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ON STOCHASTIC AND DETERMINISTIC QUASI-NEWTON
METHODS FOR NON-STRONGLY CONVEX OPTIMIZATION:
ASYMPTOTIC CONVERGENCE AND RATE ANALYSIS*

FARZAD YOUSEFIANT, ANGELIA NEDIC!, AND UDAY V. SHANBHAGS

Abstract. Motivated by applications arising from large scale optimization and machine learning,
we consider stochastic quasi-Newton (SQN) methods for solving unconstrained convex optimization
problems. Much of the convergence analysis of SQN methods, in both full and limited-memory
regimes, requires the objective function to be strongly convex. However, this assumption is fairly
restrictive and does not hold in many applications. To the best of our knowledge, no rate statements
currently exist for SQN methods in the absence of such an assumption. Also, among the existing first-
order methods for addressing stochastic optimization problems with merely convex objectives, those
equipped with provable convergence rates employ averaging. However, this averaging technique has a
detrimental impact on inducing sparsity. Motivated by these gaps, we consider optimization problems
with non-strongly convex objectives with Lipschitz but possibly unbounded gradients. The main
contributions of the paper are as follows: (i) To address large scale stochastic optimization problems,
we develop an iteratively regularized stochastic limited-memory BFGS (IRS-LBFGS) algorithm,
where the stepsize, regularization parameter, and the Hessian inverse approximation are updated
iteratively. We establish convergence of the iterates (with no averaging) to an optimal solution of
the original problem both in an almost-sure sense and in a mean sense. The convergence rate is
derived in terms of the objective function values and is shown to be O (1/1’6(1/3_5)), where € is an
arbitrary small positive scalar; (ii) In deterministic regimes, we show that the algorithm displays
a rate O(l/klfe). We present numerical experiments performed on a large-scale text classification
problem and compare IRS-LBFGS with standard SQN methods as well as first-order methods such
as SAGA and IAG.

Key words. stochastic optimization, quasi-Newton, regularization, large scale optimization

AMS subject classifications. 65K05, 90C06, 90C30, 90C53

1. Introduction. We consider the following stochastic optimization problem:

(SO) min f(x) = E[F(z,{w))],

where F : R" x R? — R is a real-valued function, the random vector ¢ is defined as
€:Q — R (Q,F,P) denotes the associated probability space, and the expectation
E[F(z, )] is taken with respect to P. Problem (SO) provides a general framework that
can capture a wide range of applications in operations research, machine learning,
statistics and control to name a few (cf. [2,3]). Addressing problem (SO) has led
to significant progress via Monte-Carlo sampling techniques. Amongst such schemes,
stochastic approximation (SA) methods [22,25] have proved particularly popular.
The standard SA method, introduced by Robbins and Monro [25], for solving (SO),
produces a sequence {z} using the following update rule

(SA) Tpt1 = Tk — VKV F(xk, &), for k>0,
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where zy € R" is a randomly generated initial point, v, > 0 denotes the stepsize and
VF(xk, &) denotes a sampled gradient of f with respect to = at xx. SA schemes
are characterized by several disadvantages, including a poorer rate of convergence
(than their deterministic counterparts) and the detrimental impact of conditioning
on their performance. In deterministic regimes, the BFGS method, named after
Broyden, Fletcher, Goldfarb, and Shanno, is amongst the most popular quasi-Newton
methods [6, 8], displaying a superlinear convergence rate without requiring second-
order information. Addressing large scale deterministic problems, the limited-memory
variant of the BFGS method, denoted by LBFGS, was developed and attains an R-
linear convergence rate under strong convexity of the objective function (see Theorem
6.1 in [13]). Recently, there has been a growing interest in applying stochastic quasi-
Newton (SQN) methods for solving large-scale optimization and machine learning
problems. In these methods, x is updated by the following rule:

(SQN) Lh+1 = Tk — ’kakVF(LL'k,fk)7 for k Z 0,

where Hj = 0 is an approximation of the inverse of the Hessian at iteration k£ that
incorporates the curvature information of the objective function within the algorithm.
The convergence of this class of algorithms can be derived under a careful choice of
Hj, and the stepsize sequence {7 }. In particular, the boundedness of the eigenvalues
of Hj is an important factor in achieving global convergence in convex and nonconvex
problems (cf. [1,12]). While in [27] the performance of SQN methods was found to
be favorable in solving high dimensional problems, Mokhtari et al. [19] considered
stochastic optimization problems with strongly convex objectives and developed a
regularized BFGS method (RES) by updating Hj according to a modified version
of BFGS update rule to assure convergence. To address large scale applications,
limited-memory variants were employed to ascertain scalability in terms of the num-
ber of variables [3,20]. Recent extensions have included a stochastic quasi-Newton
method [30] for solving nonconvex stochastic optimization problems and a constant
stepsize variance reduced SQN method [14] for smooth strongly convex problems
characterized by a linear convergence rate. Finally, an incremental quasi-Newton
(IQN) method with a local superlinear convergence rate has been recently developed
for addressing the sum of a large number of strongly convex functions [18].

Motivation: In both the full and limited memory variants of the SQN methods
in the literature [3, 18, 20], it is uniformly assumed that the objective function is
strongly convex. This assumption plays an important role in deriving the rate of
convergence of the algorithm. However, in many applications, the objective function
is convex, but not strongly convex such as, when considering the logistic regression
function. While a lack of strong convexity might lead to slower convergence in practice,
no rigorous support for the convergence rate is currently available in the literature
of SQN methods. A simple remedy to address this challenge is to regularize the
objective function with the term % p||z]|? and solve the approximate problem of the
form mingern f(z) + & 2||?, where p > 0 is the regularization parameter. Several
challenges arise in applying this technique. A drawback of this technique is that the
optimal solution to the regularized problem is not necessarily an optimal of the original
problem (SO). Yet, another challenge arises from the choice of p. While larger values
of p may result in large deviations from the true optimal solution(s), choosing a small p
leads to a deterioration of the constant factor in the convergence rate of the algorithm.
This issue has been addressed to some extent with the help of averaging techniques.
In particular, under mere convexity, most first-order methods admit convergence rate
guarantees under averaging. For example, averaging SA schemes achieve a rate of
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O (%), where M is an upper bound on the norm of the subgradient (see [21,22]). In

past few years, fast incremental gradient methods with improved rates of convergence
have been developed (see [5,9,26,29]). Of these, addressing the merely convex case,
SAGA with averaging achieves a sublinear convergence rate O (%) where N denotes
the number of blocks, while in the presence of strong convexity, non-averaging variants
of SAGA and TAG admit a linear convergence rate assuming that the function satisfies
some smoothness conditions.

A crucial concern that plagues the aforementioned schemes is that the averaging
technique has a detrimental impact on inducing sparsity. In the case of incremental
methods such as SAGA and TAG, despite the fast convergence speed, the application
of these methods is impaired by the excessive memory requirements. For standard
SAGA and TAG, the memory requirements are O (nN). Accordingly, in this paper,
our main goal lies in addressing such shortcomings in absence of strong convexity and
developing a first-order method equipped with a rate of convergence for the generated
non-averaged iterates.

Related research on regularization: In optimization, in order to obtain solutions
with desirable properties, it is common to regularize the problem (SO) as follows
(1) min f,,(x) = f(z) + pR(x),

TER™
where R : R™ — R is a proper convex function and the scalar g > 0 is the regular-
ization parameter. The properties of the regularized problem and its relation to the
original problem have been investigated by different researchers. Mangasarian and
his colleagues appear among the first researchers who studied exact regularization of
linear and nonlinear programs [15,17]. A regularization is said to be exact when an
optimal solution of (1), is also optimal for problem (SO) if 1 is small enough. Tseng et
al. [7,28] established the necessary and sufficient conditions of exact regularization for
convex programs and derived error bounds for inexact regularized convex problems.
In a similar veing, exact regularization of variational inequality problems has been
studied in [4]. A challenging question is concerned about the choice of the regulariza-
tion parameter u. A common approach to find an acceptable value for y is through
a two-loop scheme where in the inner loop, problem (1) is solved for a fixed value of
w, while p is tuned in the outer loop. The main drawback of this approach is that, in
general, there is no guidance on the tuning rule for u. In addition, this approach is
computationally inefficient. Furthermore, tuning rules may result in losing the desired
properties of the sample path of the solutions to regularized problems. In this work,
we address this issue through employing an iterative single-loop algorithm where we
update the regularization parameter u at each iteration of the scheme and reduce it
iteratively to converge to zero [10,34].
Contributions: We consider stochastic optimization problems with non-strongly
convex objective functions and Lipschitz but possibly unbounded gradient mappings.
Our main contributions are as follows:
(i) Asymptotic convergence: We develop an iteratively regularized SQN method
where the stepsize, regularization parameter, and the Hessian inverse approximation
denoted by Hj are updated iteratively. We assume that Hy satisfies a set of general
assumptions on its eigenvalues and its dependency on the uncertainty. The asymp-
totic convergence of the method is established under a suitable choice of an error
function. For the sequence of the iterates {z)} produced by the algorithm, we obtain
a set of suitable conditions on the stepsize and regularization sequences for which
f(x) converges to the optimal objective value, i.e., f*, of (SO) both in an almost
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sure sense and in a mean sense. We also derive an upper bound for f(zj) — f*.

(ii) Rate of convergence for regularized LBFGS methods: To address large
scale stochastic optimization problems, motivated by our earlier work [33] on SQN
methods for small scale stochastic optimization problems with non-strongly convex
objectives, we develop an iteratively regularized stochastic limited-memory BFGS
scheme (see Algorithm 1). We show that under a careful choice of the update rules
for the stepsize and regularization parameter, Algorithm 1 displays a convergence

rate O (kf(%fe)) in terms of the objective function values, where € is an arbitrary

small positive scalar. Similar to standard stochastic LBFGS schemes, the memory
requirement is independent of N and is O (mn), where m < n denotes the memory
parameter in the LBFGS scheme. In the deterministic case, we show that the conver-
gence rate improves to O (kl%) Both of these convergence rates appear to be new
for the class of deterministic and stochastic quasi-Newton methods.

Outline of the paper: The rest of the paper is organized as follows. Section 2
presents the general framework of the proposed SQN algorithm and the sets of main
assumptions. In Section 3, we prove the asymptotic convergence of the iterates pro-
duced by the scheme in both almost sure and a mean sense and derive the a general
error bound. In Section 4, we develop an iteratively regularized stochastic LBFGS
method (Algorithm 1) and derive its convergence rate. The rate analysis is also pro-
vided for the deterministic variant of this scheme. We then present the numerical
experiments performed on a large scale classification problem in Section 5. The paper
ends with some concluding remarks in Section 6.

Notation: A vector x is assumed to be a column vector and 7 denotes its
transpose, while ||z|| denotes the Euclidean vector norm, i.e., |z|| = VaTz. We write
a.s. as the abbreviation for “almost surely”. For a symmetric matrix B, A\pin(B) and
Amax(B) denotes the smallest and largest eigenvalue of B, respectively. We use E[z] to
denote the expectation of a random variable z. A function f: X C R™ — R is said to
be strongly convex with parameter p > 0, if f(y) > f(z)+V f(x)" (y—z)+ 4|z —y|?,
for any x,y € X. A mapping F': X C R™ — R is said to be Lipschitz continuous
with parameter L > 0 if for any z,y € X, we have ||F(z) — F(y)|| < L||x — y||. For a
continuously differentiable function f with Lipschitz gradients with parameter L > 0,
we have f(y) < f(z) + Vf(2)T(y — z) + £[|z — y||?, for any z,y € X. For a vector
x € R™ and a nonempty set X C R™, the Euclidean distance of x from X is denoted
by dist(xz, X). We denote the optimal objective value of problem (SO) by f* and the
set of the optimal solutions by X*.

2. Outline of the SQN scheme. In this section, we describe a general SQN
scheme for solving problem (SO) and present the main assumptions. Let zyp € R™ be
an arbitrary initial point, and xj be generated by the following recursive rule

(IR-SQN) Tpr1 = 2 — Y Hy (VE (21, &) + (2 — 20)),  for all k > 0.

Here, v, and pi are the steplength and the regularization parameter, respectively.
Hp € R™™ is a matrix that contains the curvature information of the objective
function. The (IR-SQN) scheme can be seen as a regularized variant of the classical
stochastic SQN method. Here we regularize the gradient map by the term py (zr — o)
to induce the strong monotonicity property. In the absence of strong convexity of f,
unlike the classical schemes where iy is maintained fixed, we let u; be updated and
decreased to zero. Throughout, we let Fj denote the history of the method up to
time k, i.e., Fx = {x0,&0,&1,..., &1} for k> 1, and Fy = {z0}.

4



AsSUMPTION 1. Consider problem (SO). Let the following hold:

(a) The function f(x) is convex over R™.

(b) f(x) is continuously differentiable with Lipschitz continuous gradients over
R™ with parameter L > 0.

(¢) The optimal solution set of the problem is nonempty.

Next, we state the assumptions on the random variable £ and the properties of the
stochastic estimator of the gradient mapping.

AsSsSUMPTION 2 (Random variable &).
(a) Vectors &, € R? are i.i.d. realizations of the random variable & for any k > 0;
(b) The stochastic gradient mapping VF (x,£) is an unbiased estimator of V f(x),
i.e. E[VF(x,€)] = Vf(z) for all z, and has a bounded variance, i.e., there
exists a scalar v > 0 such that E[||VF (z,£) — V f(2)|]?] < v?, for allx € R™.

The next assumption pertains to the properties of Hy.

AssuMPTION 3 (Conditions on matrix Hy). Let the following hold for all k > 0:
(a) The matriz Hy, € R™*™ s Fi-measurable, i.e., E[Hy | Fi| = Hy.
(b) Matriz Hy, is symmelric and positive definite and satisfies the following condition:
There exist positive scalars Amin, A and scalar o < 0 such that

Aminl = Hi 2 Aup, for all k >0,

where py is the regularization parameter in (IR-SQN).

Assumption 3 holds for the stochastic gradient method where Hj is the identity
matrix, Apin = A = 1 and a = 0. In the case of employing an appropriate LBFGS
update rule that will be discussed in Section 4, the maximum eigenvalue is obtained
in terms of the regularization parameter.

3. Convergence analysis. In this section, we present the convergence analysis
of the (IR-SQN) method. Our discussion starts by some preliminary definitions and
properties. After obtaining a recursive error bound for the method in Lemma 3, we
show a.s. convergence in Proposition 4, establish convergence in mean, and derive an
error bound in Proposition 5.

DEFINITION 1 (Regularized function and gradient mapping). Consider the se-
quence {ux} of positive scalars and the starting point of the algorithm (IR-SQN), i.e.,
xo. The regularized function fi and its gradient are defined as follows for all k > 0:

filw) £ 1(@)+ Bl = mol®, Vfile) £ V(@) + o = w0).

In a similar way, we denote the regularized stochastic function F(x, &) and its gradient
with Fj, and VFj for any &, respectively.

PROPERTY 1 (Properties of a regularized function). We have:

(a) fr is strongly convex with a parameter py,.

(b) fx has Lipschitzian gradients with parameter L + py,.

(¢) fr has a unique minimizer over R™, denoted by x},. Moreover, for any x € R,

201 (frr(@) = fro(@x)) < IV Ir(@)? < 2(L + p) (fio(@) = fio(k)).

The existence and uniqueness of z} in Property 1(c) is due to the strong convexity
of the function fi (see, for example, Section 1.3.2 in [24]), while the relation for the
gradient is known to hold for a strongly convex function with a parameter p that also
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has Lipschitz gradients with a parameter L (see Lemma 1 on page 23 in [24]). In the
convergence analysis, we make use of the following result, which can be found in [24]
(see Lemma 10 on page 49).

LEMMA 2. Let {v;} be a sequence of nonnegative random variables, where E[vg] <
0o, and let {ag} and {Br} be deterministic scalar sequences such that:
Elvgti|vo, ... vk] < (1 —ag)vg + B a.s. for all k >0,
where 0 < ap <1, B > 0, D po g = 00, Y opogBe < 00, and limg_, o g—i =
Then, v, — 0 almost surely.

Throughout, we denote the stochastic error of the gradient estimator by
(2) wy, £ VF(zy, &) — Vf(xy), forall k>0.

Note that under Assumption 2, from the definition of wy, in (2), we obtain E[wy, | Fi] =
0 and E[||lwg? | Fx] <v2. The following result plays a key role in the convergence
and rate analysis of the proposed schemes.

LEMMA 3 (A recursive error bound). Consider the (IR-SQN) method and suppose
Assumptions 1, 2, and 3 hold. Also, assume py, is a non-increasing sequence and let

Ao
2o0 oo Tmin Hk>0.
(3) Vet < (L + o)’ forallk >0

Then, the following inequality holds for all k > 0:

Amindist® (zo, X*)

Elfet1(@rg1) | Fr) — fF < (1 — Aminpeye) (fe(zr) — f7) + 5 Yk

(L + pi)N2v?
(4) B

Proof. The Lipschitzian property of V fi and the update rule (IR-SQN) imply that

(L + px)

Fio(@ps1) < folzr) + V(e (xr — ) + [@ps1 — xi]?

2
= fr(wx) = WV fu(wr) " Hi (VF (25, &) + puk (v — 20))
+ %’Y}%HHIC (VF (2, &) + pr (e — x0)) |1

Invoking the definition of the stochastic error wy, in (2) and Definition 1, we obtain

Sr(@ren) < fo(@r) = vV fi(@r) " He(V f (@) 4+ wg + p(zr — 20))

(5) n (L;zﬂk),y]%HHk(Vf(xk) + wi, + pr(x — 20))|?
= fe(@r) — v Vfrlar) " Hi(V fr(ar) + wr) +%7£ | H3o(V fi(@r) +wi) 1%,
Term 1 Term 2

where in the last equation, we used the definition of f;. Next, we estimate the
conditional expectation of Term 1 and 2. From Assumption 3, we have

Term 1=V f(zx)" HiV fr(2x) + V fi(zr) " Hywy,
> Anin ||V fr () |12 + V fr (1) T Hyw.
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Taking expectations conditioned on Fj, from the preceding inequality, we obtain
(6) E[Term 1| Fi] > Aunin|V fic(zx)|I* + E[V fi(wx) T Hywy, | Fi]
= Aanin [V fre (@) |2 + V i ()T HiEwi | Fi] = Anin |V fr (21|,

where we recall that E[wy | Fx] = 0 and E[H}) | Fi] = Hjp. Similarly, in Term 2,
invoking Assumption 3(b), we may write

Term 2 = (V fi (k) + wi) T HR (V fi(2x) +wi) < )2V fie(@r) + we]®
= N IV fr (@) |2 + i ||? + 29 fi (@) Twg) -

Taking conditional expectations from the preceding inequality, and using Assumption
2, we obtain

E[Term 2 | Fi] < N (IV fi(en)lI” + E[[lwill® | Fi] + 2V fi(2x) T Ewy | Fi])
(7) < N (IV fioln) |7 + %)
Next, taking conditional expectations in (5), and using (6) and (7), we obtain

Elfe(xrt1) | Fil < frl@r) — YeAmin |V fr(zi) ||

WL+
e S 2 17 ) 2 4 2)
Amin A2 2oy (L + o (L+
< fulow) - 2P (2 - R I) ge (E ) 2

From the assumption that 7, and gy satisfy yus® < for any £ > 0 and

/\min
= A*(L+po)
that uy is non-increasing, we have %Mﬁa < % As a consequence, we get

2 2«

9 — 2 L) > | Therefore, from the preceding inequality, we obtain

min

)\min o L+
Elfrien) | ] < ful) = 2200y ) 2 4 22 B 22

Employing Property 1(c), we have

(L+pr) o o

Elfe(zrt1) | Fi] < Frl@r) — Amintie e (Fr(@r) — fr(z))) + A2 up® 5 kv

Note that, since py is a non-increasing sequence, Definition 1 implies that
Elfer1(zrgn) | Fil < Elfu(@rin) | Fil -
Therefore, we obtain
(8)
Elfest1(@rt1) | Fu) < Fr(@r) — Aminpeve (Fr(zn) — frlah)) + A up®

Term 3

L
( ‘;/ik),yzyz.

Next, we derive a lower bound for Term 3. Since z, is the unique minimizer of f,
we have fr(z}) < fr(z*). Therefore, invoking Definition 1, for an arbitrary optimal
solution z* € X*, we have

fr(wr) = fr(zg) > fu(or) = fu(@™) = fr(ze) — f7 — %Hx* — x>
7



From the preceding relation and (8), we have

>\mion’k - l‘0||2 2

Elfe+1(@rt1) | Frl < fulzr) — Aminporeve(fre(ze) — f7) + 5 Kk
2.2
- 7(L+M;)A iy

Since z* is an arbitrary optimal solution, taking minimum from the right-hand side
of the preceding inequality over X*, we can replace ||z* — z¢|| by dist(zg, X*). Then,
subtracting f* from both sides of the resulting relation yields the desired inequality.0

Next, we show the convergence of the scheme. In order to apply Lemma 2 to inequality
(4) and prove the almost sure convergence, we use the following definitions:

vk = fi(op) = [, g = Amin Ve tks
Amindist?(zg, X * L4 ) 202
9) By = (o )#2 ( i) 202

5 ke T 9 Mk ke
To satisfy the conditions of Lemma 2, we identify a set of sufficient conditions on {7}
and {p} in the following assumption. Later in the subsequent sections, for each class
of algorithms, we provide a set of sequences that meet these assumptions.

AssuMPTION 4 (Conditions on sequences for a.s. convergence). Let the sequences
{7} and {pr} be positive and satisfy the following conditions:

(@) limy—yoo Ve " = 0; (b) {pr} is non-increasing and py — 0;
(€) AminVepin < 1 for k> 0; (d) > peo Ve = 00

(€) Yoneo 1k < 00 (f) CpeoVimn® < oo.

PROPOSITION 4 (Almost sure convergence).  Consider the (IR-SQN) scheme.
Suppose Assumptions 1, 2, 3, and 4 hold. Then, limg_,o f(zk) = f* almost surely.

Proof. First, note that from Assumption 4(a,b), we have limg_, 0 Y13 = 0. Thus,
there exists K > 1 such that for any k¥ > K, we have y,u2® < % implying
that condition (3) of Lemma 3 holds for all k > K. Hence, relation (4) holds for any
k > K. Next, we apply Lemma 2 to prove a.s. convergence of the (IR-SQN) scheme.
Consider the definitions in (9) for any &k > K. The non-negativity of ay and Sy is

implied by the definition and that Amin, 7% and ug are positive. From (4), we have
Elvgt1 | Fr] < (1 — ag)vg + B for all k > K.

Since f* < f(x) for any x € R", we can write vy = (f(xx) — f*) + & || — z0]* > 0.
From Assumption 4(c), we obtain «j < 1. Also, from Assumption 4(d), we get
> re e ax = co. Using Assumption 4(b,e,f) and the definition of S5 in (9), for an
arbitrary solution x*, we may prove the summability of §; as follows.

- )\mindiStQ Zo, X ) - (L + MO
k=K k=K
Similarly, we can write
dist? (20, X* L A\2p?
lim & < dist™(wo, X*) lim g, + (Chal) e lim %y, = 0,
k—oo 2 k—o0 2 k—o0



where the last equation is implied by Assumption 4(a,b). Therefore, all conditions of
Lemma 2 hold (with an index shift) and we conclude that vy := fi(xg) — f* converges
to 0 a.s. Let us define v}, := f(x) — f* and v} := BE[|ay — 202, so that vy = v}, + v}
Since vj, and v}/ are nonnegative, and vy — 0 a.s., it follows that v;, — 0 and v}/ — 0
a.s., implying that limg_,o f(zg) = f* a.s. 0

In the following, our goal is to state the assumptions on the sequences {74} and
{px} under which we can show the convergence in mean.

AssuMPTION 5 (Conditions on sequences for convergence in mean). Let the se-
quences {7k} and {pr} be positive and satisfy the following conditions:
(a) limg_, o yk,uia_l =0;
(b) {pr} is non-increasing and py, — 0;
(¢) AminYipr <1 for k> 0;
(d) There exist Ky and 0 < 8 < 1 such that

Vo127 < ety + BAminetik),  for all k > Ko;

(e) There exists a scalar p > 0 such that pi~>* < pyj, for all k > 0.
Next, we use Assumption 5 to establish the convergence in mean.

PROPOSITION 5 (Convergence in mean). Consider the (IR-SQN) scheme. Sup-
pose Assumptions 1, 2, 3, and 5 hold. Then, there exists K > 1 such that:

(10) E[f(xk-i-l)] - f* < H’Vkuia_17 fOT’ all k > Ka

where f* is the optimal value of problem and

(11) 6 := max { Elfrs1 (@) = F* pAmindist (zo, X*) + (L + po) A*1? }

’YKM%?_l ’ 2)\min(]~ _5)
Moreover, limy_, oo E[f(zx)] = f*.

Proof. Note that Assumption 5(a,b) imply that (4) holds for a large enough k, say
after K. Then, since the conditions of Lemma 3 are met (with an index shift), taking
expectations on both sides of (4), we obtain for any k > K:

Amindist®(zg, X*)

Elfe+1 (1) — 7] < (1 = Aminpte ) E[fr (i) — 7] + 5 [Tl
g L) ,;0),\2,,2 PR
Using Assumption 5(e), we have ,uﬁvk < pviuzo‘. Thus, we obtain
Elfe+1(@e41) = [T < (1 = Aminptr i) E[fr (k) — 7]
(12) + (pkmindistz(m X ;) + (L + uo)A2v2> 202,

Let us define K 2 max{K, Ky}, where Ky is from Assumption 5(d). Using the
preceding relation and by induction on k, we show the desired result. To show (10),
we show the following relation first:

(13) Elfes1(zhr1)] — £+ < Opepi®™", forall k > K,
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Note that (13) implies the relation (10) since we have E[f(zk+1)] < E[fr+1(k+1)]-
First, we show that (13) holds for ¥ = K. Consider the term E[fxi1(xx11)] — f*.
Multlplymg and dividing by 'yK,uza 1 we obtain

Elfsr(zrs1)] — f* = (E[fKJr’ly(fLI;:ll)} f*) V22 < Gypepdet,
K

where the last inequality is obtained by invoking the definition of @ in (11). This
implies that (13) holds for k = K. Now assume that (13) holds for some k > K. We
show that it also holds for k£ + 1. From the induction hypothesis and (12) we have

Elfes1(@rs1) — 7] < (1= Aminftre ) 0vi— 1137

N (p)\mindistz(xo,X*) + (L + uo)A2u2> 20 2
9 K V-

Using Assumption 5(d) we obtain

Elfrr1(@rs1) = £ < 07 (1 = Aminftrve) (1 4 BAmin Vi lir)

p)\mindist2 2o, X*) + (L+ p A2 o

Next we find an upper bound for the term (1 — Apintryx) (1 + BAminYetir) as follows

(1 - )\min/lk:ryk:)(l + 6)\min7k,u/k:) =1- Amin,u/k’yk + ﬁAmianfyk - 6)‘?11111/1%7/3
<1— (1= B)AminftkVk-

Combining this relation with (14), it follows that

Elfir1(@ri1) = £ < Ompp® ™t = Omin(1 = B)pi® Vi
)\mind. t2 aX L+ >\2 g
N <P ist” (20, X*) + (L + po) Av >u%‘”‘72

92 k

p)\mindistz(mo, X*) 4 (L + po)N20? Mm 9

= 0y = | OAmin(1 — B) — 5 k.

Term 1

Note that the definition of € in (11) implies that Term 1 is nonnegative. Therefore,

Elfrs1(@re1) — 7] < Omep® "

Hence, the induction statement holds for k£ 4+ 1. We conclude that (13) holds for all
k > K. As a consequence, (10) holds for all k > K as well. To complete the proof,
we need to show limg_,o E[f(2;)] = f*. This is an immediate result of (10) and
Assumption 5(a). |

4. Tteratively regularized stochastic and deterministic LBFGS meth-
ods. In this section, our main goal is to develop an efficient update rule for matrix
Hj, of the (IR-SQN) scheme and establish a convergence rate result.

10



4.1. Background. Stochastic gradient methods are known to be sensitive to
the choice of stepsizes. In our prior work [16, 31, 32], we address this challenge in
part by developing self-tuned stepsizes under the strong convexity assumption. An-
other avenue to enhance the robustness of this scheme lies in incorporating curvature
information of the objective function. A well-known updating rule for the matrix
Hj, that uses the curvature estimates is the BFGS update. The deterministic BFGS
scheme, achieves a superlinear convergence rate (cf. Theorem 8.6 [23]) outperforming
the deterministic gradient/subgradient method. In the classical deterministic BEGS
scheme, the curvature information is incorporated within the algorithm using two
terms: the first term is the displacement factor sy = xp41 — xk, while the other is
the change in the gradient mapping, yx = V f(zr+1) — V f(xk), where V f denotes the
gradient mapping of the deterministic objective function f. To have a well-defined
update rule, it is essential that at each iteration, the curvature condition s{yk >0
is satisfied. By maintaining this condition at each iteration, the positive definite-
ness of the approximate Hessian, denoted by By, is preserved. The BFGS update
rule in deterministic regime also ensures that By satisfies a secant equation given by
Bi115k = Yk, which ensures that the approximate Hessian maps sj into yy.

To address optimization problems in the stochastic regime, a regularized BFGS up-
date rule, namely (RES), was developed for problem (SO) under the strong convexity
assumption [19]. In problems with a large dimension (see [3] for some examples), the
implementation of this scheme becomes challenging. This is because the computation
of B and its inverse become expensive. Moreover, at each iteration, a matrix of size
n X n needs to be stored. To address these issues in large scale optimization problems,
limited-memory variants of stochastic BFGS scheme, denoted by stochastic LBFGS,
have been developed [3,20]. The key idea in LBFGS update rule is that instead of
storing the full n X n matrix at each iteration, a fixed number of vectors of size n are
stored and used to update the approximate Hessian inverse.

4.2. Outline of the stochastic LBFGS scheme. The strong convexity prop-
erty assumed in [3,20] plays a key role in developing the LBFGS update rules and
establishing the convergence. Note that in the absence of strong convexity, the curva-
ture condition does not hold. To address this issue, a standard approach is to employ
a damped variant of the BFGS update rule [23]. A drawback of this class of update
rules is that there is no guarantee on the rate statements under such rules. Here, we
resolve this issue through employing the properties of the regularized gradient map.
This is carried out in (IR-SQN) by adding the regularization term py(zr — xo) to the
stochastic gradient mapping VF(zk,£;). To maintain the curvature condition, we
consider updating the matrix Hy and the parameter pj in alternate steps. Keeping
the regularization parameter constant in one iteration allows for maintaining the cur-
vature condition. After updating Hy, in the subsequent iteration, we keep this matrix
fixed and drop the value of the regularized parameter. Accordingly, the update rule
for the regularization parameter puy is based on the following general procedure:

15) {Mk;zu“, if k is gdd,

te < pg—1, otherwise.
Note that we allow for updating the stepsize sequence at each iteration. We construct
the update rule in terms of the following two factors defined for any odd k£ > 1:

S[k/2] = Tk — Lk—1;
(16) Yrrja) = VF (2, &—1) — VF(Tr—1,&—1) + THLS[k/2]
1



where 7 > 0 and 0 < § < 1 are parameters to control the level of regularization in the

matrix Hy. Here, § only controls the regularization for matrix Hy, but not that of

the gradient direction. It is assumed that > 0 to ensure that the perturbation term

uis(k/ﬂ — 0, as k — oo. The update policy for Hy is defined as follows:

a7 A {Hk,m, if k is ?dd,
Hj_1, otherwise,

where m < n (in the large scale settings, m < n) is the memory parameter and
represents the number of pairs (s;,y;) to be stored to estimate Hy. Matrix H, ,, for
any odd k > 2m — 1, is updated using the following recursive formula:

yisT\ " yisT\  sisT
18 Hk,-:(I— ) Hk,-1<1— )+ 1<j<m
18 ! Yl si ’ Y si Y si ’

) ) 5Tk /219 . .
where i = [k/2] — (m — j) and we set Hy o := WI. Here, at odd iterations,
’ Tk/21YTk/2

matrix Hj, is obtained recursively from Hy o, Hg1,..., Hr.m—1. Note that computa-
tion of Hy at an odd k needs m pairs of (s;,y;). More precisely, H}, uses the following
curvature information: {(s;,y;)|¢=[k/2] —m+1,[k/2] —m+2,...,[k/2]}. For
convenience, in the first 2m — 2 iterations, we let Hy be the identity matrix. This
allows for collecting the first set of m pairs (s;,y;), where i = 1,2,...,m, that is used
at iteration k := 2m — 1 to obtain Hs,, 1. The main differences between update rule
(18) and that of the standard SQN schemes [3,20] are as follows: (i) The first distine-
tion is with respect to the definition of y; in (16). Here the term /,LiS[k/Q'l compensates
for the lack of strong monotonicity of the gradient mapping and aids in establishing
the curvature condition. (ii) Second, instead of obtaining the pair (s;,y;) at every
iteration, we evaluate these terms only at odd iterations to allow for updating the
regularization parameter satisfying (15).

Implementation of this stochastic LBFGS scheme requires computing the term
HiVFy(xk, &) at the kth iteration. This can be performed through a two-loop re-
cursion with O (mn) number of operations (see Ch. 7, Pg. 178 in [23]). This will be
shown for Algorithm 1 in Theorem 10(b).

In this section, we consider a stronger variant of Assumption 1 stated as follows:

ASSUMPTION 6. (a) The function F(x,§) is convex over R™ for any & € Q.
(b) For any & € Q, F(-,£) is continuously differentiable with Lipschitz continuous
gradients over R™ with parameter Lg > 0. Moreover, L := supgcq L < oc.
(¢) The optimal solution set X* of problem (SO) is nonempty.

Next, in Lemma 7, we derive bounds on the eigenvalues of the matrix Hj and show
that at iterations where Hy, is updated, both the curvature condition and the secant
equation hold. In the proof of Lemma 7, we will make use of the following result.

LEMMA 6. Let 0 < a1 <as < ...<an, and P and S be positive scalars such that
S ia; <8 and [[}—, a; > P. Then, we have ay > (n —1)IP/S™~1.
Proof. See Appendix 7.1. ]

LEMMA 7 (Properties of update rule (17)-(18)). Consider the (IR-SQN) method.
Let Hy, be given by the update rule (17)-(18), where s; and y; are defined in (16) and
1k is updated according to the procedure (15). Let Assumption 6(a,b) hold. Then, the
following results hold:

12



(a) For any odd k > 2m —1, the curvature condition holds, i.e., s?k/ﬂy[k/g] > 0.
(b) For any odd k > 2m — 1, the secant equation holds, i.e., Hyyrr 21 = Sx/2]-
(c) For any k > 2m — 1, Hy, satisfies Assumption 3 with the following values:

1 B (m + n)nerfl (L + Tlug)nerfl

N\ =
(m+mn)(L+7u)’ (n — 1)lr(ntm) ’
(19) and a = —=6(n+m).

)\min =

More precisely, Hy is symmetric, E[Hy | Fx] = Hy and

1 n4+m—1 L syntm—1
(20) < H, < (m + ) ( +(Zﬁ§3) I
(m+n) (L + 1) (n—1)(rpl)
Proof. See Appendix 7.2. O

In the following two lemmas, we provide update rules for the stepsize and the
regularization parameter to ensure convergence in both an a.s. and mean sense for
the proposed LBFGS scheme.

LEMMA 8 (Feasible tuning sequences for a.s. convergence (Proposition 4)). Let
the sequences 7y and uy be given by the following rules:

70 2o
21 Ye = 73 g M= T3
. G0 " Gy

where k = 2 if k is even and k = 1 otherwise, ygand po are positive scalars such that
Yoo < L(m +n), and a, b, and 6 < 1 are positive scalars satisfying:

%>1+25(n—|—m), a+b<1, a+2b>1, and a—38b(m+mn)>0.5.

Then, v, and py satisfy Assumption J with Apmin and « in (19) and py satisfies (15).
Proof. See Appendix 7.3. O

REMARK 1 (An example of feasible sequences). The conditions on parameters a,

b, Yo, and o in Lemma 8 hold for vg = po < VL, a = % and b = é, and § = mi_n.

LEMMA 9 (Feasible tuning sequences for convergence in mean (Proposition 5)).
Let the sequences v and pg be given by (21), where 9 and po are positive scalars
such that yopo < L(m +mn). Let, 0 <d <1 a >0 and b > 0 satisfying:

2>1+2<5(m+n), a+b<1,

; <2(1+68(m+n)).

a
b
Then, ui, satisfies (15) and v, and uy satisfy Assumption 5 with any arbitrary 0 <

B<1,piqyt (MOQb)2+26(m+n), and with Apin and o given by (19).
Proof. See Appendix 7.4. O
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Algorithm 1 Iteratively Regularized Stochastic Limited-memory BFGS

1: Input: LBFGS memory parameter m > 1, Lipschitzian parameter L > 0, random
initial point zy € R™, initial stepsize vy > 0, and initial regularization parameter

o > 0 such that youo < (m +n)L, scalars 0 < € < %, o€ (0 1.5¢ ), and 7 > 0;

'’ n4+m
. —2 26(n+m) o ._ 1,
2: Set a:=35 —e+ 3 b= 3;

3: for k=0,1,...,do ,

4= Compute 7 := g3y and pg == (k+1+m/f3(212(k+1,2))b;
5 Evaluate the stochastic gradient VF (z, & );

6: if mod(k,2) =1 then

7: Compute index i := [k/2];

8

9

Compute vector s; := T — Tp_1;
: Compute vector y; := VF(zk,&k—1) — VF(r-1,&—1) + Tuisi;
10: if k > 2m then

11: Discard the vector pair {s;—m,¥i—m} from storage;

12: end if

13: end if

14: if £ <2m — 1 then

15: Update solution iterate xp11 := xx — Vi (VF (2, &) + pr (a2 — 20));

16: else -

17: Initialize Hessian inverse Hy, o := ZTZLI’ \

18: Initialize q := VF (x, &) + (2 - x0);

19: fort=i:i—m+1do .

20: Compute scalar a;_¢y1 := :,Tt;t;

;; endeI‘;(i‘ate Vector ¢ == g — Gi—t41Y1; > LBFGS two-loop recursion
23: Initialize vector r := H}, oq;

24: fort=i—m+1:ido .

25: Update vector r :=r + (O{i_t+1 — i}yi) St

26: end for )

27: Update solution iterate xy41 := xr — Y73 > LBFGS update
28: end if

29: end for

4.3. An efficient implementation with rate analysis. Algorithm 1 presents
an efficient implementation of the proposed stochastic LBFGS scheme. Note that
update rules for the stepsize and regularization parameter are specified in line #2
and #4. Before presenting the complexity analysis in Theorem 10, we make some
comments on the choice of parameter 7.

REMARK 2. As mentioned, the parameter 7 > 0 in line #9 in Algorithm 1 is used
to control the level of the iterative regularization employed in the computation of matriz
Hj.. Intuitively, it may seem that a small choice for T may reduce the distortion caused
by the term ﬂisi i approximating the Hessian inverse, and consequently, improve the
performance of the algorithm. However, this may not be always the case. To see this,
first note that the relation (20) shows the dependency of eigenvalues of Hy on the
choice of T. Recall that the relation (4) is a key assumption used in the convergence
and rate analysis of the proposed method. It can be seen that when T — 0, the right-
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hand side of (4) will decrease to zero. This indicates that a small T enforces a small
value for the term 'yo/ugé("+7n). For example, assuming a fized value for pg, this
would lead to a small vg. This may have a negative impact on the performance of the
algorithm. As such, it is not clear if a small T can be always beneficial. A closer look
into this trade off calls for a more detailed analysis of the finite-time performance of
the algorithm, which is not the focus of our current work and remains as a future
direction to our study.

In Theorem 10(a), we establish the convergence rate of Algorithm 1. Moreover, in
Theorem 10(b), we show that the term HyV Fi(xg, &) is computed efficiently using
the LBFGS two-loop recursion in the algorithm with O (mn) complexity per iteration.

THEOREM 10 (Rate analysis for Algorithm 1). Consider Algorithm 1. The fol-
lowing statements hold:
(a) Suppose Assumptions 2 and 6 hold. Then, there exists K > 2m — 1 such that

Elf (z)] — f* < (( ;;)01_2a> kf_e, for all k> K,
Ho 3

where 6 is given by (11), and Amin, A, and o are given by (19).
(b) Let the scheme be at the kth iteration where k > 2m — 1. Then, by the end
of the LBFGS two-loop recursion, i.e., line #26 in Algorithm 1, we have

(22) r = Hy (VF(xr, &) + pr(zre — 20))

where Hy, is defined by (17).

Proof. (a) First, we show that the conditions of Proposition 5 are satisfied. As-
sumption 1 holds as a consequence of Assumption 6. From Lemma 7(c), Assumption
3 holds for any &k > 2m — 1 as well. To show that Assumption 5 holds, we apply
Lemma 9. We have

a g_e_A'_M
=3 3 =92 3c¢+25(n+m)>1+25(m+n),
b 1/3
where we used € < % Moreover, since § < nlffn,we have a+b = 176+w < 1.

Also, from the values of a and b we have 2b(1+ 6 (m +n)) = a+ ¢ > a. Thus, the
conditions of Lemma 9 hold. This implies that there exists Ky > 0 such that for any
k > Ky, the sequences 7, and py satisfy Assumption 5 with any arbitrary 0 < § < 1

and for p = 75" (102" 2+26(m+n), and with Apin, A and a given by (19). Let us define

K := max{Kjp,2m—1}. Since all conditions in Proposition 5 are met, from (10), (21),

and by substituting values of a, b, and «, for any k£ > K we obtain

a1 _ O(k+r— 1)(1—2)/3

k—1 (/,Lo\s/i)l_Qa k2/3767%a

S e A" i
(1ov/2)' ") (o4 D3~

Through a change of variable from k + 1 to k, we conclude the result.

Elf(xrs1)] — fF < Oyp—1p

T (10 V2) T (1) be
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(b) To show (22), it suffices to show that

o= JHem (VE (i, &) + pn(wn — 20)), i ks odd,
Hi_1m (VF(2g, &) + pr(ar — o)), otherwise,

where Hy, p, is defined by the recursion (18) for an odd k. First, consider the case that
k > 2m — 1 is an odd number. As such, at the kth iteration, from line #7, we have
i:= [k/2]. For clarity of the presentation, throughout this proof, we use K (instead
of i), i.e., K £ [k/2] and qx_¢41 is used to denote the value of the vector ¢ € R™
after being updated at iteration ¢ in line #21. Similarly, we use r;_ k1, to denote
the value of the vector r € R™ after being updated at iteration ¢ in line #25. Also,
we use the following definitions:

qo = VF (21, &) + pr(zr — x0), 10 £ Hi,0Gm,

1
Pj = —5—, andeéprjyjsz, foral j=K—-(m-1),...,K.
Y5 85

Consider relation (18). By applying this recursive relation repeatedly, we obtain

T
(23) Hym = H Vik—(m-j) | Hro H VK —(m—j)
j=1 j=1
T
+ PK—m+1 H Vic—(m—g) | SK—m+15k mi1 H Vi —(m—j)
=2 j=2
T
+ PK—m+2 H VK —(m—j) 5K7m+23,1};7m+2 H Vi —(m—3)
=3 j=3

+ ...
+ pK_lngK_1S%;_1VK

+ pKs Ks?
Next, we derive a formula for ¢;. From lines #20-21 in the algorithm, we have

qK—t+1 = K-t — OK—t4+1Yt = dK—t — Pt (SZWQKft) Yt = 4qK—t — Pt (ytstT) K —t
= (I—-pysi) q—t = Viqi—y, forallt=K K—1,....K—-m+1.

From the preceding relation, we obtain

(24) Qe = H Vik—(m—j) | @0, foralll=1,2...,m.
j=m—~_0+1

From the update rule for a;_;41 in line #20, using the definition of p;, and applying
the previous relation, we have a; = pg sk gy and

(25) ap = pK,g+1S£74+1 H Vi —(m—j) | 90, forall £=2,3,... m.
j=m—042
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Multiplying both sides of (23) by go and employing (24) and (25), we obtain

T T
(26) Hymqo = H Vik—(m—j) | Hk,0qm + H Vik—(m—j) | SK-m+10m
j=1 j=2
T

m
+ HVKf(mfj) SK—m+2Qm—1 + ...—I—VII;SK_lOéQ—l-SKOq.
Jj=3

Next, we derive a formula for r;. From line #25 in the algorithm, we have

Tt—K+m = "t—K+m—1 1 (OZK—t-H - Pty,gTTt—K+m—1) St
= Tt K4m—1 — PeSIYL Ti— Kdm—1 T QK 14181
=V kimo1+ ok 18, forallt=K-m+1,.... K —1,K.
Combining the preceding two relations, we obtain
Ty = V;f(mfe)rgfl + QU 41SK—(m—1t)s forall £ =1,2,...,m.

Using the preceding equation repeatedly, we obtain
T T
m m
(27) Tm = H Vk_(m-j) | To+am H Vi (m—j) SK—m+1
j=1 j=2
T

+ Q-1 H Vic—(m—j) | Sk—mi2+ ... +aVisk 1 +aisk.
=3

From (27) and (26), and the definition of ry, we obtain r,, = Hy ,qo. Taking to
account the definition of gg, the desired result holds for any odd k£ > 2m — 1. Now,
consider the case where k£ > 2m — 1 is an even number. This implies that the “if”
condition in line #6 is skipped and as such, the value of ¢ is not updated from the
iteration k — 1, i.e., i = [(k — 1)/2]. Consequently, the LBFGS two-loop recursion at
an even k uses the following pairs

{(se,y0) [ £=T(k=1)/2] =m+ 1, [(k=1)/2] =m+2,...,[(k-1)/2]}.

Now, considering the definition (18) for k& — 1, the desired relation can be shown
following the same steps discussed for the case the iteration number is odd. ]

4.4. Analysis of the deterministic case. Our goal in the remainder of this
section lies in establishing the convergence and rate statement for the deterministic
LBFGS scheme. Consider the following regularized deterministic LBFGS method:

(IR-LBFGS) Tpt1 =k — YeHr (Vf(zr) + pr (x — o)), forall k >0,

where Hj, is given by the update rule (17), uj is updated according to (15), and for
an odd k > 1 we set

S[k/2] ‘= Tk — Tk-1,

(28) Yriso) = V(@) = V(@r1) + Tpds15)2)-
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THEOREM 11 (Convergence and rate analysis of iteratively regularized determin-
istic LBFGS method). Let xy be generated by the IR-LBFGS method. Suppose As-
sumption 1 holds. Let Apin, A and « be given by (19). Then the following hold.

(a) Let py, satisfies (15). If v and py satisfy the following relation:

A
2 2a o Tmn k>
( 9) Vel = A2(L+,LL0)’ fora 70,

then, for any k > 0, we have

Amin dist* (29, X*)

2
D) K Vk-

(30)  frr1(@rg1) = 7 < (1= Aminprye) (fr(zr) — f7) +
(b) Let vy and py be given by the update rule (21) where a,b > 0 and 0 < § < 1 satisfy

%>26(n+m) a+b<1, a+2b>1.
Then, limg o f(zr) = f*. Specifically, for a = %, b= %, and 6 = #M, this result
holds.
(c) Let € € (0,1) be an arbitrary small scalar. Let v and py be given by the update

rule (21) where a = €, b =1—¢. Also, assume ¢ € (O ) Let vy and o

' 2(n+m)(1—e¢)
satisfy the following condition:

(31) Yoro = (n+m) (L+7up) .

Then, there exists K such that

r

(32) f(xk)_f*gm’

forallk > K,

4a ()\min'YONO _b)

s i
where T’ £ max {(K + D) (fx(zr) — ), Amin Y0413 45T (w0, X )}.

Proof. (a) The conditions of Lemma 7 are met indicating that Assumption 7 holds.
Assumption 2 is clearly met with v = 0 as the problem is deterministic. Therefore,
all of the conditions of Lemma 3 are satisfied and thus (4) holds. Substituting v =0
in (4) and eliminating the expectation operator yields the desired inequality.

(b) First, we show that (30) holds. We can write

2a 7o —a —2ab 70 —a—2ab

V" = s (k41 k+k < ———-(k+1 .
S @y F DTS G (Y

Note that the assumption that a > 2b6(n+m), implies that —a — 2ab < 0. Therefore,

Yehi® — 0 showing that there exists Ky such that for any k > Ky, (30) holds. We

apply Lemma 2 to the inequality (30) by setting

Amindist? (20, X™*)

B Mi'YIm Vg = fk(xkz)—f*-

O = AminYoto, Bk =

From a+b < 1, we have >~ ax = 0o. Also, a+2b > 1 indicates that Y ;- , B < oc.
Since all conditions of Lemma 2 are met, we have fr(xx) — f*. Recalling Definition
1, this implies that f(xg) — f*.
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(c) First, we show that by the given update rules for v; and g, relation (30) holds.
Note that & = —§(n + m). Therefore, we can write
ok £ £PIT otk + 27
(1022 (k4 1) T (g2 (k4 1)e
Yo(1 + %H)Q(m-&-n)&b

(’u02b)2(m+")5 (k‘ + 1)a—2(m+n)6b'

TR =

(33) -

Using the condition on §, we have a — 2(m + n)bd = € — 2(1 — €)§(m + n) > 0. Thus,
relation (33) indicates that there exists K; such that for any k& > Kj, (30) holds.
Besides, since a and b are positive, there exits K5 such that for any k > K5, we have
(1 — AminYeir) > 0. Let us now define K := max{Kj, K5,2m — 1}. Next, we use
induction on k to show (32). For k = K, it clearly holds. Let us assume (32) holds
for k > K. Let e; denote fr(xx) — f*. From (30) and the update rules of v and py
we can write

Amin’VOﬂO2b /\mindiSt2 (21707 X*)’YO/J’(2)22b_1
e < (1l——F———)er
ke(k+r—1)b ke(k+r —1)%
( )\min’YO,uozb) AmindiStQ (Io, X*)’YON(2)22b71
<|\1—=——F— | er—1

ke(k +1)b Ja+2b
)\min’}’O/JO )\mindist2 (.’170, X*>70u222b_1
(34) < (1 AL + RES) - )

a b
where £ is defined in (21), and the last inequality is implied by * ,(ﬁibl S < 2t for

k > 1. Note that since kK > Kj, the term (1 - %) in (34) is nonnegative.

Therefore, we can replace ex_1 by its upper bound % in (34). Doing so and noticing
that a + b = 1, we obtain

Ci\ T Cy
(35) ekg(l_k>kb+kb+17

where we define Cy 2\ invoto and Cgé)\mindiStQ(Jfo,X*)70M322b_1. Using (35), to
show that e} < W, it is enough to show that

1 1 CiT — Cy
— - < :
F(kb “%+1V> =R

Rearranging the terms, we need to verify that I' > 016}‘03 and C5 < Cq, where Cj is

an upper bound on supj, > {kb+1 (% — m) } We claim that C3 := b is a feasible

choice. To prove this, we need to show that kb*! (% — (lﬂ%)b) < b, or equivalently,

1 \° b
1———) >1—-2, forallk>1.
( k+1)_ D forallk>

Consider the function g(z) := (1 — 35)? + 2 — 1 for 2 > 1. we have

(R A e (G RN CONE
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due to 0 < b < 1. Hence, g is non-increasing implying that it suffices to show
g(1) >0, ie., 2°(1 — b) < 1. Let us define h(z) := 2%(1 — z) for 0 < x < 1. We have
B (xz) = 2% (In(2)(1 — z) — 1). This indicates that h'(z) < 0 over = € (0,1), implying
that h(b) < h(0) = 1. Hence, we conclude that C3 := b is a feasible choice. To show
that C3 < C; holds, we need to verify that C; > b. This is true due to (31). To
complete the proof we need to show I' > % This holds from the definition of I".0

5. Numerical experiments. In this section, we present the implementation
results of Algorithm 1 on a classification application. The Reuters Corpus Volume 1
(RCV1) data set [11] is a collection of news-wire stories produced by Reuters. After
the tokenization process, each article is converted to a sparse binary vector, in that
1 denotes the existence and 0 denotes nonexistence of a token in the corresponding
article. We consider a subset of the data with N = 100, 000 articles and n = 138,921
tokens. The articles are categorized into different hierarchical groups. Here we focus
our attention on the binary classification of the articles with respect to the Markets
class. We consider the logistic regression loss minimization problem given as follows:

. 1 o
(LRM) Inin flz) = N ; In (1 + exp (—uj 2v;)),
where u; € R™ is the input binary vector associated with article ¢ and v; € {-1,1}
denotes the class of the ith article. We run three experiments. Of these, in Section
5.1, we compare the performance of Algorithm 1 (with 7 = 1) with that of standard
SQN methods. In Sections 5.2 and 5.3, we provide comparisons of Algorithm 1 with
SAGA [5] and with IAG [9] applied to regularized problems, respectively.

5.1. Comparison with standard SQN schemes. To solve problem (LRM),
the standard LBFGS methods in [3,20] solve an approximate problem of the form

N
1
(Regularized LRM) min f(z) := N Zln (14 exp (—u] zv;)) + ngHQ,

zeR™ .
=1

where 77 > 0 is an arbitrary regularization parameter. To perform the first experiment,
we consider comparison of Algorithm 1 with three variants of the standard LBFGS
schemes, all denoted by RS-LBFGS (see Figure 1). In RS-LBFGS schemes, we use
the stepsize of the form v, = k"fl and drop 7 at epochs of 400 iterations using a decay
factor denoted by p € (0,1]. Of these, in the first scheme, we assume p = 1, meaning
that 7 is kept constant throughout the implementation of the SQN scheme. In the
second scheme, we use p = 0.5. This means for example, after every 400 iterations,
we set n := 0.5n. In the third scheme, we use p = 0.3. We let 79 € {10,0.5,0.1},
no € {1,0.5,0.01}, m € {2,5}, N = 10*, and z, be the origin. In all cases, we use five
sample paths to calculate the average value of the objective function in (LRM).

Insights: We observe that Algorithm 1 performs uniformly better than the three
variants of the standard SQN scheme under different tuning rules for the regulariza-
tion parameter. This suggests that for merely convex stochastic optimization, SQN
schemes using the tuning rules for the stepsize and regularization parameter given as
vi &~ 1/Vk? and py, ~ 1/V/k have a faster convergence speed.

5.2. Comparison with SAGA on merely convex problems. Recall that
in addressing the finite-sum minimization problems with merely convex objectives,
employing averaging and under a constant stepsize, SAGA admits a sublinear con-
vergence rate of O (%) [5]. The simulation results are provided in Figure 2. These
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Fig. 1: Algorithm 1 vs. stochastic LBFGS under constant regularization (i.e., p = 1), and under
piece-wise constant regularization (i.e., p = 0.5,0.3), where p is the decay ratio of the regularization
parameter at each epoch of 400 iterations.

results include different sample sizes, i.e., N € {103,10%,10%}, different initial condi-
tions for SAGA, and different choices of the stepsizes and the initial regularization
parameter for Algorithm 1. SAGA uses the evaluation of the gradient map of the
component functions at the starting point. Here, we use three different values for the
evaluated gradient maps at the starting point, i.e., the origin, to study the sensitivity
of SAGA with respect to the initial conditions. Of these, in initial condition 3, we use
the exact value of the gradient maps, while in initial condition 2, we perturb values
of the gradient maps. This perturbation is increased in initial condition 1.

Insights: From Figure 2, we observe that Algorithm 1 competes well with SAGA.
We discuss the comparisons as follows: (i) A computational burden in implementation
of SAGA is the memory requirement of this scheme. Generally speaking, SAGA
requires storing a matrix of O(Nn) at each iteration. Exceptions include the case
where the objective function is in terms of a linear regression model function (e.g.,
in (LRM)). This is in contrast with Algorithm 1 where the memory requirement is
O(mn). (ii) As expected, the performance of SAGA deteriorates when the sample
size increases. However, the performance of Algorithm 1 seems to be more robust
with respect to the increase in the sample size. (iii) The performance of SAGA seems
to be moderately sensitive to the initial conditions.

5.3. Comparison with TAG. Recall that in solving finite-sum minimization
problems with p-strongly convex objectives, using a constant stepsize, (non-averaging)
IAG admits a linear convergence rate of O ((1 - (ﬂ/N)2)2k) where NN is the number
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Fig. 2: Algorithm 1 vs. SAGA (with averaging) with different choices of constant stepsize,
different sample sizes, and different initial value of the gradient of component functions.

of component functions (cf. [9]). Accordingly, to do the numerical comparisons with
TAG, we regularize problem (LRM) with a constant purag > 0. Figure 3 shows the
simulation results for different choices of urac, N, IAG stepsize, and the initial stepzie
and regularization parameter of Algorithm 1.

Insights: (i) Due to the excessive memory requirements of O(nN) associated with
TAG, such a scheme becomes challenging to implement when n becomes large as in this
case where n = 138,921. Consequently, we use a sample size N € {1000, 2000, 5000}.
However, Algorithm 1 only requires memory of O(nm), allowing for implementations
with large values of N. (ii) Similar to SAGA, the performance of IAG is deteriorated
when the sample size increases. However, the performance of Algorithm 1 seems
to be more robust with changes in the sample size. (iii) For each fixed value of
N, despite the change in the value of uraq, the performance of TAG in terms of
the true objective function in (LRM) does not necessarily improve. Importantly,
this observation suggests that in the standard regularization approach, tuning the
regularization parameter could be computationally expensive.

6. Concluding remarks. We consider stochastic quasi-Newton (SQN) methods
for solving large scale stochastic optimization problems with smooth but unbounded
gradients. Much of the past research on convergence rates of these algorithms relies
on the strong convexity of the objective function. We employ an iterative regular-
ization scheme where the regularization parameter is updated iteratively within the
algorithm. We establish the convergence in an a.s. sense and a mean sense. Moreover,
we prove that the iterates generated by the iteratively regularized stochastic LBFGS
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Fig. 3: Algorithm 1 vs. regularized IAG (non-averaging) with different choices of the
regularization parameter, different choices of the stepsize, and different sample sizes.

scheme converges to an optimal solution at the rate O (A=) for arbitrary small
€ > 0. The deterministic variant of this algorithm achieves the rate O (kl%) The
numerical experiments performed on a large scale classification problem indicate that
the proposed LBFGS scheme performs well compared to methods such as standard
SQN schemes, and other first-order schemes such as SAGA and TAG.

7. Appendix.

7.1. Proof of Lemma 6. From 0 < a; < ... < a,, we can write
(n—(i—l))aiSZaj, foralli € {1,...,n}.
j=1

Invoking Y1, a; < S, we obtain a; < %, for all ¢« € {1,...,n}. From the
preceding relation and that []7_, a; > P, we can obtain a; > (n —1)!P/S™ 1.

7.2. Proof of Lemma 7.

Proof. Throughout, we let Mg min, Ak,max, and By, denote the minimum eigenvalue,
maximum eigenvalue, and inverse of matrix Hy in (18), respectively. It can be seen,
by induction on k, that Hj, is symmetric and Fj;, measurable. We use induction on odd
values of k > 2m — 1 to show that parts (a), (b), and (c¢) hold. Suppose k > 2m — 1
is odd and for any odd t < k, we have Sﬁ/z]yﬁ/ﬂ > 0, Hyyres21 = Sre/21, and (20)
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for t. We show that these statements also hold for k£ as well. First, we show that the
curvature condition holds. We can write

sty ¥iks2) = @r — k1) (VF(2k, 1) — VF(2p-1, &—1) + 7pf (21 — 2-1))
= (z — 1) (VF(2p, &—1) — VE(h_1,&r-1)) + 70l |2k — 2111
> T l|lok — zr-1 ),

where the inequality follows from the monotonicity of the gradient map VF(-,§).
Next, we show that ||z — x_1]|> > 0. From the induction hypothesis and that k — 2
is odd, Hy_o is positive definite. Moreover, from the update rule (17) and that k — 2
is odd, we have Hy_1 = Hjp_o. Therefore, H;_ is also positive definite. Without
loss of generality, we assume VF(x5,_1,&—1) + pr—1(zx_1 — 20) # 0'. Since Hj_; is
positive definite, we have

Hy_1 (VF(xr—1,8k—1) + pte—1 (k-1 — x0)) # O,

implying that xp # xx_1. Hence s k/ﬂy k2] = THollzk — zk—1]|* > 0, where the
second inequality is a consequence og 7, g > 0. Thus, the curvature condition holds.
Next, we show that (20) holds for k. It is well-known that using the Sherman-
Morrison-Woodbury formula, By, is equal to By ., given by

(36)

T T
By j—18:8; Bij—1 4 Yibi

Bri=DBi_1—
2J J—1 T T
S; Bk,j—lsi Y; Si

where s; and y; are defined by (16) and By o = %I Note that with j varying
Tk/2]

between 1 to m, the index i takes values in {[k/2] — m + 1, [k/2] —m +2,...,[k/2]}.
First, we show that for any 4 in this range,

(37) Ty <

where L is the Lipschitzian parameter of the gradient mapping VF' given by Assump-

tion 6(b). Let us define the function h(z) £ F(z,&_1) + 75k i 2= || — 20 ||? for fixed i and
k. Note that this function is strongly convex and has a gradlent mapping of the form
VF + 7u (I — 20) that is Lipschitz with parameter L + 742. For a convex function h
with Lipschitz gradient with parameter L + T[Li, the following inequality, referred to
as co-coercivity property, holds for any z1,zo € R™ (see [24], Pg. 24 , Lemma 2):

[VA(z2) = VA(@1)|? < (L+7u) (w2 — 1) (Vh(2s) — Vh(21)).
Substituting x5 by x;, 1 by z;—1, and recalling (16), the preceding inequality yields

(38) HyzH2 (L+T.uk)5 Yi.-
Note that function h is strongly convex with parameter T/J,i. Applying the Cauchy-
Schwarz inequality, we can write

I &

IIyTi > Mwll® _ lall IIyz-IIIIS;II > yiTsig _—
sivi lsilllgall llsell = llsall sl

Hf VF(xg, k) + pr(zk — o) = 0, then we can draw a new sample of &, to satisfy the relation.
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Combining this relation with (38), we obtain (37). Next, we show that the maximum
eigenvalue of By is bounded. Let Trace(-) denote the trace of a matrix. Taking trace
from both sides of (36) and summing up over index j, we obtain for i := [k/2]—(m—j),

By j—18i8! By j— i
Trace(Bym) = Trace(By,o) ZTrace ( kg —15i5; D, 1) + ZTrace (y Yi >

TBk,] 153 J=1 yz S;
B il i
— Trace l[y(k/ﬂ” Z I ka 1sil| Z llyil?
S[k/ﬂy[k/ﬂ j=1 7, k,j—15i -1 yz Si

(39)

<n ||Z/W21H +Z(L+7N2) g(m+n) (L+Tﬂi>,

[k/z]y[k/ﬂ i=1

where the third relation is obtained by positive-definiteness of By (this can be seen
by induction on j, and using (36) and By, > 0). Since By = By m, the maximum
eigenvalue of the matrix By is bounded by (m + n) (L + T/Li). As a result,

1
(m+n)(L+7ud)

(40) )\k,min Z

In the next part of the proof, we establish the bound for Ay max. The following relation
can be shown (e.g., see Lemma 3 in [20])

STyi
d@t(Bk m) = det Bk 0 H T

j=1% g1

Multiplying and dividing by s!'s;, using the strong convexity of the function h, and
invoking (37) and the result of (39), we obtain

T m
det(By) = det | L2 ) T <S;y ) ( _sis )
STky21YIk/21 ) 521 \Si Si s} By j—15i
> (yfk/21yfk/21> HT (TSS)
[k/ﬂy’—k/?-\ i By ;154

(n+m) 1 . (Tuk
(41) > (7iid) ]1_[1 (m+n)(L+7ud)  (m+n)m(L+7ud)”

)(W+m)

Let a1 < arz < ... < ay,, be the eigenvalues of By sorted non-decreasingly. Note
that since By, > 0, all the eigenvalues are positive. Taking (39) and (41) into account,
and employing Lemma 6, we obtain

(m+n)n+m_1 (L+Tui)n+m—1-

ay >

N il

This relation and that o1 = A, imply that

k ,max

(m+n)n+'rrL—1 (L+T 2)"+m—1

(n—1)! (T“k)(n+m)

25

(42) )‘k,max <




Therefore, from (40) and (42) and that pj is non-increasing, we conclude that (20)
holds for & as well. Next, we show Hyyri 21 = 8[x/21- From (36), for j = m we obtain

Bk,m— S 5T> Bk,m— Yy yT
B = Brm1 — 19Tk/21° Tk /2] 1 n [k/219Tk/2]

SThj21 Brm—15[1/21 Yl Sie21’

where we used ¢ = [k/2] — (m —m) = [k/2]. Multiplying both sides of the pre-
ceding equation by s[y 21, and using By = By, we have Brsy = Bim—151x/2] —
Br,m—18[k/21 T Y[k/21 = Y[k/2)- Multiplying both sides of the preceding relation by Hy
and invoking Hy = Bk_l7 we conclude that Hyyri 21 = Sk /2)- Therefore, we showed
that the statements of (a), (b), and (c) hold for an odd &, assuming that they hold for
any odd ¢ < k. In a similar fashion to this analysis, it can be seen that the statements
hold for ¢ = 2m — 1. Thus, by induction, we conclude that the statements hold for
any odd k > 2m — 1. To complete the proof, it is enough to show that (20) holds for
any even k > 2m. Let t = k — 1. Since ¢ is odd, relation (20) holds. Writing (20)
for k — 1, and taking into account that Hy = Hy_1, and pup < pg—1, we can conclude
that (20) holds for any even k > 2m — 1 and this completes the proof. d

7.3. Proof of Lemma 8.

Proof. In the following, we show that the presented class of sequences satisfy each
of the conditions listed in Assumption 4. Throughout, we let o denote —(m + n)d.
(a) Replacing the sequences by their given rules, we obtain

2a-1 _ "o —a 1-20)b o —a+(1-2a)b

From the assumption that § > 14-24(m + n), we obtain—a + (1 — 2a)b < 0. Thus,
the preceding term goes to zero verifying Assumption 4(a).

(b) Let k& be an even number. Thus, k = 2. From (21) we have pp = pg+1 = (512225

Now, let k& be an odd number. Again, according to (21) can write

b b b
ME41 = Ho2 5 < Ho2 5 = o2 5 = Hk-

(k+1)+2) (k+1) (k+ k)
Therefore, g given by (21) satisfies (15). Also, from (21) we have pur — 0. Thus,
Assumption 4(b) holds.
(c) The given rules (21) imply that v, and ui are both non-increasing sequences.
Therefore, we have viur < Yopo for any k£ > 0. So, to show that Assumption 4(c)
holds, it is enough to show that Aminyopo < 1 where Apin is given by (19). Since we
assumed that Yoo < L(m + n), for any 6 € (0, 1], we have youo < (m +n)(L + pf),
implying that Apinyopo < 1 and that Assumption 4(c) holds.
(d) From (21), we can write

(o] o0 oo
D sk =70102" Y (k+ 1) (k+£) " > y0002" Y (k+2)7 ) = oo,
k=0 k=0 k=0

where the last relation is due to a + b < 1. Therefore, Assumption 4(d) holds.
(e) Using (21), it follows

D i = 70134 Y (k+ 1)k + 1) < yougd® Y (k4 1)) <o,
k=0 k=0 k=0
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where the last inequality is due to a + 2b > 1. Therefore, Assumption 4(e) holds.
(f) From (21), we have

1

(oo} oo

N N (k+/{)—2ab (2k)—2ab
D oA < (o2 (D (eSS Y | <
k=0 k=0 k=2

where in the first inequality, we use a < 0 and in the last inequality, we note that
a+ab=a—3(m+n)b>0.5. Therefore, Assumption 4(f) is verified. O

7.4. Proof of Lemma 9.

Proof. Throughout, we let o denote —d(m + n). Assumption 5(a, b, c¢) and (15)
have been already shown in parts (a, b, ¢) of the proof of Lemma 8.
(d) It suffices to show there exists K such that for any k£ > Ky and 0 < 8 < 1,

1—2«
(43) et B 1 < BAmin Vel
Ve g1

From (21) and the definition of «, we obtain

12« a
_ _ 1 1 1
Tk 1#;;72a_1§'7k 1_1:<1+> _1:1+a+0(>_1:(9(>’
Ve P Vi k k k k
where the first inequality is implied due to {ux} is non-increasing, and in the second
equation, we used the Taylor’s expansion of (1 + %)a Therefore, since the right-hand
side of (43) is of the order ﬁ and that a + b < 1, the preceding inequality shows

that such Ky exists for which Assumption 5(d) holds for all 0 < 5 < 1.
(e) From (21), we have

2—2a -1 b)2—2¢
M o by2—2a —b(2—2ax) a o 0 (102")
7’% =% (,UOQ ) (k+ k) (k+1)* < (k+ 1)7a+(272o¢)b
_ 2-2
<07 (102) " =,
where the first inequality is due to o < 0, and the second inequality follows by the
assumption a < 2b(1 4+ §(m + n)). Therefore, Assumption 5(e) is satisfied. |
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