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Abstract Motivated by machine learning problems over large data sets and dis-
tributed optimization over networks, we develop and analyze a new method called
incremental Newton method for minimizing the sum of a large number of strongly
convex functions. We show that our method is globally convergent for a variable
stepsize rule. We further show that under a gradient growth condition, conver-
gence rate is linear for both variable and constant stepsize rules. By means of an
example, we show that without the gradient growth condition, incremental New-
ton method cannot achieve linear convergence. Our analysis can be extended to
study other incremental methods: in particular, we obtain a linear convergence
rate result for the incremental Gauss-Newton algorithm under a variable stepsize
rule.

Keywords Incremental methods - Convex optimization - Newton method -
Gauss-Newton method - Strong convexity - EKF algorithm

1 Introduction

We consider the following unconstrained optimization problem where the objective
function is the sum of component functions:

m

minimize f(z) = Zfz(x) (1.1)
i=1

subject to = € R",

where each f; : R®™ — R is a strongly convex and twice continuously differentiable
function. This problem arises in many applications including least squares or more
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general parameter estimation problems (where f;(z) is the loss function represent-
ing the error between prediction of a parametric model obtained from data and the
actual output), distributed optimization over networks (where f;(z) is the local
objective function of agents connected through a network), dual formulation of
problems with many constraints, and minimization of expected value of a function
(where the expectation is taken over a finite probability distribution or approxi-
mated by an m-sample average) (see e.g., [4,[8[0122]23,25[31,[33]). An important
feature of these problems is that the number of component functions f; is large
and not all simultaneously available. One is therefore interested in optimization
algorithms that can iteratively update the estimate for an optimal solution using
partial information about component functions.

One widely studied approach is the incremental gradient method, which cycles
through the component functions using a deterministic order and updates the it-
erates using the gradient of a single component function. This method typically
outperforms non-incremental methods in numerical studies since each inner iter-
ation makes reasonable progress. However, it typically has sublinear convergence
rate as it requires the stepsize to go to zero to obtain convergence to the optimal
solution of problem (1)) (see [4]).

In this paper, we present an incremental Newton (IN) method that cycles
deterministically through the component functions f; and uses the gradient of f;
to determine the direction of motion and the Hessian of f; to construct the Hessian
of the sum of component functions, f. Our main results can be summarized as
follows:

First, we adopt a variable stepsize rule, which was introduced in Moriyama et
al. [20] for the analysis of the incremental Gauss-Newton method with an adap-
tive stepsize rule. The stepsize measures the progress of the iterates over a cycle
relative to the progress in the inner iterations and aims to dampen the oscillations
associated with incremental methods in the “region of confusion” (i.e., the set over
which the component functions have non-aligned gradients; see e.g. [3, Example
1.5.5]). We show that our IN algorithm is globally convergent with this variable
stepsize rule.

Second, we adopt an assumption, which we refer to as the gradient growth as-
sumption, which states that norms of gradients of f;’s are bounded from above by
a linear function of the norm of f. Under this assumption we show that the normal-
ized stepsize sequence (normalization of stepsize by the iteration number k is used
since the Hessians are accumulated at each step) remains bounded away from zero
and provide an explicit characterization of this bound in terms of problem parame-
ters. Our analysis relies on viewing the IN method as an inexact perturbed Newton
method. We use the lower and upper bounds on the stepsize sequence together
with bounds on the Hessian of iterates to provide bounds on the Hessian error and
the gradient error of the method. This allows us to use the convergence rate results
on inexact perturbed Newton methods to show that IN method converges locally
linearly to the optimal solution of problem (IJ]). Under some additional assump-
tions, we show that IN method achieves asymptotically error-free curvature (or
Hessian matrix of f) estimates which do not extend to many incremental quasi-
Newton methods (see Remark [3.4]). However, our global convergence and linear
convergence rate results admit extensions to incremental quasi-Newton methods.
Our analysis can also be extended to study incremental Gauss-Newton method
under a variable stepsize rule for solving least square problems, also known as the
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extended Kalman filter (EKF) method with variable stepsize or equivalently the
EKF-S algorithm [20], and shows linear convergence rate for this method, thus
answering a problem left open in Moriyama et al. [20, §7]. Note that the incremen-
tal Gauss-Newton method without the variable stepsize shows typically sublinear
convergence behavior [T1,[3[12].

Third, we show that under the gradient growth condition, the IN method
converges globally linearly to the optimal solution for a sufficiently small constant
stepsize. The analysis of our algorithm under a constant stepsize rule uses bounds
on the gradient errors, which may be of independent interest.

Fourth, we provide an example that shows that without the gradient growth
condition, IN method cannot converge faster than sublinear, thus highlighting the
importance of gradient growth condition in the performance of the IN method.

Our work is related to the literature on incremental gradient (IG) methods
(see [2H4,[32]). The randomized version of the IG method, also referred to as the
stochastic gradient descent (SGD) [8/26]29], has been popular and used extensively
for solving machine learning problems [7836]. Many variants of the IG method are
proposed to accelerate its convergence, including the IG method with momentum
of Tseng [34] and Mangasarian et al. [18]. Tseng’s approach with momentum [34]
requires once in a while constructing the gradient of f, and can be hard to im-
plement in problems where the entire objective function is not available. Another
interesting class of methods includes the incremental aggregated gradient (IAG)
method of Blatt et al. (see [5][35]) and closely-related stochastic methods including
the stochastic average gradient (SAG) method [27], the SAGA method [13] and
the MISO method [I7]. These methods process a single component function at a
time as in incremental methods, but keeps a memory of the most recent gradients
of all component functions so that a full gradient step is taken at each iteration.
They have been shown to have fast convergence properties but may require an
excessive amount of memory when m is large.

There has also been a recent interest in incremental and stochastic quasi-
Newton methods, motivated by numerical evidence showing that second-order
methods are faster than first-order methods in many practical problems [6][10]
1931]. In particular, Mokhtari et al. propose a stochastic BFGS algorithm with a
O(1/k) convergence result [19]. Byrd et al. [10] develop a stochastic quasi-Newton
algorithm that avoids the potentially harmful effects of differencing stochastic
gradients that can be noisy, although no convergence analysis is given. SGD-QN
algorithm [6], AdaGrad algorithm [16], oBFGS and oLBFGS algorithms [29], SFO
algorithm [3I] are among other recent second-order stochastic methods that use
quasi-Newton approaches. DANE algorithm [30] is a Newton-like method based on
mirror-descent type updates with a linear convergence rate when the functions f;
are quadratics, although to the best of our knowledge no convergence rate results
are currently known beyond quadratic objective functions.

Outline. In Section 2] we motivate and introduce the IN method deriving key
lemmas for its analysis. In Section [3] first we show its global convergence under
a variable stepsize rule. Then, we introduce the gradient growth assumption and
under this assumption we prove local linear convergence. We also discuss impli-
cations of our analysis to the incremental quasi-Newton methods and the EKF-S
algorithm. In Section ] we start with deriving upper bounds on the norm of the
gradient error in our method for an arbitrary stepsize and then show global linear
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convergence with a constant stepsize under the gradient growth assumption. In
Section [Bl we give examples illustrating the possible sublinear convergence of the
IN method in case this assumption does not hold. We conclude by Section [6] with
a summary of our results.

2 The IN Method

Newton’s method is an important classical method for solving smooth uncon-
stained optimization problems of the form

minimize f(z)

subject to = € R".
The standard Newton iteration is
ol =gk (VQf(a:k))71Vf(a:k), (2.1)

where V f(x) and V2 f(z) denote the gradient and Hessian of f at 2 € R™ respec-
tively. In this paper, we focus on problem (L)) where

flz) = Zfi(m)-

Computing V f(z*) and V2 f(2"*) in ZI) necessitates summing gradients and Hes-
sian matrices of each of the component functions f; which may be costly when the
number of the functions m is large. For such problems, it may be more effective to
use an incremental method, which cycles through each of the component functions
f: and update z* based on the gradient Vf; and the Hessian V2f; (see e.g. [3]).
Our aim is to provide an incremental version of the Newton method. A natural
idea would be to approximate Vf with V f;, where ¢ € {1,2,...,m} varies in
a cyclic manner and to construct V2 f by incrementally summing V2 f;’s. These
observations motivate the following algorithm, which we call the incremental New-
ton (IN) algorithm. Given an initial point 7 € R™ and m > 1, we consider the
iterations

(IN) mf_,_l =k — ak(Hf)_1Vfi(m§), 1=1,2,...,m, (2.2)

k41 K
ah =gk (2.3)
where sz is a symmetric matrix updated by

HF .= HF | +V2fi(zF), i=1,2,...,m, (2.4)
HEY .= HE, H) =0,

and o > 0 is the stepsize. The matrices Hf accumulate and capture the second-
order information at the iterates. For a fixed value of K > 1 and 7 € {1,2,...,m},
we refer to the update (2.2)) as an inner iteration. Consecutive m iterations starting
with ¢ = 1 will be denoted as a cycle of our algorithm.

Algorithm IN is reminiscent of the EKF algorithm (when o = 1) [1] or the
EKF algorithm with variable stepsize (EKF-S algorithm) [20], but there are major
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differences: EKF and EKF-S are Gauss-Newton based methods designed specifi-
cally for the least square problems using only first-order derivatives whereas Al-
gorithm IN applies not only to least square problems, but also to problem (L))
and is a Newton-based method that uses second-order derivatives in addition to
first-order derivatives. When o* = 1, it can be shown that the IN iterations satisfy

E . 2 k .
Tiy1 = arg min Zlf](m,mj), 1=1,2,...,m, (2.6)
=

where fj(z,mf) is the standard quadratic approximation to f; around the point

mf formed by the Taylor’s series expansion given by
; k k k ky , 1 k k k
fi(m,a§) = fi(@5) + Vi @) (@ —25) + 5@~ 25) V2 fi(@f) (z — 25). (2.7)

Thus, when each function f; is a quadratic, we have fj = fjforj=1,2,...,mand
it suffices to have only one cycle (m inner iterations) of the IN method to reach
out to the globally optimal solution. This is clearly much faster than first-order
methods or the Newton-like methods such as the DANE method [30] which has
only linear convergence for quadratic f;’s. However, the trade-off for this accuracy
in our method is increased memory requirement O(n x n) and the additional
computation of the second-order derivatives.

We start with a lemma that provides a characterization for the evolution of
inner iterations.

Lemma 2.1 Let {x’f, k..., :mkn} be the iterates formed by the IN algorithm given
by 22)-@3A). Then, fori=1,2,...,m, we have
i
vy =at —a"EH) T (ij(zg?) + %szj(z?)(xlf - x;?)). (2.8)
j=1
Proof Let z¥ be given. The iterations (Z2) can be rewritten as
xﬁl =k - (Hf)fl(akvbfi(mf)), 1=1,2,...,m,
which is equivalent to
a:f_H =zF 4 (sz)_l(Cf)T(zic - Cfa:f), i=1,2,---,m, (2.9)
where CF is a positive definite matrix satisfying
()T Cf =V i(ar), HP =Hi\+(C7)TCY,
2 = —(CF) T 0"V filal) — V2 fi(ah)af).

(Such a matrix CF exists and can for instance be obtained by a Cholesky de-
composition of the positive definite matrix VQfZ(xf)) Then, the update formula
[239) is equivalent to a Kalman filter update that solves the incremental quadratic
optimization problem

2
k . k k 2 .
Zi+1 = arg min > llzf = Cizl|?, for i=1,2,---,m,
Jj=1
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(see [3, Proposition 1.5.2]). Using existing results on Kalman filters, (in particular
[3, Proposition 1.5.2]), we obtain

o =ab + (Hik)f1 Z(C]k)T(z;C - C]kmlf)

j=1

=t = () (L0 V) + VR ek - o))

which is equivalent to (2.8). This completes the proof. O
Using Lemma 21l for ¢ = 1,2,...,m, we can write
mf_H =¥ — o"DFREF (2.10)
where
k ky—1 k% k 1 oo, kv k
j=1

We make the following two assumptions which have been used in a number
of papers for analyzing incremental and stochastic methods (see e.g. [1], [20], |18,
Theorem 3.1], [I9, Assumption 1], [30], [13]).

Assumption 2.1 (Boundedness) The sequence {z%, x5, .. .,zfn}kzlg,_,_ gener-

ated by the IN iterations (Z2)-23) is contained in a compact set X € R™ whose
diameter is

R := max ||z —y||. 2.12

ma e~ ] (212)

Assumption 2.2 (Hessian boundedness) The functions f;, i =1,2,...,m are
twice continuously differentiable, and there exists constants ¢ > 0 and C' > 0 such
thall

el < V3fi(z) = CI, (2.13)

forallz e R™ andi=1,2,...,m.

A consequence of Assumption is that the function f is strongly convex with
parameter cm > 0 as each f; is strongly convex with parameter ¢ > 0. Thus, the
optimization problem (I.J]) admits a unique optimal solution. Another consequence
is that the gradients have a Lipschitz constant C| i.e.,

Hfl(m)_fl(y)n SCHm_yH? t=12,....,m, (2'14)

for all z,y € R™, where we use || - || to denote the 2-norm (Euclidean norm) of
a vector or the 2-norm (spectral norm) of a matrix depending on the context
throughout this paper. We note that, by (Z13), the ratio

Q== (2.15)

I Note that the existence of the upper bound C on the Hessian is an immediate implication
of Assumption 2Ilas f is twice continuously differentiable. We include it here to highlight the
Hessian bounds in the same place.



Incremental Newton 7

is an upper bound for the condition number of the Hessian matrices at the iterates.
Therefore, we will refer to it as the condition number of problem (L.

We now investigate the evolution of the Hessian matrices HF with k. It is
straightforward to see from the Hessian update formula (Z4) that

k—1 m

=> >V fj(%)+ZV fi(@) (2.16)

=1 j=1

The next lemma shows that the matrices { HF}; j>1 have a norm (2-norm) growing
linearly with k.

Lemma 2.2 Suppose that Assumptions [21] and [Z2 hold. Then, for any i =
1,2,....,m and k > 1, we have

kI < c((k—1)ym+i)I < Hf < CmklI, (2.17)
1 " 1 1

—— I<DF<——— < —1I 2.18

Cmk™ — - c((k — 1)m—|—z’) — ck ( )

It follows that, for any i =1,2,....,m and k > 2,

2
— ckm

CkTmI < HF, DF<-Z-I (2.19)
Proof The first inequality on the left of (2I7) is a direct consequence of the
inequality k < ((k—1)m+1i) for k > 1 and i € {1,2,...,m}. Other inequalities in
@I7) and [2I]) follow directly from applying the Hessian bounds ([ZI3) to the
representation of HF given by the formula [ZI6) and the fact that DF = (HF)~!.
Inequalities (Z.I9) follow from (ZI7) and (2I8) using the fact that k/(k —1) < 2
for k > 2. ad

3 Convergence with variable stepsize

In this section, we introduce a variable stepsize rule and study global convergence
of the IN method under this stepsize. We use the variable stepsize that was pro-
posed in Moriyama et al. [20] for showing convergence of the EKF-S method.

Assumption 3.1 (Variable stepsize) The stepsize used in the Algorithm IN
defined by Z2)-230) satisfies

1<a” §max(1,o/:), k=1,2,...

where
1— (:L‘k+1 k)TH (Z‘k+1—l‘lf Zfl, # xk+1
of = O left oIS, ok —ab I+ 3 e~} 2 ! (3.1)
0, otherwise,

for some n € (0,1), which we refer to as the stepsize control parameter.
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The form of this stepsize can be motivated as follows: The representation formulae
for the inner iterates ([ZI0)-(2II) show that if the norm of Vf is very small
compared to the norm of V f; for some 4, unless the stepsize o is small, we could
be in a situation where the total distance traveled during one cycle of the iteration
lz¥+1 — 2%| is very small compared to that of the inner iterations ||zf — ||,
resulting in large oscillations. This suggests to have a variable stepsize that takes
smaller steps if the ratio ||zf T —2f||/ 3, ||2¥ — 2§ gets smaller as in Assumption
Bl Such a variable stepsize would kill undesired oscillations, enabling moving
towards the optimal solution in a more efficient way. This stepsize can also be
motivated by a descent condition, which leads to the monotonic decrease of the
function values {f(z%)}x asymptotically (when k is large enough) as long as the
iterates stay bounded (see [20, Lemma 4.1]). Furthermore, it is easy to implement
by a simple adaptive stepsize algorithm (see Remark B.2]).

By Assumptions .11 and on the boundedness of the iterates, gradients
and Hessian matrices, we see that hlfn defined by ([2I1) is bounded. Hence, by
Lemma 22 that provides bounds for the matrices DX, and (ZI0) on the evolution
of inner iterates, it follows that the distance between the consecutive iterates at
the beginning of each cycle satisfies

23T — 2¥|| = " | Dkl || = O(a” /k).

Thus, the normalized stepsize

vF=a"/k (3:2)

can be thought as the effective stepsize whose behavior determines the convergence
rate. If o” is bounded, then 'yk — 0 in which case we would expect sublinear con-
vergence in general as Example [5.1lin Section Bl shows. For faster convergence, we
would need o* and (hence of by Assumption B1)) to grow with k. This motivates
us to define

o a’f/k, 7 = lim infy¥ and 7 =limsupy?, (3.3)

k—oc0 k— o0

requiring a lower bound on the growth rate ~. For linear convergence, we would also
typically need an upper bound on the steps?ze, because even the simplest methods
(such as the steepest descent method) with constant stepsize require the stepsize
to be small enough in order to be able to guarantee linear convergence [24, Section
1.4.2]. This motivates the next result which provides an upper bound for 7.

Lemma 3.1 Suppose that Assumptions 21, [2.2 and [Z1] hold. Then, we have
¥y<¢ and vF<¢ foral k=1,2,..., (3.4)

with
6=201-mQ>0 (3.5)

where n is the stepsize control parameter as in B.1) and Q is the condition number

of the problem (1) defined by (2I0).
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Proof If h%, # 0, then for k > 2,

G 1=m (hon) " Drpli,
* T T IDRRRI ST, IDE RS + B DEAL]E
_1-1 L2
SO ORI S, W+ TR
1
= S T 1
< ¢k

where the first equality follows from ([2.10), the first inequality is obtained by using
the bound on Df for i =1,2,...,m in Lemma [2.2] and the second inequality fol-
lows since the term (2/m) 27", ||hf_1]|/||h%,|| is non-negative. This implies (B:4).
Otherwise, if h%, = 0, then af = 4* = 0 satisfying [F4) clearly. O

The next theorem shows the global convergence of the iterates generated by
the IN method to the unique optimal solution of problem (LI). The proof uses a
similar line of argument as in the proof of [20, Theorem 4.1]; so we skip it here
due to space considerations.

Theorem 3.1 (Global convergence with variable stepsize) Suppose that As-
sumptions 21, [Z2 and [31 hold. Then the iterates {x}}32, generated by the IN

method [22)-23) satisfy
lim [V £(ah) =0

and converge to the unique optimal solution of the optimization problem (L.

3.1 Linear Convergence

We use the following assumption which was also adopted in [20[2832][34] for
analyzing stochastic and incremental gradient methods.

Assumption 3.2 (Gradient growth condition) There exists a positive constant
M such that
IV fi(z)[| < M|V f(z)]]

foralli=1,2,...,m.

Assumption[3.2 states that the norm of Vf1,V f2,..., V fi, is bounded by a linear
function of the norm of V f. Thus, it limits the oscillations that might arise due to
an imbalance between the norm of V f; (for some ¢) and the norm of V f which led
us previously to adopt a variable stepsize that gets smaller when such oscillations
arise (see the paragraph after Assumption ). Indeed, we show in Theorem
that this assumption, by limiting such oscillations, can avoid the variable stepsize
rule of Assumption Bl getting too small (keeping the normalized stepsize bounded
away from zero).

Note that AssumptionB2 requires Vfi(z) = Vfa(z) = =V fn(z) =0at a
stationary point x of f. This requirement, although restrictive, is not completely
unrealistic for certain applications such as neural network training problems or
non-linear least square problems when the residual error is zero [28,[34]. Under
this assumption,
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— Tseng [34] shows that his incremental gradient method is either linearly con-
vergent or the stepsize is bounded away from zero in which case convergence
rate is not known. It is not clear whether his method can achieve linear conver-
gence under stronger conditions. This method is not applicable to our setting
as it requires constructing and evaluating the full gradient, V f.

— Solodov [32] shows global convergence of the IG method with a constant step-
size, although no convergence rate results are given.

— Moriyama et al. [20] show that EKF-S method is globally convergent with a
stepsize o that grows linearly with k& but do not provide an explicit lower
bound on the growth rate or any convergence rate results.

— Schmidt [28] proves that the SGD method is linearly convergent in expectation
in a stochastic setting but the analysis and results are not deterministic and
do not apply directly to our method.

In this paper, we show the linear convergence of our method under Assumption
when the stepsize control parameter n in Assumption [B.] is appropriately
chosen. As a by-product, our analysis also implies the linear convergence of the
EKF-S algorithm (see Corollary BJ]) which was left open in [20, §7].

By adapting a result from Moriyama et al. [20, Theorem 4.2], it is not hard
to show that v is positive under Assumption However, Moriyama et al. do
not provide an explicit lower bound on v (in terms of the problem constants m,
¢, C and M). For estimating an explicit_lower bound, we will need the following
lemma.

Lemma 3.2 Suppose that Assumptions 2.1, (2.2, [31] and [Z.2 hold. Let the it-
erates {x¥}5°, be generated by the IN method Z2)-EH). Then, for each i €
{1,2,...,m}, we have

27 — Y| < A*BE @IV (@i)ll,  for all k> 2, (3.6)

where BE(¢) is given by the recursion
2 2M
Bia(0) = (14 Zmax/k.0) ) BE@) + 22 o BE=0, 6

and the limits Bi(¢) := limy_s o0 BF (¢) satisfy

2M
cm

Q

Biy1(¢) = (1 + %Gﬁ) Bi(¢) + and Bi(¢) =0, (3-8)

where ¢ is given by (B3.0).

Proof Fix k. We will proceed by induction on 4. For i = 1, the left-hand side of
([B6) is zero, so the result holds. For simplicity of the notation, we will write Bf
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for BF($). Suppose that (38) holds for all 1 <4 < j < m. Then,
k k k_k k k k
2511 — 21l < Bjy (IVF(@)] + 2511 — 5]
k_k k 29* k
< BivIVf(z1)| + %Hij(mj)H

k
< BT + 25 (3 Vs + el - ot

k
< BT+ 2 (Vb + B 1916 )

= <B§“(1 + %w’“) + %)v’“llvm’f)ll, (3.9)
where we used the induction hypothesis in the first and the fourth inequality,
the inner update equation (22)) for relating the distance between inner iterates
to gradients and Lemma for bounding the norm of (HF)™' in the second
inequality, and the third inequality follows from Assumption [3.2] on the gradient
growth, the triangle inequality over the gradients and (2I4]) on the Lipschitzness
of the gradients. Using Assumption B.] on the variable stepsize and the bound on
the normalized stepsize from Lemma [31] we have for any k > 1,

7 < max(1/k,7F) < max(1/k, ¢),
which, once combined with (33)), implies that the inequality ([B.6)) is true for i =
j+ 1. This completes the induction-based proof of the equality ([B.1). Then, (3.8)
follows directly from ([B.1) by taking the limit as & — oo and using the fact that
¢ > 0. a

We use the preceding result to provide a lower bound on the asymptotic be-
havior of the normalized stepsize.

Theorem 3.2 (Asymptotic stepsize behavior) Suppose that Assumptions 2]
22, 31 and[Z2 hold. Then, there exists a constant k such that

0<nr<y. (3.10)

Furthermore, if ¢ < W where ¢ is defined by ([B.0),

B(¢) == Z B;(9) (3.11)

and Bj(¢) is gwen by B1), then a choice of

1 1
K=003 3E@C (3.12)
@ s + 1

satisfies (B10).
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Proof The existence of such « follows by a reasoning along the lines of [20, Theorem
4.2]. To prove the second part, suppose that ¢ < ﬁ and Assumptions 2.1} 2:2]

B and hold. Using the definition of hf, from @I,

V5t bl < 3 (IV 55 = 6D+ eIV et - o1 )

j=1
< C+1/a%) )y flay — i, (3.13)

=2

where we used ([2.13) and ([2.14) in the second inequality. Let & > 2. Using Lemma
B2l we have

S llaf — 2t < BRIV D) (3.14)
j=2
where
BY(9)=>_Bi(¢); lim B*(¢)=B(9). (3.15)
j=2
Combining (3I3)) and (314,

Il = IV f @) = V£ (@) = b

e C(W —(1+ 1/0/“)) ; 2 — 2%
C(W<l+ﬁ));nﬁx’fn, (3.16)

where ~* is the normalized stepsize given by (B2). By assumption B(¢)C¢ < 1.
Using Lemma B3] this implies that B(¢)C7% < 1. Since v > 0 by the first part, the
right hand side of (3I06) stays positive for k large enough. Then, by re-arranging
(BI8), there exists k such that for k > k,

o il — el B* ()4
b [RE] = 1- B¥(¢)Cy* — BR(9)C/k
Thus,
lim sup Tk < B(9) < B(¢) (3.17)

koo V¥ T 1=B(¢)C7 ~ 1- B(¢)C¢’
where we used Lemma B.] to bound 7 and (B.13) for taking the limit superior of
the sequence {B*(¢)}. We also have
ks 1= emk(a®)?||DERE |12
C oF|IDERG N T, 2k — 2] 4 (m/2)(a%)?|| D, k|2

(1-n) cmk _ (1—n) 1
> C Iy/(a*/Cmk)+m/2 (2 ) QC(Ik/'y’“)—I—l)k’ (3.18)
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where we used LemmaZ2to bound HE, and DF, in the first and second inequalities
respectively. Combining (B.I7) and (B.I8) and letting k — oo,

) 1 1

7> - r 2 ¢ QW
Q  20lmsupg o0 (Le/7*) +1 7 7Q2 2BEAC 1

>0,

which is the desired result. O

Remark 3.1 Since n € (0,1), we have ¢ € (0,2Q) by the definition (BH) of ¢.
Taking limits in ([B.8), we obtain

2M
lim Bj(¢) = (j—l) for j=1,2,...,m
»—0

Then, as B;(¢) is a monotonically non-decreasing function of ¢ for every j (see
B3)), B(¢) defined by (1) is also non-decreasing in ¢ satisfying,

o _ % _y= Mim-1)

> 0.
c

This shows that B(¢)C can never vanish so that the condition ¢ < B(¢)C in
Theorem is well-defined. To see that this condition is always satisfied when ¢
is positive and small enough, note that the monotonicity of B(¢) leads to

Braz == sup B(¢)= lim B(¢) <
$€(0,2Q) o220

as well. Hence, ¢ € (0, BmaxC) always satisfies this condition.

We now analyze Algorithm IN as an inexact perturbed Newton method. Using
the representation (ZI0) and the formula (ZI6) for the Hessian matrices at the
iterates, we can express IN iterations as

eyt =t — A () TN (V () + ) (3.19)

where

k m 2 (. k i
B i 2 (SR V) B VYGD

is the average of the Hessian of f at the previous iterates up to an error term

Sy (v2fj<x;i> - v%—(ﬁ))
ek = - , (3.21)

and the gradient error is

Z(vm] -VHE+ SV EEE ). 622)

Applying ([2.13) on the Hessian bounds to the first equality in ([8.20), the Hessian
term Hj satisfies -
eml < Hy < Cml, (3.23)
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where I is the n x n identity matrix and the Hessian error e® admits the simple
bound
"] < (C = c)ym = em(Q —1). (3.24)

We can also bound the gradient error in terms of the norm of the gradient for
k> 2as

m

141 < Y- (19456 = TasGabll+ S 192 @) lek - 1)

j=1

<(C+ClaM) S BI@)IVFEh) = CtyF +1/k) B @)V £ D],

i=1

where we used (ZI3) on the boundedness of the Hessian matrices, (ZI4) on the
Lipschitzness of the gradients and Lemmal[3.2 on the distance between the iterates
in the second inequality, the (last) equality holds by the definitions (3.2)) and
(BI5). This leads to

fim sup (IIe’“II/IIVf(:v’f)II) < CB(¢)7 < CB(6)9, (3.25)

by Lemma Bl
We prove our rate results using the next theorem regarding sufficient conditions
for linear convergence of the inexact perturbed Newton methods of the form

(F'(y*) + Ar)s" = —F (") + o (3.26)
=yt 48" gt eRn, (3.27)

where the map F : R” — R” and F’ denotes the Jacobian matrix of F, 6" is the
perturbation to F' and A is the perturbation to the Jacobian matrix F”. The local
convergence of such iterates to a solution y™* satisfying F'(y*) = 0 is well-studied.
Under the following conditions,

— there exists y* such that F(y*) =0, (C1)
— The Jacobian matrix F”(y*) is invertible, (C2)
— F is differentiable on a neighborhood of y* and F’ is continuous at y*, (C3)
— Ay, are such that F'(y") + Ay, are non-singular for all k = 1,2,.. ., (C4)

the following local linear convergence result is known in the literature.

Theorem 3.3 (' [11, Theorem 2.2], based on [1})]) Assume conditions (C1)—
(C4) are satisfied. Given 0 < &, <E<t<1,k=1,2,..., there exists € > 0 such

that if ||y* — y*|| < € and if the iterates {y*} generated by (326)-B27) satisfy

< &l F Y|

I

Ag (F/(yk) + Ak> _1F(yk) + (1 — AR(F' (") + Ak)*)ék

then the convergence is linear in the sense that
™ =y e < tly* =yl k=12,

where ||z]|« == | F'(y")z].
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When Ay = 0, Theorem says roughly that as long as the perturbation dy
is a relative error in the right-hand side of :28), i.e. ||0x||/|| F(y*)|| < &x < € <1,
we have local linear convergence. This result was first proven by Dembo et al. [14]
and was later extended to the Ay # 0 case in [I1] by noticing that (326) can be
re-arranged and put into the form

F'(y")s* = —F(y*) + 5

with
5r = A (F/(yk) + Ak) TR+ (1 C AR(F () + Ak)_l)ék

(see [II, Theorem 2.2]). Then, the result of Dembo et al. for the Ay = 0 case is
directly applicable, leading to a proof of Theorem

In order to be able to apply Theorem [3.3] we rewrite the IN iteration given by

BI3) in the form of (326)—([327) by setting
yk = 1,1167 F() = Vf(), O = *ek7 y* = 1'*,
FI()=Vf(), Ak = (Hy/7") =V [(ah).

In this formulation, the perturbation 8% and the gradient error e” are equal up to
a sign factor. The additive Hessian error é” is similar to A* but is not exactly the
same because AF has also a division by the normalized stepsize in it.

Note that the previous lower bound on k obtained in Theorem for the
growth rate of o is achieved in the limit as k goes to infinity. But, o can achieve
any growth rate strictly less than k, say vk for some v € (0, 1), in finitely many
steps. To capture such growth in stepsize for some finite k, we define the following

stepsize rule that satisfies Assumption 3.1}

k

Assumption 3.3 (Variable stepsize with linear growth) The stepsize o de-
pends on the parameters (0,V,K) and satisfies

(DR)k, if 1 < (DR)k < max (1,a%)

) (3.28)
1, otherwise,

of = of(@,0,7) = {
for some & > 0 and 7,0 € (0,1) where oF is defined by B1) with stepsize control
parameter 1 equal to 7).

We argue now how this choice of stepsize with linear growth can lead to linear
convergence if parameters (7, 7, k) are chosen appropriately. Suppose that Assump-
tions2.Jland 2.2 on the boundedness of iterates and Hessian matrices, Assumption
B3l on the variable stepsize with parameters (n, v, k) where n,v € (0,1) and & is
given by [3I2) and Assumption on the gradient growth hold. Suppose also
tha

¢ < min (l 1 ) (3.29)
Q" B(¢)C '

2 Remark 3] shows that this condition is always satisfied when ¢ is small enough. It is
adopted both to use the k bound from Theorem (by having ¢ < 1/(B(¢)C’) and also to
keep the normalized stepsize small enough (by having ¢ < 1/Q which implies ~k <1 /Q by
Lemma [30)) to control the norm of the perturbations in the estimates ([3:33]) and (334).
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where B(¢) is given by (II). Using Lemma [ and Theorem B2, of grows
linearly with an asymptotic rate bounded from below by x and bounded from
above by ¢ so that the stepsize defined by (3.28) with parameters (1, v, k) satisfies

k Oék Oék
lim " = lim o =R < lim sup ?* < ¢. (3.30)

k—oo k—oo k— 00

Note that by ([2.13) and (3.23) on the boundedness of the Hessian matrices V2f(y"®)
and the averaged Hessian Hy, we have

él < V() H T 2 QL (3.31)

As ¢ < 1/Q by the condition (3.29), the inequalities (3.30) and (B.31) imply that
there exists a positive integer k such that for k > k, we have v* < 1/Q and

0 < (1 — 'ka)I < (I — kaQf(y’“)H,;l) < (1 — %)I (3.32)
Combining ([B.31)) and [B.32) leads to

-1
lim sup HAk (F'(yk) + Ak)

k— o0

= lim sup HI — 'kaQf(yk)Fllzl

k— o0

liminfg o0 'yk VK
<l—-————M——=1—— 3.33
< 0 0 (3.33)

and similarly to

lim sup
k—o0

-1
<I — Ag <F’(yk) + Ak) ) H = lim sup ‘ VAT I(TaY e
k—o0
< 9Q (3.34)

where we used ([330) for bounding the limit superior of 4* and (331 to bound
the norm of the matrix products. Hence,

-1
(I — Ag (F’(yk) + Ak) )5k
lim sup

[N I1E ™)l

< ¢Q lil?LS;p(IICSkII/IIF(yk)II)

< ¢’QB(¢)C (3.35)

where we used ([B34) in the first inequality and (28] in the second inequality.
Combining (333)) and (B33,

Ay, (F’(yk) + Ak) _IF(yk) + (I — Ag(F'(zx) + Ak)_l)ék

e TFGR
<1- % +¢*QB(9)C.

1-B(¢)Cé
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where we used the definition of k from ([BI2) in the last equality. By Assumption
on the strong convexity and the regularity of f, the conditions (C1)—(C4) are
satisfied for F(-) = Vf(-). Hence, we can apply Theorem [3.3] which says that it
suffices to have

ru(p) <1 (3.37)

for local linear convergence. It is straightforward to see from ([3.36) that this con-
dition is satisfied for ¢ positive and around zero as 7,(0) = 1 and the derivative
r,,(0) < 0. Remembering the assumption ([3.29), we conclude that there exists a
positive constant 51/ such that we have linear convergence when

- 1 1
0<¢<¢V§min(—,—). 3.38

Q B0 (2:3%)
We discuss how ¢, can be determined later in Remark This condition for
linear convergence (B3.38) is satisfied if

0<l—p<u (3.39)

2Q’°
by the definition of ¢ in ([B.H). Thus, by choosing the stepsize control parameter
1 € (0,1) close enough to 1, we can satisfy ([3.39) and hence guarantee local linear
convergence of the IN algorithm. These findings provide a proof of the following
linear convergence result.

Theorem 3.4 (Linear convergence with variable stepsize) Suppose that As-
sumptions 21, [2.2 and [32 hold. Let v € (0,1) be given and the stepsize control
parameter n € (0,1) satisfy the inequality (339). Then, the IN method with the
stepsize rule (B.28) defined by Assumption [3.3 with parameters (n,v, k) where Kk
is given by BI2) is locally linearly convergent with rate t where t is any number
satisfying

0<r(¢) <t<1,

@ is defined by BA) and r.(¢) is given by (B30]).

Our arguments and proof techniques apply also to the EKF method with vari-
able stepsize rule (EKF-S algorithm) which also uses the stepsize defined by As-
sumption B.1] and makes similar assumptions such as the boundedness of iterates
and Lipschitzness of the gradients for achieving global convergence [20]. Our rea-
soning with minor modifications leads to the following linear convergence result
whose proof is skipped due to space considerations.

Corollary 3.1 (Linear convergence of EKF-S) Consider the problem (LTI
with f; = %gf where each g; : R™ — R is continuously differentiable for i =
1,2,...,m (non-linear least squares). Consider the EKF-S algorithm of Moriyama
et al. with variable stepsize o [20]. Let v € (0,1) be given and n € (0,1). Suppose
that Assumptions 8.1-3.2, 3.4-3.5 and 4.1 from Moriyama et al. [20] hold. It
follows that there exists constants & > 0 and ¢, > 0 such that if

0<1*7]<$u’

then the EKF-S algorithm with the variable stepsize rule [B.28) with parameters
(n,v, k) given in Assumption [T is locally linearly convergent.
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We continue by several remarks about satisfying the variable stepsize rules
we introduced by a simple adaptive stepsize algorithm, improving the conver-
gence rate results with additional regularity assumptions, extensions to incremen-
tal quasi-Newton methods, some advantages of an incremental Newton approach
over incremental quasi-Newton approaches in our framework and determining the
constant Ey.

Remark 3.2 By definition, the exact value of a® can only be computed at the end
of the k-th iteration as it requires the knowledge of H,kn However, it is possible to
guarantee that Assumption[3.lon the variable stepsize holds by a simple bisection-
type adaptive algorithm as follows:

Adaptive stepsize with bisection:

1. At the start of the k-th cycle, i.e. right after z¥ is available, set o to an initial
value, say o (j) with j = 1.

2. Compute o (depending on o (5)) by running one cycle of the algorithm.

3. If Assumption [Blis satisfied, accept the step, set o = o*(j) and exit. Else,
bisect by setting (5 + 1) = max (1,7a"(j)) for some 7 € (0,1), increment j
by 1 and go to step 2.

There is no risk of an infinite loop during the bisections, as the step af =1is

always accepted. Theorem shows that when Assumption on the gradient

growth holds, by setting a”(1) = (vk)k in the above iteration as in the stepsize

rule B28) with v € (0,1) and  as in BI2), o*(1) will be immediately accepted

requiring no bisection steps, except for finitely many k.

Remark 3.3 Main estimates used for proving Theorem [B.4] are the inequalities
(B333) and ([3:34) which require only ([B3.23)) on the boundedness of the averaged Hes-
sian. If one replaces actual Hessians V> fz(aciC ) with approximate Hessians % fz(zf )
as long as the eigenvalues of V2 fz(mf ) are bounded (with the same constant for all
¢ and k) by a lower bound ¢ > 0 and an upper bound C > 0, all these inequalities
as well as Theorem [3.4] would still hold with ¢ and C replaced by ¢ and C. Thus,
the IN method admits straightforward generalizations to the incremental quasi-
Newton methods while preserving its global convergence and linear convergence
results.

Remark 3.4 In the setting of Theorem [3.4] if we assume slightly more regularity
than the continuity of the Hessian of f implied by Assumption 2.2 the Hessian
error upper bound ([3:24)) and convergence rates can be improved as follows: As-
sume that the Hessian of f is not only continuous but also Holder continuous on
the compact set X' defined in Assumption Il with some Holder exponent A and
Holder coefficient Ly satisfying 0 < A < 1 and Ly < oo (reduces to the Lipschitz
condition if A = 1), then the Hessian error bound &* defined in (ZZI) satisfies

18] < zlezyzlf;m;‘- — i
e S (1t B;‘-«:))(l +)IVF )
<, i X (1 Bi(i»(l +)IVF D)
S (14 Bi(@)lil + IV

= L>\m (3.40)
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where we used the definition of Holder continuity in the first inequality, Lemma
that provide bounds on the distances between inner iterates together with the
fact that z* < 1+z2 for z >0 and 0 < A <1 in the second inequality and the
upper bound Bj(¢) < Z;n=1 Bj(¢) = B'(¢) for all j (by the non-negativity of
Bj(¢)) in the third inequality. Note that the summand term in (3:40) satisfies

Jim (14 B(¢)) (1 +1)IVf(@)]* =0 (3.41)

because the gradient term Vf(z}) goes to zero by Theorem Bl on the global
convergence, the sequence {B’(¢)};>; is bounded admitting B(¢) < oo as a limit
by BI3) and the normalized stepsize ~* is bounded for any of the stepsize rules
we discuss, including Assumptions[31] and 3.3 (see Lemma [31]). Combining (3.40)
and (Z4I) shows that the Hessian error é* goes to zero, i.e.

¥ — o, (3.42)

improving the trivial bound [324)). Using (320) and the global convergence of
{z¥} to the optimal solution z* by Theorem B} this implies that

V2 fi(ah) = V2 fi(a®), Hy — V"), ViWMH =1, (3.43)

VK

with yk = 2% This allows us to replace the upper bounds ( — 5) in (333) and
¢Q in (B34) with (1 —vk) and ¢ respectively, eliminating some of the @ terms in
the condition 7, (¢) < 1 for linear convergence (see (3.36) and (3:37)) and leading
to the less restrictive condition

v 1 2 ~
1- ¢@W+1 +¢"B(¢)C :=7,(¢) <1
1-B(¢)Cé

for linear convergence as 7,(¢) < r,(¢) (with equality only in the special case
@ = 1). This relaxed condition would not extend to many classes of incremental
quasi-Newton methods (such as DFP and its variants) that uses approximations
Vin instead of the true Hessian V2 f; because such methods do not lead to an
asymptotically correct Hessian approximation, i.e. it is possible that V2f 4 V2f
(see [15, Section 4]) so that (3.43) does not always hold. In this sense, using an
incremental Newton approach instead of an incremental quasi-Newton approach
in our algorithm allows us to get stronger convergence results.

Remark 3.5 1t is possible to compute EU as follows. By a straightforward compu-
tation, the condition on linear convergence r,(¢) < 1 (see (B317)) where r,(¢) is
given by ([330) is equivalent to

1 v 1
r(p) <1l <= 0< < — (3.44)
B(¢)C Q* 2BEC +1
and ¢ < min (é, B(;)C) (3.45)

< 0< B(¢)’C%¢* — (2B(¢)C + 1+ ¢)B(¢)Cd + 1 =: p1(),

0 < ¢ :=p2(9), O<$—¢::p3(¢) and

0<1-¢B(¢)C =: pa(¢),
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with ¢y = &r. It is straightforward to check that these four inequalities {0 < p; (D)},
are always satisfied for ¢ positive and around zero. Furthermore, they are all
polynomial inequalities as B(¢) is a polynomial in ¢. Thus, by a standard root-
finding algorithm, we can compute all the roots of these four polynomial equa-
tions {0 = pi(¢)}f:1 accurately and set ¢, to the smallest positive root among all
the roots. With this choice of ¢, the inequalities (3.44)-(3.45) are satisfied for
0<op< EV leading to local linear convergence.

4 Linear convergence with constant stepsize

Consider the IN iteration (FIJ). In this section, we will analyze the case when ~*
is equal to a constant vy without requiring the variable stepsize rule (Assumption
BI) to hold. We start with two lemmas that provide bounds on the norm of
the difference of gradients at inner iterates mf and z’f, and also on the overall
gradient error defined in (3:22)). Note that both these lemmas hold for arbitrary

(normalized) stepsizes v*. The first lemma is inspired by Solodov [32].

Lemma 4.1 Suppose that AssumptionsZ1 and[Z2A hold. Let {§ x5, ... %3132,
be the IN iterates generated by [2.2)—-21). For any given k > 1, let

8F = |V fiah) = VEED], i=1,2,...,m. (4.1)
Then,
j—1 . )
5 <Y A+ YT VAED forall k> 2, (4.2)
=1

with the convention that the right-hand side of ([@2)) is zero for j = 1, where

k_ 2Q
= —fyk
m

r (4.3)

and ~¥ is the normalized stepsize defined in ([B2).

Proof Let k > 2 be given. When j = 1, 6% = 0 so the statement is clearly true.
For j =2,

55 < Cllas — af|| = Ca*|| DIV fi(ah) || < r*||V f1(20)||

where we used ([2.14) on the Lipschitzness of the gradients in the (first) inequality,
the representation of inner iterates by the formula (Z.I1)) in the first equality and
Lemma[Z2 to bound D¥ in the second inequality. Thus, the statement is also true
for j = 2. We will proceed with an induction argument. Suppose ([€2) is true for
j=1,2,...,¢ with £ < m. Then, we have the upper bounds

IV £ (@) < IV £ (D) + 65

j—1
S IVEHEDI 4+ Y (1 + )TV fied)]), (4.4)
=1

=
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for j =1,2,...,¢. We will show that ([£2)) is also true for j = £+ 1. Using similar
estimates as before,

5611 < Cllaks — k| (4.5)

l l
<CY kg —af| =0 " |DFV ()]
i=1 j=1

4
<Y IV E)

j=1

¢ i—1
<Y (19D + 0+ v AEb)
j=1 1=1
4
Y 1+ ) (0
j=1

where we used (ZI4) on the Lipschitzness of the gradients in the first inequality,
Lemmal[2.2]to bound D;-C terms in the third inequality and (£4]) to bound gradients
in the fourth inequality. Thus, the inequality ([4.2) is also true for j = £ + 1. This
completes the proof. a

The next result gives an upper bound on the norm of the gradient errors.

Lemma 4.2 Suppose that Assumptions [Z1 and [Z2 hold. The gradient error e®
defined by B22) satisfies

m j—1

e*]| < <rk + %) SO+ TV RE | forall k2, (4T)

j=2i=1
where ¥ is defined by [@3).

Proof Using triangle inequality and the upper bound (ZI3) on the Hessian, the
gradient error given by (3.22)) admits the bound

- 1
I < Y- (85 + el - okl (18)
j=2

where v¥ is the normalized stepsize defined by ([8.2). By the estimates E35)—(E8),
we have also

¢
8fr < Cllagyy — k|| <r Y (1 + 7)) 77|V 1)) (4.9)
=1
for any £ =1,2,...,m — 1. Combining (£8) and (€3],
1 i i
le®l < (1+ ka)r’“ DD A+ TV
j=2i=1
L 2Q) v keyj—1—i k
_ j—1—1 )
- (r +%);;<1+r R A

as desired. O
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Lemma, shows that under Assumptions 211 and on the boundedness
of the iterates, gradients and Hessian matrices, the gradient error * is bounded
as long as ’yk is bounded and it goes to zero as k — oo if 'yk — 0. Then, by [24]
Theorem 1, Section 4.2.2], the iterates {x§}32 | generated by (BIJ) with a constant
stepsize v* = 5 converge to an e-neighborhood of the optimal solution linearly for
some € > 0 and the size of the neighborhood shrinks down as the stepsize is
decreased, i.e. ¢ — 0 as v — 0. This type of result was also achieved for the
subgradient method [2I] and the incremental gradient method for least square
problems [3, Section 1.5.2]. In this paper, our focus will be the optimal solution
rather than approximate solutions.

The next theorem shows that under Assumption on the gradient growth,
we have global linear convergence with a constant stepsize rule if the stepsize
is small enough. This is stronger than the local linear convergence obtained for
the variable stepsize rule, however unlike the variable stepsize rule, if Assumption
does not hold, the constant stepsize rule does not guarantee convergence to
the optimal solution but only convergence to an e-neighborhood of the optimal
solution for some € > 0. We first prove a lemma.

Lemma 4.3 Consider the IN iterates {z}}52 | generated by BI9) with a constant
stepsize yF = 7. Suppose that Assumptions 21 and [Z2 hold and there exists a
positive integer k such that the gradient error e defined by [B22) satisfies

1
Q

It follows that there exists constants 4 > 0, A > 0 and 0 < p < 1 such that if
0 < vy <A, then

¥l < ENV D) forall >k 0<E<—~. (4.10)

|2y — z*|| < Ap®  for all k >k, (4.11)

where x* is the unique optimal solution of the problem (L.

Proof Take V(z) = f(x) — f(x*) as a Lyapunov function, following the proof
of [24] Theorem 2, Section 4.2.3] closely. The iteration ([BI9) is equivalent to

it = af — sk = D (Vrah) + ek), DF .= (H) ™1,

where

1 1
— I D" < —7 4.12
Cm — ~ cm ( )

by taking the inverse of the bounds for Hj given in (3.23). Let (-,-) denote the
Euclidean dot product on R™. We compute

(VV(z}),s")

(Vf(x}), DV f(zF) + Dye®)

> CLmHVf(w’f)HQ — iEHVf(m’f)HQ = Cim(l - EQ)HVf(wIlC)HQ
> %(1 —EQV(h) >0,

where we used ([EI2) for bounding Dy from below in the first inequality and the
strong convexity with constant ¢m of f implied by Assumption in the second
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inequality. Similarly, from (2.14), it follows that the gradients of f are Lipschitz
with constant C'm, leading to, for k > k,

155112 < [ DR(VA@ES) + )2 < %*? IV )||2§2Cm%ww’f),

where we used (EI2) to bound Dy from above together with the bound @I0)
on the gradient error in the second inequality. Then, by [24, Theorem 4, Section
2.2], there exists constants 4 > 0 and p € (0,1) such that for any 0 < v < 4, the
iterations are linearly convergent after the k—th step, satisfying

Fh) = fla*) < (f(af) = f@@*)p" " forall k> k.

Using the bounds ([ZI3) on the Hessian of fi, we have emI < V2 f(x) = CmlI for
all z € R™. This implies the following strong convexity-based inequalities, for all
k> k
cm .k * k * Cm k * k—k Cm —k k
Tk — | < f(ah) — @7 < Dk 2P < SRR,
where R is the diameter of X' defined by (2I2). Hence, (A1) holds with p =
pl/2 >0and A = (QRQp—k)l/2 > 0. This completes the proof. a

Theorem 4.1 (Linear convergence with constant stepsize) Consider the it-
erates {x}5° | generated by BI9) with a constant stepsize v¥ = ~. Suppose that
Assumptions 2], 2.2 and [32 hold. Then, there exists a constant 5 (depending on
M,c,C and m) such that if 0 < v < 7, the iterates are globally linearly convergent,
i.e.,

|z¥ —z*|| < Ap®, forall k=1,2,..., (4.13)

for some constants A >0 and p < 1.

Proof Under AssumptionB.2lon the gradient growth, the bound ([@1) implies that
the gradient error admits the bound

m j—1
ek < M(" +—> SOS (Y v )]
j=21i=1
< M(rk N %)mu + Y2 f (b))

Let k be the smallest p051tlve mteger greater than 12M Q2. Assume 'y =<
12MQ2 so that ¥ < GM sitmo Where " is defined by @3). Then, for k > k, we have

- k
le” | <3 (1 PRIV ()] < gé”vf(ml)ll (4.14)
if 7* < %/2 — 1 or equivalently if v < 26 ( %/2 — 1) by the definition of ¥ (see

(@3)). Combining this with Lemma[L3] we conclude that there exists 7 > 0 such
that when 0 < <7, the error bound (&I4) is satisfied for £ > k and there exists
A >0 and p < 1 such that

|zt — 2| < Ap® forall k> k.

Then, a choice of A = max(A4, R)/ﬁi“ where R is as in ([ZI2) and p = p satisfies
(#I3) which completes the proof. O
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5 An example with sublinear convergence

In the following simple example, we show that the normalized stepsize 'yk has to
go to zero if Assumption[3.2lon the gradient growth does not hold, illustrating the
sublinear convergence behavior that might arise without Assumption

Ezample 5.1 Let f; = 1000z + ez? and fo = —1000z + ez? for a fixed ¢ > 0 with
m = 2 and n = 1. This leads to a quadratic function f = 2ex? with a unique
optimal solution, z* = 0 and condition number Q = 1. We have

Vfi(xz) =1000+ 2ex , Vfo(x) = —1000 + 2ez, (5.1)
Vifi(z) =2, Vfa(x)=2, Hf=22k—1), HS=4ck. (5.2)

Assumption [3.2is clearly not satisfied, as the gradients of f1 and f2 do not vanish
at the optimal solution 0. Rewriting the IN iterations as an inexact perturbed
Newton method as in (3.19), we find that

1
e ak%—k(Vf(mlf) +e") (5.3)
with the gradient error e* given by the formula (322) reducing to

" =V fa(ah) = V faleh) + —p Va(ah) (0 — 2b)

k k
_ k
=G vheh = (T - g e e o0

where we used formulas (BI)—(52)), the inner update equation ([Z2) and the defi-
nition of the normalized stepsize v in (32).

For global convergence, a necessary condition is to have gradient error e® — 0.
From (5.4) and the fact that Vfi(z}) is bounded away from zero around the
optimal solution 0, we see that this requires ’yk — 0. Hence, we assume ’yk — 0.
In the special case, if o = 1 for some k, then e® = 0 and the IN iterations
(E3) converges in one cycle, as the quadratic approximations fj to f; defined
by @) become exact. Assume otherwise that o > 1 for any k, we will show
sublinear convergence by a simple classical analysis (the case of < 1 for all k can
be handled similarly). Combining (5.3) and (&.4) and plugging in the formula (5.1])
for the gradient of f1, we can express the IN iteration as

k k k _k
k+1 o« .« o 1000 a” @ —1
“ *(1 Qk)(l 21%1)”“+ % 2k2k—1° (5-5)

As ¥ = a* /k — 0, there exists a positive integer k such that
k

Pomp e (1-2) (122" Y >0 foran k> (5.6)
=" 2k 2k — 1 : =" '

Then, from (55) and (E6), for 2% > 0 and k > k, we have the lower bounds

k ) k Kk
1000 ™ a” — 1
E+1 k E+1
x> ( | Lmj)a:l >0, =z > 5 9k 2k — 1 > 0. (5.7)
j=
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For global convergence, by (1), we need [[;2, mi = 0 because otherwise we
would have limsup,,_, (H?Zl mj) > 6 for some § > 0 and any z¥ satisfying

m’f > 1/6 would lead to limsup,,_, .z} > 1 which would be a contradiction with
global convergence. Note that

Hmkzo = Zflog(mk):oo = Z'yk:oo.
k k k

where we used 2z > —log(1—z) > z for z > 0 around zero and the definition (3.2)
of ~¥. Thus, the sequence {7}, having an infinite sum, cannot decay faster than
1/E** for any p > 0 and by the lower bound (5.7), convergence to the optimal
solution 0 cannot be faster than O(l/k2(1+“)) for any p > 0 and is thus sublinear.

6 Conclusion

We developed and analyzed an incremental version of the Newton method, proving
its global convergence with alternative variable stepsize rules under some assump-
tions.

Furthermore, under a gradient growth assumption, we show that it can achieve
linear convergence both under a constant stepsize and a variable stepsize. A by-
product of our analysis is the linear convergence of the EKF-S method of [20] under
similar assumptions. Our results admit straightforward extensions to incremental
quasi-Newton methods and shed light into their convergence properties as well.
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