations. Then x, = x* for all sufficiently large k and g(z*) = 0.

Proof. After the last successful iterate is computed, indexed by say kg, the con-

struction of the algorithm implies that zx 41 = Zg,+i def z*, for all i« > 1. Since all it-
erations k > ko+1 are unsuccessful, the updating rule (2.15) implies that o1 > y10%,
with «; > 1, for all £ > kg + 1, and so,

(3.17) or — +00, as k — oo.

If ||gko+1ll > 0, then [[gi|l = [lgro+1ll 4 e > 0 for all k > ko + 1. It now follows from
(3.3), (3.12), and (3.13) that

€2 . 1 2| Foll
|Fk|—mk(pk)ZWmln{—, }, k>ko+1,

Ok Kp

and so, as (3.17) implies 1/0) — 0, we have

2

(3.18)  [1Fkll = muw(pr) =

€
> ———— forall k> ko+ 1 sufficiently large.
8[FolPon ° v

This, (2.14), and (3.16) imply

_ 1F G+ p)ll = (pr)

0<1—
= [Fell — mx(pr)

1
< 16, o[22 / 19 (2 + tpr) — Ji| dt
0

for all k > kg + 1 sufficiently large; the first inequality above holds, since pp > 1
implies that k is very successful, which contradicts that k& > kg + 1 is unsuccessful.
Note that xg + tpr = x* + tpg for all k > ko + 1 and that due to (3.14), (3.17), and
t € [0,1], we have z* + tpr, — a* as k — oo. Since J, = Ji, k > ko + 1, and J is
continuous, we now conclude that

| J(zk +tp) — Jk|| = 0, k—o00, te][0,1],

and so, pr — 1 as k — oo. This implies that for all k sufficiently large, pr > 72
and thus k is very successful. This contradicts that k > ko + 1 is unsuccessful. Thus
Gko+1 =9+ =0. 0

The following theorem states that at least one limit point of the sequence {z}} is
a stationary point of problem (1.1).
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10 BELLAVIA, CARTIS, GOULD, MORINI, AND TOINT

THEOREM 3.7. Assume F : R™ — R™ is continuously differentiable and that
Assumption 3.1 holds. Then

(3.19) lim inf || gx|| = 0.
k— o0

Proof. Note that if gr = 0 for some k, then Algorithm RER terminates and
(3.19) holds (finitely). Also, if there are finitely many successful iterations, Theorem
3.6 implies the above. Thus without loss of generality, we may assume that gx # 0
for all £ and that there are infinitely many successful iterations, and let

S ={k>0] iteration k is successful or very successful}.

To show that {||gx||} is not bounded away from zero, let us assume the contrary;
namely, that there exists € > 0 such that

(3.20) llgll > € for all k> 0.

Let us first prove that (3.20) implies that

oo

(3.21) > 1w

g
kesS k

It follows from (2.14), (2.15), (3.3), and (3.20) that

€2 { 1 1 }

Fi.|l — || F > min , , ke S,

&l = [ Frsall > 7714HF1€|| 2or 1Rl TBr < Tl
and furthermore, from (3.12) and (3.13), that

2
me {1 2]R)|

3.22 Fill = 15 z -, , keS.
(3.22) IFil =1 | > e mm{o_k a

Since {||Fk||} is bounded below and monotonically nonincreasing, it is convergent,
and hence, the minimum in the right-hand side of (3.22) will be attained at 1/c0y as
the left-hand side of (3.22) converges to zero. Thus we have

Il = || Frga|| > ;—2 for k € S sufficiently large,

where o % 11¢2/(8]| Fo||?), which summed up over all k > 0 sufficiently large—larger
than some ko—gives

=1
|Fioll = lim Bl >0 > —,
k— oo
keS, k=ko

and so, since {||Fy||} is convergent, (3.21) holds.
Next we estimate the ratio pg in (2.14). For its denominator, note that (3.21)
implies

(3.23) 1/or, =0, keS8, k— oo
Thus (3.3), (3.12), (3.13), and (3.20) imply, similarly to (3.18), that
2

€
> ——— forall ke S sufficiently large.
= S[Fo[Pox e

(3.24) [ Fxll — mu(pr)
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It follows from (2.14), (3.16), and (3.24) that

o= G+ i)l = m(pe)

(8.25) 1~ 1Ee]l — mx(pe)

1
< 16ﬁJ||FO||2e*2/ [J(xx + tpr) — Ji || dt
0

for all k € S sufficiently large. Now let us argue that the sequence of iterates {xy},
k > 0, is a Cauchy sequence and hence convergent. The construction of the algorithm,
(3.14), and (3.21) imply

k+1—-1 k+1-1 k+1—-1 1
lonst =il € 3 llor—al = 32 ol <26 30— =0 as ko oo,

i=k i=k,i€S i=k,icS "

and hence, {x}} converges to some Z. Furthermore, ||z +tpr — Z|| < ||xx — Z|| + ||kl
for all ¢ € [0,1]. Also, (3.14) and (3.23) imply that ||pg|| = 0, k € S, & — oo. Thus

xp+itpr > &, keS8, k—oo forall tel0,1],
and we conclude
| (zx+tpr)— Tkl < || J (zr+tpr)—J (@) |+ Jk—J (Z)|| =0, k€S, k— oo Vtel]0,1],

which implies, together with (3.25), that either pp, > 1 or ppy - 1, k € S, k — oo.
Both these conditions imply that k is a very successful iteration for k € S sufficiently
large, which together with (2.15), gives that o411 < oy, k € S sufficiently large. Now,
if all k& belong to S for k sufficiently large (i.e., there are no unsuccessful iterations
for k sufficiently large), then the latter inequality contradicts (3.23), and so (3.20)
cannot hold. Otherwise, recalling that we assumed S to be infinite (which implies not
all iterations can be consecutively unsuccessful for all k sufficiently large), let {k;}
denote an (infinite) subsequence of very successful iterations such that {k; — 1} is
unsuccessful for all ¢ (since all k& € S are very successful for all k sufficiently large,
without loss of generality, we can ignore successful iterates; also, if such a subsequence
{k;} does not exist, then we are in the previous case of all iterates being very successful
for all k sufficiently large). Then, from (2.15), we have oy, < y20%,—1 for all 4, which
together with (3.23), implies that

(3.26) 1041 — 0, i— oo.

It follows that the inequality in (3.24) holds for k replaced by k; —1 for all ¢ sufficiently
large. Hence, (3.25) holds for k; — 1 for all ¢ sufficiently large. Further, (3.14) and
(3.26) imply ||pg,—1]] — 0, ¢ — oo, and thus, since zy — &, k — oo, we have
Thi—1 + tPr,—1 — T, © = 00. As above, we can now conclude that either pg,_1 > 1
or pg,—1 — 1, ¢ = oco. But this implies that k; — 1 is a very successful iteration for
all ¢ sufficiently large. This contradicts our assumption that k; — 1 is an unsuccessful
iteration for all . Thus all iterations are very successful for sufficiently large k, a case
which we have already addressed. O

Note that Theorems 3.6 and 3.7 only required Ji to be bounded above; the bound
(3.11), however, will be needed next.

To be able to show that the whole sequence {g;} converges to zero, we employ
the additional assumption below.

Assumption 3.2. The Jacobian J is uniformly continuous on the sequence of it-
erates {xy}; i.e.,

(3.27) |J(xr,) — J(x,)|| = 0, whenever ||z, — x| — 0, i — oo,

where {,} and {x;,} are subsequences of {z}}.
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12 BELLAVIA, CARTIS, GOULD, MORINI, AND TOINT

Clearly, Assumption 3.2 is satisfied if J is uniformly continuous on R"; it is also
satisfied if J is Lipschitz continuous on R™.

The next theorem states that all limit points of the sequence {zy} are stationary
points of problem (1.1). It also indicates a case where such limit points solve the
problem of finding a root of F(z) = 0.

THEOREM 3.8. Let F : R"™ — R™ be continuously differentiable and suppose that
Assumptions 3.1 and 3.2 hold. Then

(3.28) lim |lgxl| = 0.
k— o0

Furthermore, if m < n and there exists a limit point x* of the sequence {xy} of iterates
generated by Algorithm RER such that F(z*) = 0 and J(z*) is of full rank, then all
limit points of {xi} are roots of F(x) = 0.

Proof. To prove (3.28), assume that there exists an infinite subsequence {¢;} C S
such that

(3.29) lge, || > 2¢ for all i

for some ¢ > 0. By (3.19), for each ¢; there is a first successful iteration I; > t; such
that ||gi, || < e. Thus {l;} C S and

(3.30) lgrll > € ti<k<l;, and |g,| <e

Letting K = {k € S | t; < k < I;}, we observe that this index subset is also infinite.
Moreover, (2.14), (3.3), (3.12), (3.13), and (3.7) imply that, for k& € K,

me | 2llgkll 46} me . [ 46]
3.31) || Fx|| — || Fi > min ,— | > min ,— .
( ) H kH || kJrl” = 16||FOH |:0'k||Fk|| Ko 16HFO|| HpkH K

The sequence {||F%||} is monotonically nonincreasing and bounded below; hence, it
converges, and so, the left-hand side of (3.31) converges to zero, implying that

Ipell =0, keK, k— oo,
on the right-hand side of (3.31). Thus (3.31) becomes

(3.32) || Fk|l — [|[Frt1ll = rellpe|| for all ¢; <k <l;, k €S, ¢ sufficiently large,

where &, ef me/ (16| Fol]). Summing up (3.32) and using xg4+1 = x + pi gives

lrifl lrifl
(333) ) = 1F ) =6 > el =60 Y loxrs — zill > [loe, — 2|
k=t; k€S k=t;

for all ¢ sufficiently large. Again, using that {||F%||} is convergent, the left-hand side
of (3.33) converges to zero, and thus,

l;—1
(3.34) Z lpell = 0 and ||a, — 21, = 0 as i — oo.
k=t;,keS

We now show that the second limit in (3.34) implies that

(3.35) llge; — gi,]l = 0 as i — oo.
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We have

lge, — gl < I

’ HFti - ‘F‘lz” + HF‘le : HJtv, - leH for all 1.

Recalling (3.11), (3.12), and (3.27), (3.35) holds provided || F}, — F,
latter, employ Taylor’s theorem and (3.11) to get

— 0. To see the

lifl lrifl
1By =l < > Fe—Fenll <se > sl
k=t; k€S k=t; keS

whose right-hand side tends to zero due to (3.34). This proves (3.35). We have now
reached a contradiction since (3.29) and (3.30) imply ||g:, — g1, || > gt |l — llgi, ]| > e
Hence (3.29) cannot hold, and we conclude that (3.28) must hold.

Finally, assume that {xy,} converges to z* with J(z*) being of full rank and
m < n. Then (3.28) ensures that || Fy,|| converges to zero because the singular values
of Ji, must remain uniformly bounded away from zero by continuity (for j large
enough). We may now conclude our proof by using Lemma 2.2(ii). 0

Note that roots of F/(z) = 0 must be second-order critical points of problem (1.1);
our last theorem may then be interpreted as guaranteeing convergence to such points
if the Jacobian remains uniformly full-rank over the iterates. Of course, a guarantee
of convergence to second-order points that are not roots of F' cannot be given in
the framework of the present first-order Gauss—Newton-like method, where the model
ignores all second-derivative terms V. F;(z).

Note that Theorem 3.8 still holds if we require both Ji to be bounded above and
J to be uniformly continuous on the line segments in between successful iterates.

Theorems 3.6, 3.7, and 3.8 extend results concerning the convergence of
trust-region methods given in Moré [10]; see also Thomas [19].

4. Beyond the Cauchy point. In practice, more model reduction is sought
than that achieved at the Cauchy step, with the objective of improving the speed
of convergence. We thus need to investigate the properties of the model further and
to describe how a better step can be computed before stating improved convergence
results.

4.1. The model and its minimizer. In this section we characterize the mini-
mizer of the model my(p).
LEMMA 4.1. Let F : R™ — R™ be continuously differentiable, and assume
llgx|l # 0.
() If the vector p; is the solution of (2.10), then there is a nonnegative Aj, such
that (py, Ay) solves

(4.1) (Br + M)p = —gx,
(4.2) A= p + 2059(p),

where ¢(p) is given in (2.11).

(ii) If ux > 0, then there exists a unique solution (py, ;) of (4.1) and (4.2), and
p; solves (2.10).

(ili) If pr = 0 and there exists a solution (py,Ar) of (4.1) and (4.2) with A} >
0, then p; solves (2.10). Otherwise, the solution of (2.10) is given by the
minimum norm solution of the linear system Bpp = —gy.
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14 BELLAVIA, CARTIS, GOULD, MORINI, AND TOINT

Proof. (i) If pj solves (2.10) and pg = 0, then (4.1) and (4.2) follow from (2.8).
On the other hand, if ux > 0, then ¢(p) is positive, my(p) is differentiable for any p,
and the gradient Vmy(p) has the form

B
(4.3) Vmy(p) = gk + Bkp + pkp + 201D,

o(p)

Thus, Vmy(p) vanishes when (4.1) and (4.2) are satisfied.
As Vmy(pg) = 0, it follows that p} solves (4.1) and (4.2) along with

(4.4) AL = g + 2050(py;).

(ii) If pur > 0, as myg(p) is differentiable for any p, it follows that a solution
(pr, A%) of (4.1) and (4.2) satisfies

Vmy.(py,) = 0.

Then the strict convexity of my(p) implies that p} solves (2.10) and (p}, A;) is the
unique solution of (4.1) and (4.2).

(iii) Let pr = 0. We recall that the first-order conditions (2.6) hold for any p
such that v = ||Jigp + Fi| # 0. Then, if there exist p; and A\ > 0 satisfying (4.1)
and (4.2), p; solves (2.6) with v # 0, and this implies that pj solves (2.10). On
the other hand, if all the solutions (pj, Af) of (4.1) and (4.2) are such that A} = 0,

then p; satisfies Jip;, = —F%. This implies that there is no solution of the first-
order conditions and LICQ must fail. Thus v = 0 in (2.5), and the minimizer pj
satisfies Jypf = —Fk. Since mg(p) = ogllpxl|? for all p such that Jyp = —Fy,

we can conclude that the solution p; of (2.10) is the minimum norm solution to
Bip = —gx.- O

Next we let p(A) be the minimum norm solution of (4.1) for a given A > 0 and
py = p(A}), the minimum of my(p). The following lemma is an intermediate result
toward proving an upper bound on the scalar Aj,.

LEMMA 4.2. Assume ||gk|| # 0, and let p(X) be the minimum norm solution of
(4.1) with A > 0. Assume furthermore that Jy is of rank £ and its singular-value
decomposition is given by UyS, VL, where ¥y = diag(si, ..., ), with v = min(m,n).
Then, denoting r = U,?Fk, we have that

2Nl s = A2 =
(4.5) [[p(NII = Z m and || Fy, + Jep(N)||* = Z m + Z r2.
=1 i=1 i=0+1

Proof. (See also Lemmas 2.2 and 4.1 in Cartis, Gould, and Toint [4].) The defining
equation (4.1) and the singular-value decomposition of Ji give that

p(\) = —Vi(SE S, + A TS,
where the superscript * denotes the Moore-Penrose generalized inverse. Taking the
squared norm of this expression then yields the first part of (4.5). We also deduce
that
Fi. + Jkp()\) = Uy (’I" — Ek(E;{Ek + )\I)J'_Eg’l"),

whose squared norm then gives the second part of (4.5). o

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



REGULARIZED RESIDUALS FOR NONLINEAR LEAST-SQUARES 15

LEMMA 4.3. Assume ||gi|| # 0, and let p(\) be the minimum norm solution of
(4.1) with A > 0. Then the function ¢(p(\)) is monotonically increasing in (g, +00)
and

(4.6) o(p(N)) < [1Fk-
Moreover, if p;, = p(\}) is the minimizer of my(p), then
(4.7) N € [, + 203 | Fell ]

Proof. Using (2.11) and (4.5), we deduce that

L2 4 pyc? .
(48) Bp(V) = ;%“;2
and
) 1 ¢ (A= uk)s? o
YO = 5o & (e

Thus ¢(p(A)) is monotonically increasing in (ug, +00). Moreover, we deduce from
(4.8) that

(4.9) lim ¢(p(A)) =

2 _
Jim >ort =I5l
and we conclude that (4.6) holds. Finally, (4.7) trivially follows from (4.2) and
(4.6). O
Note that if ¢(p(Af)) > 0, then it follows from (4.2) that A} > 0; this is the case
whenever pg > 0.

4.2. Computing the trial step using factorizations. We now consider tools
for computing an approximate minimizer py of the model my, (see Step 1 of Algorithm
RER). In practice, we look for a step py satisfying the sufficient decrease condition
(2.13) and such that

(4.10) Pr = P(Ak), (Br + M\e)pr = — gk,

where A is an approximation to A}, in (4.4). Our procedure is based on the observation
that the optimal scalar A} solves the so-called secular equation given in (4.2); i.e.,

(4.11) PN = A — i — 2056(p(A)) = 0.

In what follows, we suppose that p(A) admits a positive root, and we explore ways
to solve (4.11) by root-finding methods and propose alternative one-dimensional non-
linear equations in the variable . It is easy to see that p/(\) may change sign in
(tx, +00), while ((A) in the equation

CO) (A — ) — 402 (d(p(N)? = 0

is increasing for A € [A}, +00) but is not guaranteed to be convex. Therefore, applying
Newton’s method to these nonlinear equations safely needs an accurate initial guess.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



16 BELLAVIA, CARTIS, GOULD, MORINI, AND TOINT

As an alternative to the secular equation (4.11), we consider the problem of finding
the positive root of the function —p(A)/A; i.e.,

o) e,

(4.12) () = 20,25, :

The following result establishes desirable properties of this formulation.

LEMMA 4.4. The function ¥ () is convex and strictly decreasing in (py, +00), and
the Newton method applied to (4.12) will converge globally and monotonically to the
positive root A}, of (4.2) for any initial guess 2O e (g, Ap). The secant method has
the same properties for any initial guesses X0, XV such that pp, < A0 < A1) < Al

Proof. By (4.5) and a result by Boyd and Vandenberghe [1, p. 87], we verify
that the functions of A given by

| Fr + Jkp(M)|| v\ N7 2
A B <9‘2+/\) +,Z (X)

i=1

and

v =3 (375

i=1

are convex and nonnegative on (ux, +00). (See also Lemma 4.1 in Cartis, Gould, and
Toint [4] for the case where ug = 0.) Moreover,

14

r_ 1 %'27"1'2
(eI = OVl ; GESNE <0,

and hence ||p(})]| is decreasing. As a consequence, /g |[p(N)||/A is also convex and
nonnegative. Applying again the cited result by Boyd and Vandenberghe [1, p. 87],
we deduce that

2
o) _ [ (IFet TipWIN* |, (Al
A A A
is convex and the convexity of /A finally ensures that of ¥(\).

Now, since 1(\) > —1 for all A € (g, 00) and has a horizontal asymptote at —1
for A — oo, we deduce that 1(\) must be strictly decreasing in (ug,00). Thus A
(whose existence is assumed) is the unique positive root of (4.12), and the convergence
properties of both the Newton method and the secant method applied to (4.12) follow

from Lemma A.1 in Cartis, Gould, and Toint [4]. O
In order to apply the Newton method to (4.12), we need

29k
A

20

- ¢'(b(V) - 53

(4.13) P'(A) = P(p(N) + T2

Differentiating (4.1) with respect to A\, we get

(4.14) (Br, + A)Vap(A) + p(A) = 0,
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where Vp()\) is the gradient of p()\). Furthermore, by using (4.1), we obtain that
_ 2(Bep(N) + 96)"Vap(A) + 20p(N) T Vap()

_ (e = PN Vap(Y)
$(p(N)
_ QA= m)pW)T (B + AD ()
$(p(N)

If the Cholesky factorization By, + Al = RT R is available, then 1'()\) takes the form

205 (A — ) [R~"pV)|* e

Ad(p(A)) A
and we have all the necessary ingredients for computing the Newton method for (4.12).
We also observe that, since 1()) is convex in (pg, +00), a Newton step from an initial
A0 with (A(©)) < 0 will underestimate the root A, and a suitable value between py,
and A} can therefore always be found, possibly by bisection. The complete strategy
then gives Algorithm 4.1.

2CTk

(415) W) = -6 +

ALGORITHM 4.1. THE NEWTON METHOD FOR (4.12) USING THE CHOLESKY
FACTORIZATION

An initial A9 >y, is given.

For £ =0,1,... until convergence do
1. Compute By, + \OT = RTR .
2. Solve RTRp(A\®)) = —g,.

3. Solve RT z(A(¥)) = p(A).

4. Compute ¥(A¥)) and ¢’ () given in (4.12) and (4.15).
()
10 _ o YY)
5. Set A =\ — TG
6. If MO >y, set XD = X Otherwise, set A = 1 (up + A©).

Practical versions of the above algorithm should not iterate until convergence to
AJ is obtained with high accuracy but return an approximate solution to A;;, producing
an approximate step pg. In practice, Algorithm 4.1 must iterate until

(4.16) A € (p,k, /\Z]

and condition (2.13) is met. Unfortunately, this requires the computation of p§. Note
that because

mi(—agr) = ¢(—agr) + ora’|grl?
= VIE2 — 200 g2 + 020 (Bi + piD)g + o50® g,
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18 BELLAVIA, CARTIS, GOULD, MORINI, AND TOINT

it follows that p{ = —afgr, where af € (0,]lgxl?/9f (Br + pxl)gx) is the unique
solution to the scalar nonlinear equation

(4.17) 20k || gx|1? ard(—owgr) = lgll® — gl (Bi + ) g

In practice, o can be computed, solving this equation by a root-finding method, at
the cost of computing the Hessian-vector product in the last term of (4.17). Note
also that (4.16) holds as soon as bisection stops in Algorithm 4.1, and this may be
encouraged by choosing A(?) very close to ju.

4.2.1. Local convergence analysis. We may now complete our convergence
results under the condition that an approximate model minimizer is computed.

Assumption 4.1. The step py is computed to satisfy (2.13), (4.10), and (4.16).
More specifically, we are able to prove that, when {z} admits a limit point x* such
that F'(z*) = 0 and J(z*) is of full rank, then the iterations must be very successful
for k sufficiently large, irrespective of the relative values of m and n. The following
assumption is needed for the latter to hold.

Assumption 4.2. Let {x} be the sequence generated by Algorithm RER. Then
there exists a constant ks > 0 such that, if ||z — zx|| < ks and = € [zk, 2 + pi], then

(4.18) |J(x) = J(zg)]| < 2kL||z — x| for all k.

Clearly, (4.18) is automatically satisfied when J(z) is globally Lipschitz continuous
over R™. Note that if Assumption 4.2 replaces Assumption 3.2 in the conditions of
Theorem 3.8, then the latter still holds. To see this, note that the first limit in (3.27)
for the subsequences of interest in the proof of Theorem 3.8 is implied by (4.18) and
the first limit in (3.34).

We first prove that the error between the objective function and the model de-
creases quickly enough with the step length.

LEMMA 4.5. Assume that F' : R™ — R™ is continuously differentiable and that
Assumption 4.2 holds. If ||pr|| < ks, then

(4.19) IF (2 + po)l| = ma(pr) < (ke — on) |l

Proof. The bound (4.19) follows from (3.15) since (4.18) applies for © = zj, + tpg
due to ||pg|| < ks. O
We now prove that the iteration must be very successful when oy, is sufficiently
large.
LEMMA 4.6. Let F : R™ — R™ be continuously differentiable, and suppose that
Assumptions 3.1 and 4.2 hold. Assume that g, # 0 and that
2
(4.20) o) > max [,%L, ﬁ} .
Ks
Then py, > 1, iteration k is very successful, and o1 < 0.
Proof. Note that (3.14) and the second term in the maximum in (4.20) imply
that

2K,
Ipxll < — < ks
Ok
We can now apply Lemma 4.5 and deduce that (4.19) holds. But the right-hand side
of this inequality is nonpositive because of (4.20), and hence, since

_ 1F Gk + p)ll = o (pr)
([l = (pr)

L= pr
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and since || Fg|| — mg(pr) > 0 by construction (also see (3.3)), we deduce that pr >
1 > ma. The conclusion then follows from the mechanism of the algorithm. 0

The following lemma then shows that the sequence of parameters {cy } is bounded
above.

LEMMA 4.7. Let F : R" — R™ be continuously differentiable. Suppose that
Assumptions 3.1 and 4.2 hold and that gy, # 0 for all k. Then there exists a constant
Omax > 0 such that, for all k >0,

(4.21) 01 < Omax-

Proof. Note that for any k& > 0, we know from Lemma 4.6 that (4.20) implies
that o1 < 0. Hence, applying the updating rule (2.15), the parameter o} cannot
be larger than ~o times the right-hand side of (4.20). Since the initial value oy may
exceed this value, the bound on o}, takes the form

o < max [72/-&, = Omax O

S

272K def
;00

The next lemma gives useful asymptotic bounds on quantities of interest.

LEMMA 4.8. Let F : R® — R™ be continuously differentiable. If x* is a limit
point of the sequence {xy} such that F(x*) =0 and J(x*) is of full rank, then, for xj
sufficiently close to x*,

(4.22) 1Fkl| < Ol — 27,

(4.23) gkl < Ikl 1 Exll < 61| Fkll,

where § % 2 max][||J(z*)|, |J(z*)"|]] . If Assumption 4.1 holds in addition, then
(4.24) Ipxll < 02llgell < 6% F|| < 0%k — 2*]|.

Moreover, if Assumptions 3.1 and 4.2 hold, then

(4.25) Ak < X[ Fell

with x def ¥3 4+ 20maz, ond iteration k is very successful.

Proof. Since J(x*) is of full rank, we may choose € to be a positive scalar such
that, for any xj, € S(z*,€), Jy, is of full rank, ||Ji|| < 6, and || J, || < 6. Consequently,
| B || < 62 for z, € S(2*,€). For such an ay, we see that

I1Fl < HF(x*) + /01 [J(2" + t(zx — )] (z% — 2¥) dtH < Ol|zy, — 2|,

which is (4.22). Using the definition of 6, we then have that
gl < 1Tkl ERll < Ol F%l,
which is (4.23), and by (4.10) (as implied by Assumption 4.1), that
Pkl < 11(Br + M) | llgull < 0llgell < O Fxll < 0*lax — 2*],

proving (4.24). Suppose now that Assumptions 3.1 and 4.2 hold, and reduce e if
necessary to ensure that

1 ks 1—m2

4.26 Fi|| < mi =
(4.26) 1]l < min | 525 55 T 8
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for all z € S(x*,€), where kg is given by Assumption 4.2. Then (4.16) (also implied
by Assumption 4.1), (4.7), and Lemmas 4.7 and 2.2 give that

Me S AL < g+ 20% || Fil] < x[[Fell,

which is (4.25). Observing that (4.24) and (4.26) imply that ||px|| < ks, we may also
verify that

1F @+ pe)ll =milpr) o (e —on)lpwll® o mullpwl?
| Fxll — m(px) - [ Fell = me(pe) = [Fkll — mr(pr)’

pr=1-—

where we used Lemma 4.5 to derive the first inequality. But the bound || B} || < 62
ensures that the minimum singular value of By, is larger or equal to 1/62 and, therefore,
because of (4.26), that

1
1Be + ped | 2 [|Bell = 75 2 20maxl| Fell = 20| Fl-

As a consequence, the first term in the minimum of (3.3) is the largest, and we deduce,
using (3.13), that

lell? loi
F | —my(pf) > = .
[ F |l k(Pk) 2 AN Fellll Br + pel|| — drn || Fx |

Using this inequality, (2.13), and (4.24), we then obtain that

_ 4“D"L|‘pk”2

5 Fill = 1 — 4rpr 8] Fill;
ll gl

pr > 1

i.e., pr > n2 because of (4.26). a

We now prove that, if m > n and there exists a limit point * such that F'(z*) =0
and J(x*) is of full rank, then z* is an isolated solution of F'(z) = 0 and the complete
sequence {z}} converges to z*.

THEOREM 4.9. Let F': R"™ — R™ be continuously differentiable, and suppose that
Assumption 4.1 holds and that m > n. If x* is a limit point of the sequence {xy} such
that F(x*) =0 and J(x*) is of full rank, then {xy} converges to x*.

Proof.  Since J(x*) is of full rank n, J(z*)* J(«*) = I,. Thus, by continuity,
| I, — J(«*) T J(x* +t(x—2x*))|| becomes arbitrarily small in a suitable neighborhood of
x*. For any z sufficiently close to x* to ensure that ||, — J(z*) " J(x* +t(x — x*))|| <
1/2, the mean value theorem then yields that

19 F@ = @ =% = [ (0= ) T ol - a) <x—x*>dtH,

1
>(1—/)—ﬁ)M—xﬂ.
O 2

Using this inequality, we then obtain that, for any such z,

|J(z*)* F(z)]| o
R Lk

(4.27) 1E ()] >

and we conclude that z* is an isolated limit point of the sequence {x}. Consider now
a subsequence {xy, } converging to 2*. We may then apply (4.24) for j sufficiently large
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and deduce that ||py,|| converges to zero. Using Lemma 4.10 in Moré and Sorensen
[11], we finally conclude that {xj} converges to z*. a

In the following theorem we consider the case where z* is an isolated solution of
the overdetermined (m > n) system F(x) = 0, and we show that convergence is fast
in this case if one is ready to strengthen somewhat the assumptions on the Jacobian.

THEOREM 4.10. Let F : R™ — R™ be continuously differentiable. Suppose that
m > n and that Assumptions 3.1, 4.1, and 4.2 hold. Assume that x* is a limit point
of the sequence {x} such that F(x*) =0 and J(z*) is of full rank. Suppose moreover
that J(z) is Lipschitz continuous (with constant k. ) in a neighborhood of x* if m > n.
Then {1} converges to x* Q-quadratically.

Proof.  From Theorem 4.9 we know that {xy} converges to z*. Let €, 6, and
X be chosen as in Lemma 4.8 to ensure that (4.18) and (4.22)—(4.26) hold, which
ensure that iteration & is successful and that ||px| < ks. By (4.27), we obtain, for
xp € S(z*, €), that

[k + pr — a*|| < 20]| F (xr + pr)|
< 20(||F'(wk + px) — Fr — Jkpell + | Fr + Jkpell)
(4.28) < 20(kclpxl|® + || Ex + Jipxl))-
Because (4.24) gives that ||px| < 0*||zx — 2*||, we only need to bound || F} + Jxpk|| to
prove Q-quadratic convergence.

Let J, = UpSi VI = (U1, Ur2) Xk VL, where Uy € R™X™ Uy o € RM*(m=n)
and Xy = diag(s1,...,<,). Then we have that

Ulz?l = Ulzl(Jg)Jrle

because (JI)*JT is the orthogonal projection onto the range of Ji,. As a consequence,
we may write that

UK 2 (Fi + Jepw) | = U [(TE) T (Brpre + g1 -

If we substitute (4.10) in the right-hand side and use (4.22), (4.24), and (4.25), we
obtain that

(4.29) 1051 (B + Tepw) | < xON il llpwll < x6° [y — 2|1
Moreover, if m > n, we verify easily that
(4.30) U2 (Fx + Jepi) | = Ui 2 Fill-

We now bound this last quantity as in Fan and Yuan [7]. Specifically, let g, = —J," Fy,
in which case Jyqr = —Jleij = —Uk,lU,zlek. Since g, minimizes || Fy, + Jip||, we
obtain that

UL Fell Uk 2UL 5 Fl
1 E% + Jrqrl
| Fx + Ji (o, — )|

Kok — 2.

(4.31)

INIA I

Combining together the triangle inequality and (4.29)—(4.31), we find that
1 Fx + Jpll < UL (F + Jipi) | + UL (Fr + Jipi) | < (60° + )| — 2712,
which concludes the proof in view of (4.24) and (4.28). O
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The final theorem in this section studies the local convergence for underdeter-
mined systems, that is, when m < n. In this case, if x* is a limit point of the
sequence {zy} and J(z*) is of full rank, then F(z*) = 0, but in general z* is not an
isolated solution of F'(z) = 0.

THEOREM 4.11. Let F : R” — R™ be continuously differentiable. Suppose that
m < n and that Assumptions 3.1, 4.1, and 4.2 hold. If x* is a limit point of the
sequence {x} and J(x*) is of full rank (and thus F(x*) =0), then {x} converges to
x* Q-quadratically.

Proof. Again let €, 6, and x be chosen as in Lemma 4.8 to ensure that (4.18) and
(4.22)—(4.26) hold, which ensure that iteration k is successful and that ||px| < xs. If
necessary, reduce e further to ensure that
(4.32) 02e(x0* + K 0*) <

N =

Let ¥ be a positive scalar such that

€
1+ 264

(4.33) ) <

and assume xp € S(x*, 1) for some k > ko, in which case (4.24) immediately gives
that

(4.34) Ipr]l < 6.

To ensure that the sequence {z;} is convergent, we need to show that it is a

Cauchy sequence. We achieve this objective by proving, by recurrence, that, if x; €
S(z*, 1), then

" 1
(4.35) Tipe €57, €) and [prsestll < 5lpisel

for all £ > 0. Consider the case ¢ = 0 first. Since (JI)TJI = I,,, we deduce from
(4.10) and (4.25) that

(4.36) [|Fx + Jipkll < ()T 1Brpr + gkl < 0| Brpr + grll < x0 || Fell [l
Thus using successively the triangle inequality, (4.34), and (4.33), we verify that
(4.37) ekt — || < llax — 2| + lpell < (¥ +6%) <&

ie., xp41 € S(z*,€). Then (4.24) yields that, for any such iterate,

(4.38) k1]l < | Frgall = (| F (2 + pr)

since iteration k is successful. As a consequence, we see that

Iprr1ll < 0% Fr + Jipr + (F(2k + pi) — Fe — Jepi) ||
(4.39) < 0 (XO|| Fi || + wullpll) [[pxll,

where we used (4.18) and (4.36). Now using (4.22), (4.24), (4.34), and the bound
1 < e implied by (4.33), we have that, whenever z,41 € S(z*,€),

1
(4.40) Ipr+1ll < 0%e(x0 + £.6%) [lpel| < 2 Ipxll;
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where the last inequality results from (4.32). Hence, (4.35) holds for £ = 0. Assume
now that (4.35) holds for iterations k4 j, j = 0,...,¢— 1. Using this assumption, the
convergence of the geometric progression of factor 1, and (4.34), we obtain that

-1 -1

s =2l <6+ Y lpasl <9+ 3 (3) Ioull < v+ 2ol < v+ 200,
§=0 7=0

and hence, x4 € S(z*, €) because of (4.33). As for £ = 0, we then use (4.34) and the
successful nature of iteration k + ¢ (itself implied by the inclusion zi4¢ € S(z*,¢€)) to
deduce that

[P+l < O F(@rre + prose) | < 02 (X0 Fiowe | + v |prrell) [lprsell-
But, by (4.24) and our recurrence assumption,
[prvell < 0 Jwpre — 2% < 0%,

and thus, using (4.22), we deduce that

1
[Prter] < Pe(x0? + K00%) |[prsel < 3 lprtells

which concludes our proof of (4.35). We may thus conclude from (4.34) and (4.35)
that, if x € S(z*, 1)), the successive steps after k satisfy the inequalities

1
(4.41) Ipell < 0% and ||priera] < B lprsell, €=0,1,....

This in turn implies that {zx} is a Cauchy sequence and, as a consequence, that {xy}
converges. Since x* is a limit point of the sequence, we deduce that limg_, o xx = *.

We finally show the Q-quadratic convergence rate by noting that, because of
(4.41),

[e'¢) [e'¢) j
1 J
v =o€ 3 ol < 3 (5) Il =2l
j=k+1 Jj=0

But (4.39), (4.22), and (4.24) together imply that
Pkl < 0% (0 lan — 2| + mo 6l — 2*[)) 0%l — 2| = 6°(x + K6?) |2k — 2|

Combining these last two inequalities then completes the proof. O

4.3. Computing the trial step in a subspace. If the factorization of By is
unavailable because of cost or memory limitations, an alternative approach to compute
a trial step consists in minimizing my(p) over a sequence of nested Krylov subspaces
(see Cartis, Gould, and Toint [3, 4]). In each subspace a secular equation is solved and
the dimension of the subspace is progressively increased until the gradient of the model
is sufficiently small. Suitable strategies are then adopted to recover an approximate
solution at a low computational cost. The requirement to satisfy the Cauchy con-
dition (2.13) is then automatically fulfilled by including g; in each subspace, which
is obtained by initializing the Krylov sequence with that vector. Note, however,
that (4.10) no longer holds in this framework, making the analysis of section 4.2.1
inapplicable.
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Our development of this approach parallels that of Cartis, Gould, and Toint [4],
but is briefly restated here because it now includes the case where u; > 0 which was
not considered in this reference. Applying Golub—Kahan bidiagonalization algorithm
at iteration k, we get matrices W; € R™*J, Q; € R™*J, and C; € RUTD*J such that

(4.42) JkQj = W1 Cj,

where Q?Qj =1, WjTWj = I, and Cj is bidiagonal (note that this technique uses
Jy only, not JIJi). Then a sequence of minimizers of my(Q;y) in the expanding
subspaces p = Q;y, j = 1,2,..., is sought. In fact, the solution to (2.10) reduces to

(4.43) min me(Q;y) = \/1Csy — Breall? + i llyll® + ox vl
yeR?
with 31 = ||Fi||. The minimizer y; to (4.43) is the vector y; = y;();) satisfying
(4.44) (CTCj+ M)y = p1Cf e,
(4.45) A= uk+2crk\/||0jy—ﬁlelll2+uk||y||2-

Algorithm 4.1 may be used to solve (4.45) accurately. Nested subspaces are con-
structed for increasing j until p; = Q;y; satisfies

(4.46) [V (p(A)I| < wi

for an iteration-dependent tolerance wy > 0, at which point the step py is then taken
as the last computed p;. We now study properties of the sequence {x}} generated
using this approach.

LEMMA 4.12. Let x* be such that F(z*) = 0 and J(z*) is of full rank. Suppose
moreover that J(x) is Lipschitz continuous (with constant k.) in a neighborhood of
z* if m > n. Then there exist constants x, €, and 0 such that, if x), € S(z*,€) and
wr < 1/(26), we have that

(4.47) ||Fk + Jrepr| <

(Wi + X)llpell if m <n;

1 — Owy
(448) 1B+ g < = [/ + M)l + o = a*[] >
(4.49) okl < 1(Bi + X)) [ llgull < 6% llgrll < 0*|2x — 2]
Moreover, if Assumptions 3.1 and 4.2 hold, then
(4.50) Ak < X[ Fell,

with x ef Y3 4 20max, and iteration k is very successful.
Proof. As above, let § and e be positive scalars such that for any z € S(x*,¢),
Jy. is of full rank, ||Jx|| < 6, and || Ji || < 0. By (4.3) and (4.46), we have

1Bk + Akl )pr + grll < wed(pr)
whenever ||Fj + Jipi| > 0, since this last inequality implies that ¢(pg) > 0. Let
T = UpZi VT = (U1, Ui )2k Vi, where Uy € R™¥V Uy o € RMM=V) 53 =
diag(si, ..., ), and v = min(m,n) . We may then derive that
U2 (B + Jipi) | < 1T T (Bipi + gi) |
< O(I(Br + AeD)pr: + gill + Aellpr)
< 0 (wrd(pr) + Mellpll),
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and this inequality also obviously holds if || Fi + Jxpk|| = 0. Then, using the inequality
Va+b<a+bfora,b>0, we deduce that

U2 (Fi + Jup) | < 0wl Fie + Jipell + wrv/mellpell + e llpr])-

If m < n, since Uy 1 belongs to R™*™ ||U,£1(Fk + Jipe) || = || Fr + Jkpk||. Moreover,
we note that (4.31) remains valid whenever m > n. Thus, if w, < 1/(26), we then
obtain (4.47) and (4.48). Regarding (4.49), note that, by (4.44),

(4.51) lpkll = llpsll = Nl < I1(CTCj + AD)THHIBLCT el
and also that (4.42) gives the relations
(4.52) CTC;+ M =QI (" Jy + \)Q; and p1CJer = —Q7 gy

Now observe that the columns of @); are by construction orthogonal to the nullspace
of J and hence the eigenvalues of Q;‘-F(JkTJk + AI)Q; are interlaced between the

nonzero eigenvalues of (Ji T Ji + AI); they are therefore bounded above and below by
the largest and smallest nonzero eigenvalues of this last matrix. Using (4.51) with
(4.52), the definition of By = J,Z Ji, and this last observation, we then deduce that
(4.49) holds. Finally, suppose that Assumptions 3.1, 4.1, and 4.2 hold and consider
(4.50). By (4.45) and (4.52), we have that

M = i+ 2054/ 11505 — Brea |2 + e [ 12

= it + 201\ /4T CT Gy + 27 QT gi + | F 12 + a1

where y; satisfies (4.44). Using the singular-value decomposition of C;, we deduce, as
in Lemma 4.3, that

VIG5 (0) = Breal]? + el (V)2

is monotonically increasing as a function of A and converges to || Fi|| for A going
to infinity, which then, together with the upper bound (4.21) on oy, yields (4.50).
The proof of the very successful nature of iteration k is identical to that given in
Lemma 4.8. g

Following the lines of Theorem 4.10, we may now obtain the local convergence re-
sults corresponding to Theorems 4.10 and 4.11 for the case where the step is computed
in a subspace.

THEOREM 4.13. Assume that m > n and that * is a limit point of the sequence
{z} such that F(xz*) =0 and J(z*) is nonsingular. Assume also that Assumptions
3.1 and 4.2 hold. Suppose moreover that J(x) is Lipschitz continuous (with constant
K« ) in a neighborhood of x* if m > n. Then, if the scalar wy in (4.46) is such that
wi < K/ || Ex|| for some K, > 0, the sequence {xy} converges to x* Q-quadratically.

Proof. The proof follows the same steps as those of Theorem 4.10, taking into
account that our assumptions on py and wyg, the convergence of || F| to zero, and
(4.47) and (4.48) together yield that, for k large enough,

[ Fy + Jeprll < 20 (ko3 1Fx || + Xe) okl + ol zr — 2)|?]
< 20[ (kw3 0|2k — 2% || + X0k — 2*[]) 02| grll + £ l|zi — 2% 2]
< 20[0° (K3 + X) + ke[| — 2|2,

where we have used (4.22), (4.23), (4.49), and (4.50). Inserting this bound in (4.28)
then ensures the desired rate of convergence. d
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THEOREM 4.14. Let F : R™ — R™ be continuously differentiable. Suppose that
m < n and that Assumptions 3.1 and 4.2 hold. If x* is a limit point of the sequence
{zx} and J(z*) is of full rank (and thus F(z*) = 0), then, if the scalar wy in (4.46)
is such that wi < Kw+\/||Fill for some k, > 0, the sequence {xy} converges to x*
Q-quadratically.

Proof. The proof parallels that of Theorem 4.11, where we first replace (4.36) by
the inequality

1E% + Jipll < 26 (Kuv/A3 + X) 1 Fll 12kl

which follows, for & sufficiently large, from (4.47), our assumptions on p and wy, the
convergence of ||Fy|| to zero, and (4.50). After deriving (4.34) and (4.37), (4.38) now
results from (4.49) and the successful nature of iteration k. The rest of the proof then
follows that of Theorem 4.11 step by step, with (4.49) replacing (4.24) and (4.50)
replacing (4.25). O

5. Numerical results. In this section we present some numerical results ob-
tained when solving nonlinear least-squares problems from the CUTEr collection with
Algorithm 2.1. All runs were performed using a Fortran 95 code on an Intel Xeon
3.4 GHz, 1 GB RAM. A key role in the performance of Algorithm RER is played
by the regularization parameter oy in Step 4. Here, 09 = 1, and on very successful
iterations we set oj41 = max(min(og, ||gxl|), ear), where epr ~ 10716 is the relative
machine precision. For other successful iterations, oy, is left unchanged; while in case
of unsuccessful iterations, o is doubled.

The approximate minimizer py in Step 1 of Algorithm RER was computed mini-
mizing mg(p) over a sequence of nested Krylov subspaces. This computation is carried
out using the module L2RT (Cartis, Gould, and Toint [4]) from the GALAHAD library
(see Gould, Orban, and Toint [8]). The approximate minimizer py satisfies the accu-
racy requirement (4.46) with

(5.1) wr, = min(0.1, | Vmg (0)[|1/2)|| Vi (0)]].

First we run Algorithm RER with o = 0. Then the tests are repeated with jg = 10~*
and

_ [ max{min(ux, 1072 Frga [, en] 3 o > 1,
1 i otherwise,

which corresponds to the choice 43 = 1073 in (2.16).

The RER method is compared with NNLSTR, a trust-region method which has
been implemented following the standard scheme (see Conn, Gould, and Toint [6], Al-
gorithm 6.1.1). In NNLSTR, the approximate solution pj, of the trust-region problem
is computed using the module LSTR [4] from the GALAHAD library with the stopping
criterion (4.46) and the tolerance wy, defined by (5.1); note that the LSTR technique
is a first-order approach. When the solution of the trust-region subproblem lies on
the trust-region boundary, the Steihaug—Toint (ST) point is computed (Steihaug [18],
Toint [20]). We also assessed whether there is any gain in iterating beyond the ST
point in the solution of the trust-region subproblem. On very successful iterations,
the trust-region radius Agyq is set to max{Ay,2||px||}, whereas it is left unchanged
on successful iterations, and it is halved otherwise. The initial trust-region radius
is set to 1. The two variants of the NNLSTR code (with and without exploration
beyond the ST point) can therefore be considered as modern trust-region codes for
unconstrained optimization.
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TABLE 5.1
The columns contain the name of the problem, its dimensions, and the number of outer (Oiter)
and inner (Iiter) iterations performed.

Test NNLSTR with | NNLSTR beyond RER with RER with
problem n m ST point ST point wo =0 po = 10%
Oiter Titer Oiter Titer Oiter Titer | Oiter Iiter
ARGTRIG 200 200 9 931 9 931 9 875 9 866
ARWHDNE 500 998 321 322 232 318 230 368 197 293
BROYDNBD | 1000 1000 18 76 18 80 13 91 13 91
INTEGREQ 102 100 4 8 4 8 4 7 4 7
YATP1SQ 2600 2600 40 46 28 40 20 30 21 32

Algorithm RER and the trust-region algorithm are stopped whenever the criterion
[F3l < max(107%,107"2||Fo]l) or [lgx|l < max(107°,107"|gol))

is met.

In Table 5.1 we give the results obtained on the following five CUTEr test exam-
ples: the three square nonlinear systems ARGTRIG, BROYDNBD, and YATP13Q; the under-
determined problem INTEGREQ; and the overdetermined test ARWHDNE. The number of
outer iterations performed by Algorithm RER with positive pg is the same as in the
case g = 0, except for problems YATP1SQ and ARWHDNE. These exceptions point out
the advantage that can be gained sometimes by employing a positive regularization
Ho-

The convergence history plot for problem YATP1SQ in Figure 5.1 illustrates the
fast asymptotic rate predicted by our theoretical results.

5

10 T T T T
+uo=10'4
10° t -
T 10° | -
107°F -
\.
¥
10_15 1 1 1 1
0 5 10 15 20 25

outer iterations

F1c. 5.1. Convergence history for problem YATP1SQ.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



28 BELLAVIA, CARTIS, GOULD, MORINI, AND TOINT

The numerical results we obtained are encouraging, as Algorithm RER requires
a low number of outer iterations except for problem ARWHDNE. This is important in
practice because each outer iteration involves one evaluation of F'(z) (and possibly of
its Jacobian), the cost of which often dominates the whole solution process. Reducing
the number of outer iterations thus often results in significant computational savings.
The slow convergence on ARWHDNE may be ascribed to the fact that the methods
converge to a nonzero residual solution with a final value of ||F|| ~ 0.12 x 102. This
illustrates that the first-order Gauss—Newton-like model employed by the algorithms
discussed here may be not appropriate to handle this situation. Furthermore, our
implementations of Newton-like cubic overestimation or trust-region schemes on this
problem terminate in six to seven outer iterations, implying that significant gain can
be made from using second-order information when solving such nonzero residual
problems.

6. Conclusions and perspectives. We have described a variant of the Gauss—
Newton algorithm for nonlinear least-squares, inspired by ideas of Nesterov [12]. The
new variant includes the provision for approximate solutions of the subproblem and
also features an additional regularization which might be advantageous in practice.
We have developed a complete global convergence theory for this new variant and have
also shown that convergence to zero residual solution is quadratic under reasonable
assumptions.

Several extensions of the present work are possible. It seems particularly desirable
to develop a variant of the full Newton method (as opposed to the Gauss—Newton
algorithm) which would be based on the regularized Euclidean residual and yet could
handle negative curvature and nonzero residuals. However, this extension does not
seem obvious at this stage. It is also of direct interest to investigate whether, as is
the case for the ACO method, the complexity results obtained by Nesterov could be
extended to the case where the subproblems are solved inexactly.

Finally, the true potential of the new variant has yet to be compared to competing
techniques in extensive numerical tests, which are currently under way and will be
reported on separately.
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