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Abstract

We consider minimizing finite-sum and expectation objective functions via Hessian-averaging
based subsampled Newton methods. These methods allow for gradient inexactness and have fixed
per-iteration Hessian approximation costs. The recent work (Na et al. 2023) demonstrated that Hes-
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sian averaging can be utilized to achieve fast O

convex functions in high probability, while maintaining fixed per-iteration Hessian costs. These
methods, however, require gradient exactness and strong convexity, which poses challenges for their
practical implementation. To address this concern we consider Hessian-averaged methods that al-
low gradient inexactness via norm condition based adaptive-sampling strategies. For the finite-sum
problem we utilize deterministic sampling techniques which lead to global linear and sublinear con-
vergence rates for strongly convex and nonconvex functions respectively. In this setting we are able
to derive an improved deterministic local superlinear convergence rate of O (%) For the expectation
problem we utilize stochastic sampling techniques, and derive global linear and sublinear rates for
strongly convex and nonconvex functions, as well as a O <ﬁ) local superlinear convergence rate,
all in expectation. We present novel analysis techniques that differ from the previous probabilis-
tic results. Additionally, we propose scalable and efficient variations of these methods via diagonal
approximations and derive the novel diagonally-averaged Newton (Dan) method for large-scale prob-
lems. Our numerical results demonstrate that the Hessian averaging not only helps with convergence,
but can lead to state-of-the-art performance on difficult problems such as CIFAR100 classification
with ResNets.

1 Introduction

We consider finite-sum optimization problems of the form

1 XN
min, f(w) = N;FZ(W), (1.1)
where the objective function f : RY — R and the component functions F; : R? — R (fori € {1,2,...,N})
are twice continuously differentiable functions. Problems of this form are ubiquitous in modern com-
puting applications including machine learning [I9] [37] and scientific computing [48], [58]. In addition,
finite-sum problems commonly arise in stochastic optimization settings when sample average approxi-
mations (SAA) of the optimization problems of the form

min f(w) := E¢[F(w, )], (1.2)

weR4



are considered. Here ¢ is a random variable with associated probability space (2, F, P), where Q is a
sample space, F is an event space, and P is a probability distribution. The function F : R? x Q — R
is a twice continuously differentiable function, and E[-] is the expectation taken with respect to the
distribution of ¢. For any given set of random realizations {¢1, (2, - - , ('} generated from the distribution
P, an SAA problem of the form is constructed by defining F;(-) := F(+,{;). In supervised machine
learning, the random variable ¢ := (x,y) represents input-output data pairs and the function f is a
composition of a prediction function and a smooth loss function [I9, B7]. The resulting finite-sum
problem is referred to as empirical risk and the expectation problem is referred to as the expected risk
minimization problem [82]. In this paper, we consider algorithms for solving problem and also
suitably adapt them to problem ({1

Several classes of methods have been proposed to solve (1.1]) and . (c.f. [19,[65]). In this paper, we
focus on subsampled Newton methods that employ gradlent and Hessian approxnnatlons of the objective
function in standard Newton-type methods. In these methods, at any given iteration k£ € N, the search
direction pg is computed as the solution of the linear system of equations

VQFSk (wk)pk = _VFXk (wk)7

where

VFx, (wg) = > VFi(wi), V?Fs, (wy) D VPF(wy). (1.3)

|X ‘ 1€X | k‘ €Sk
Here the sets X, Sy are subsets of the index set {1,2,---} and (;’s are drawn independently from
each other at random from the distribution P. In the case of the finite-sum problem , the sets
Xk, Sy are subsets of the index set {1,2,---,N}. The choice of the subsets X, Sk, referred to as
sample sets, result in different algorithms. Several recent works have analyzed the theoretical and
empirical properties for different choices of sampling sets X, and Sy [II, 13} 21} 22 25] [34], 35, [73] [75].
Although the computationally efficient choice is to choose Hessian sample sizes (|Sk|) to be a fixed
small constant, the Hessian approximations in these works require large |Si| to achieve fast local linear
convergence, and increasingly large |Sk| to achieve local superlinear convergence [I3] [75]. However, such
large Hessian sample sizes lead to high per-iteration computational cost making them unsuitable for
large-scale optimization settings.

Recently, Na et. al. [64], have proposed and analyzed stochastic Hessian-averaged Newton methods
that overcome the high per-iteration Hessian sampling costs of previous methods by instead employing
a weighted average of the subsampled Hessians computed at past iterations. This approach increases
the accuracy of the Hessian approximations by reducing its variance, albeit at the cost of introducing
bias due to utilization of past iterates. Na et. al. established fast superlinear convergence results
in high probability with exact gradients and fixed small Hessian sample sizes (|Si| = [So| for all k).
However, the requirements therein of exact gradient computation at each iteration is not practical in
large-scale optimization problems. In this work, we consider the gradients to be inexact and also propose
deterministic Hessian-averaging methods where the Hessian samples (with fixed sample size) are chosen
in a cyclic order without replacement that lead to faster deterministic superlinear rate of convergence
for the finite-sum problem .

While inexact gradients can be utilized in Newton-type methods, such methods lead to slower rate of
convergence which result in a significant increase in the overall number of linear system solves in these
methods. Adaptive gradient sampling methods overcome this limitation where the sample sizes employed
in the gradient estimation are gradually increased to increase the accuracy in gradient estimation and
retain the fast convergence properties of their deterministic counterparts [8, 12 [16], 22] 26, [70, [71].
Although these methods employ increasingly accurate gradient approximations as the iterations increase
(|Xx| increases), they achieve similar overall gradient computational complexity as in the stochastic
gradient methods (see [22] Table 4.1], Table . These methods typically employ tests to control sample
sizes that automatically adapt to problem settings [12] 16] 22 25]. In this work, we extend adaptive



gradient sampling tests to the Hessian-averaging setting, where the gradient sample sizes are chosen either
deterministically or randomly at each iteration. Our goal is a framework for fully inexact (stochastic)
Hessian-averaged subsampled Newton methods that limit per-iteration Hessian computational costs,
maintain rigorous convergence theory (i.e., global convergence with fast (superlinear) local convergence),
and at the same time lead to practical algorithms.

While Hessian-based methods have sound theoretical properties, they may not be viable for mod-
ern large-scale optimization problems such as those arising in machine learning due to the storage
cost of O(d?) and ostensible matrix inversion cost of O(d?) associated with Hessian matrix. To over-
come this limitation, we propose practical diagonally approximated Newton (Dan) algorithms based
on the Hessian-averaged Newton methods, similar to the one employed in Adahessian [90], requiring
only O(1) per-iteration Hessian-vector products and O(d) storage, making it appropriate for modern
memory-constrained settings. We consider variations of this algorithm based on different weightings,
and sampling schemes. Additionally, we illustrate the performance benefits of these methods on numer-
ical examples ranging from stochastic quadratic minimization to large-scale deep learning classification,
such as CIFAR100 with ResNets.

1.1 Related Work

We provide a concise summary of second-order methods that employ Hessian approximations in Newton-
type methods and adaptive gradient sampling methods for solving (1.1)) and (1.2]). We note that this is
not an extensive review of methods but rather closely related works to the methods considered in this
work.

Second-order methods. Several second-order methods that employ Hessian approximations have
been developed in the literature. Subsampled Newton methods are one of the main class in these meth-
ods [1L 131 21, 221 23], 29] 33, B4, 52, 60, [73, R3], 88, [89]. Roosta et al. have analyzed the theoretical
properties of these methods and provided convergence results in probability for the finite-sum problems
[75]. Bollapragada et al. have established convergence results in expectation for both finite-sum and ex-
pectation problems and employed conjugate gradient method for solving the Newton system of equations
inexactly [13]. They assumed that the individual component functions to be strongly convex to establish
the results in expectation. Both these works have established that Hessian samples have to be increased
to achieve superlinear rate of convergence. The empirical performance of subsampled Newton methods
has been established on different problems [0, 28], [84] [8]]. Erdogdu and Montanari et al. have developed
and analyzed subsampled Newton methods with truncated eigenvalue decomposition [34]. Agarwal et
al. have analyzed Newton methods where the Newton system of equations are solved inexactly using a
stochastic gradient method at each iteration[I]. Subsampled Newton methods have also been adapted
to nonconvex settings using trust region and cubic regularization methods [86), [87].

Newton-sketch methods are alternate methods for subsampled Newton methods applied to finite-sum
problems [6] [38], B39, [5T) [73]. These methods require access to the square root of the Hessian, which is
possible when generalized linear models are considered in machine learning. Typically, sketching strate-
gies such as randomized Hadamard transformations provide better Hessian approximations compared
to subsampling strategies; however they are typically more computationally expensive due to the high
per-iteration cost associated with constructing the linear system of equations [6]. Dereziriski et al. pro-
posed the Newton-Less method that employs sparse sketch matrices to reduce the computational cost of
forming the approximate Hessians [30]. Sketching techniques have also been adapted to the distributed
optimization settings [3].

Subsampled Newton and Newton sketch methods require increasingly accurate Hessian approxima-
tions to achieve superlinear rate of convergence. Na et al. have proposed Hessian-averaging methods
that overcome this limitation [64]. Jiang et al. have improved the global rate of convergence of [64]



while maintaining similar superlinear rate of convergence [46]. In these works, true gradients are em-
ployed in the step computations, thus limiting their deployment in practice. In this work, we consider
inexact gradients and also consider deterministic Hessian-averaging methods in addition to stochastic
Hessian-averaging methods that could further improve the superlinear rate of convergence.

Adaptive gradient sampling methods. Stochastic gradient methods are well-known and widely
used method in machine learning. This method however suffers from slow sublinear convergence for
strongly convex function due to variance in the stochastic gradient estimation. Adaptive gradient sam-
pling methods overcome this limitation by gradually increasing the accuracy in the gradient estimation
by controlling the gradient samples |Xj| to ensure similar convergence guarantees as their determin-
istic counterparts [14] 22| 25 26] B5] [70, [71]. Several adaptive rules have been developed to choose
the gradient accuracy at each iteration within the algorithm and “norm test” is a popular condition
proposed for the unconstrained settings [12] [22] 25] [26]. These adaptive methods achieve both optimal
theoretical convergence results and first-order complexity results to achieve an e-accurate solution for
the expectation problem. These methods have also been adapted to other problem settings, including
derivative-free optimization [14) [I5], 17, [79] and stochastic constrained optimization [5] [8, [14], [85]. In this
work, we will adapt these methods to the Hessian-averaging based subsampled Newton methods.

Other related methods. There are several other classes of methods for solving and . Vari-
ants of first-order methods including diagonal scaling and momentum attain good empirical performance
on challenging machine learning tasks [32] [44] [47] [56]. Stochastic quasi-Newton methods that construct
quadratic models of the objective function using only stochastic gradient information are a popular class
of methods [9] 10} [16] 63, [78, ©2]. The limited memory variants of these methods are competitive to
first-order methods on several machine learning classification problems [16]. Additionally, Kronecker-
factored approximate curvature (KFAC) methods have been demonstrated as powerful algorithms in
stochastic optimization [2] [G1].

1.2 Contributions

The main contributions of our work are as follows.

1. We develop an adaptive Hessian-averaging algorithmic framework where we incorporate deter-
ministic and stochastic adaptive generalizations of the “norm condition” to choose the gradient
accuracy at each iteration for solving and respectively. We choose Hessian samples
either in a deterministic cyclic fashion without replacement for the finite-sum problem or
randomly from the distribution P for the expectation problem . Furthermore, we modify the
Hessian-averaging scheme whenever it is not a positive-definite matrix to ensure that the Newton
steps are employed at each iteration instead of skipping them (see [64, Algorithm 1]) which en-
sures a convergence rate for every iteration from the start of the iteration as opposed to having
a warm-up phase [46]. Furthermore, such modifications automatically become inactive after the
iterates enter locally strongly convex regime (see Lemma .

2. For the finite-sum problem , we establish deterministic global linear (Theorem and sub-
linear (Theorem convergence results by employing appropriately chosen gradient accuracy
conditions for strongly convex and nonconvex functions respectively. When the iterates enter a
locally strongly convex regime, we further establish deterministic local superlinear convergence for
the case where the Hessian samples are chosen in a cyclic manner without replacement as opposed
to randomly choosing samples at each iteration (Theorem . This choice of Hessian samples
leads to an improved superlinear rate of O (%) as opposed to existing results in the literature



4.

(see Table . Moreover this choice produces stronger deterministic results compared to results in
probability or expectation.

We establish theoretical convergence results for the stochastic settings where the inaccurate
gradient approximations are chosen such that the stochastic gradient accuracy conditions are sat-
isfied and the Hessian samples are chosen randomly from the distribution P at each iteration. We
established similar global linear (Theorem 4.2) and sublinear (Theorem convergence results
for strongly convex and nonconvex functions, respectively, as in the case of finite-sum problem.
Furthermore, using an additional assumption related to the boundedness of the moment of iter-
ates and local strong convexity of subsampled Hessians, we establish local superlinear convergence

where the rate is O (ﬁ) that matches existing results in [46], [64], albeit in expectation as opposed

to in probability (see Table . We note that in order to prove the O (ﬁ) expectation result

and the O (%) deterministic result, we utilize different proof techniques than those employed in
[46, [64]. While the probabilistic results therein rely on Freedman’s inequality for matrix martin-
gales [81], our approach decomposes the Hessian error and places the statistical sampling error at
the optimum, allowing us to concentrate the sampling error via direct analysis. We overview the
contributions of our convergence results relative to existing methods in Table

We establish total computational complexity for Hessian (Corollary and gradient (Corollary
computations necessary to achieve an e-accurate solution. To allow for appropriate compar-
isons with existing results in the literature, we only considered globally strongly convex functions.
Although, the gradient samples are increasing at each iteration, the overall complexity in terms of
total gradient samples match with the well-known stochastic gradient method for the expectation
problem in terms of the dependence on e. Furthermore, the dependence on the condition number
of the problem is improved due to the Hessian-averaging techniques.These results are summarized
in Table 2

To tackle large-scale problems, we motivate the use of Hessian-matrix products, which can be ef-
ficiently implemented via vectorization on GPUs, leading to algorithms with O(1) Hessian-vector
products per iteration and O(d) memory requirements. In particular we utilize a diagonal approxi-
mation, which can be efficiently computed via randomized estimation [31} [62], leading to the novel
diagonally-averaged Newton (Dan) method and its variants.

We demonstrate the numerical benefits of Hessian averaging on a range of numerical experiments
ranging from stochastic quadratics, logistic regression, image classification (CIFAR10 and CI-
FAR100) as well as neural operator training. We demonstrate that Hessian averaging overcomes
the inherent instability of fully-subsampled Newton methods. In order to target large-scale op-
timization problems, we propose efficient implementation of Dan using randomized Hutchinson
diagonal estimation. In our experiments, we demonstrate that Dan was competitive with Adam
and Adahessian (often achieving superior performance); notably Dan does not employ gradient
momentum.



local result
result objective gradient Hessian global
(superlinear) type
strong convex
[75] .g subsampled | subsampled linear asymptotic P
finite-sum
strong convex
[13] & _ subsampled | subsampled linear asymptotic E
expectation
strong convex
[46, [64) 8 exact path-averaged | linear ¢ ( lolfk) P
finite-sum
nonconvex sublinear
Theorem |3.10| | strong convex adaptive | path-averaged . @) (%) deterministic
linear
finite-sum
nonconvex sublinear
Theorem strong convex adaptive path-averaged . @ (i) E
linear k
expectation

Table 1: Comparison of convergence results. Here P denotes that the result is probabilistic, while E
denotes that the result is proven in expectation.

1.3 Organization

The paper is organized into six sections. In the remainder of this section, we define notation that is
employed throughout the paper. In Section [2 we first describe the Hessian averaging methods and
then discuss adaptive gradient-accuracy conditions and the corresponding sample size requirements to
satisfy these conditions. In Section [3] we establish theoretical results for the finite-sum minimization
problem . We establish global convergence, superlinear local convergence, followed by global to
local transition iteration complexity results. In Section [d] we repeat this analysis for the expectation
based sampling methods whose target is the expectation minimization problem . We also provide
iteration and gradient evaluation complexity results. In Section [5] we discuss practical algorithms that
are designed to handle large-scale problems. In Section [f] we illustrate the performance of the proposed
algorithms on various problems. Finally, concluding remarks are presented in Section

1.4 Notation

We use the following notation throughout the paper. We work with the natural numbers N = {1,2,---},
positive integers Z* = N u {0}, and the reals R = (—o0, +0). We consider real-valued (R) spaces
R R¥*" for vectors and matrices, respectively, for dimensions d,r € N. We use the Euclidean ¢ norm,
|-| = -2 for both vectors and matrices, unless otherwise specified. Assuming A € R%*? is symmetric
positive definite, the A weighted norm is defined as |w|4 = VwT Aw. Given a symmetric but potentially
indefinite matrix A, we denote by Amin(4), Amax(A) the smallest and largest eigenvalues of A, respectively
and |A| denotes the matrix obtained by replacing the negative eigenvalues with their magnitudes. We
denote by E[-] the conditional expectation conditioned on the fact that the algorithm reach iterate wy,.
When using more specific conditional expectations, definitions will be specified in the text. Given a
sequence {ej € R}}° | with a limit e*, we characterize its rate of convergence as follows. We say that ey,



has Q-convergence with order ¢ to e* € R if there exists a constant C such that

. €k+1
lim ;; =C.
k—o0 ek

For all cases with ¢ > 1, and the case that ¢ = 1 and C' = 0, we say that e convergences Q-superlinearly
to e*. We say that e has R-convergence with order ¢ to e* if there exists a sequence ry, such that
lex — e*| < ri for all k and r, has Q-convergence with order ¢ to 0. R-superlinear convergence is
attained when 7, has Q-superlinear convergence to 0. We note by @() the limiting behavior of a
function, disregarding logarithmic factors.

2 Hessian Averaging with Adaptive Gradient Sampling

The generic iterate update form of Hessian-averaged Newton method for solving problems of the form

(1.1) or (1.2)) is given as,

Wey1 = W — g, Pk = Hy 'gr, (2.1)

where aj > 0 is the step size parameter, and g, € Rd,ﬁk e R4 are the gradient and Hessian
approximations of V f(wg) and V2 f(wy) respectively. We now discuss the algorithmic components of

Hessian averaging to compute Hj and adaptive gradient sampling to compute g; for each wy, with
keZ™.

Hessian Averaging. In typical subsampled Newton methods, Hessians are approximated via subsam-
pling where the sample sets are chosen either in a deterministic cyclic fashion or randomly drawn from
P as given in . Though these estimates are unbiased, they typically have large variance and require
either large or increasing sample sizes | S| to achieve fast local linear or superlinear rates of convergence
respectively [I3], [75]. Additionally, subsampled Newton iterates that are based on aggressively subsam-
pled Hessian approximations may become unstable, due to the injection of statistical sampling errors in
the iterate update. Sample size selection procedures that overcome these issues are not computationally
viable in large-scale settings. Hessian-averaging approaches overcome this computational hurdle and
reduce the variance in the estimation by employing a path-averaged Hessian with coefficients v; € [0, 1],
Zf:o ~v; = 1, defined as follows:

k
Path-averaged Hessian: Hy = Z 7 V2 Fs, (w;). (2.2)
i=0

Here S; are the independent sample sets drawn either deterministically without replacement in a cyclic
fashion or at random at each iteration ¢. The Hessian approximation error corresponding to this path-
averaged estimate can be decomposed into two terms as follows:

Ea

Hk - VQ Z VzFS wl) VzFS wk 2 %V FS (wk) sz(wk) . (23)
i=0 =0

Hessian memory error sampling error

Choosing v; =0 for all ¢ = 0,--- ;k — 1 and ~; = 1 correspond to the well-known subsampled Newton
methods [13 [75] and results only in the sampling error Which could be significantly large when sample
size |Sg| is small. On the other hand, choosing ~; = k:+1 for all ¢ = 0,--- ,k, reduces the sampling
error but introduces Hessian memory error due to utilization of past information. However, as the



iterates converge, both these errors decrease leading to accurate Hessian approximations which is the
main motivation for this approach. R

In nonconvex settings, the path-averaged subsampled Hessians Hy, may not be positive-definite
and so the computation of search direction H & ! g1, may not be well-defined. To overcome this limitation,
we modify the path-averaged subsampled Hessians to ensure it is spectrally lower bounded below. That
is, for any given g > 0, we define the Hessian approximation as

o |Hk| if >‘min(|Hk|) = ﬁ (2 4)
b |Hp| + ([L — )\min(|ffk|)) I otherwise, '
where Apin(A) is the smallest eigenvalue of symmetric matrix A € R4*?¢ and |A| denotes the matrix
obtained by replacing the negative eigenvalues with their magnitudes. That is, for any symmetric matrix
A =UAUT, U e R¥*? is the orthogonal matrix, and A € R%*? is the diagonal matrix with eigenvalues,

|A] = U|AJUT. This modification ensures that

Hy, > al. (2.5)

and in the case where H, k > fil, there is no modification to the path-averaged Hessian (f[ B = H k)

Adaptive Gradient Sampling. The performance of the algorithms based on the iterate update form
given in also depends on the accuracy of the gradient approximations. In [64], the authors consider
exact gradients, which is not practical in large-scale finite-sum problems or expectation problems
. Subsampled gradients overcome this limitation, however the sampling errors that they introduce
lead to slow convergence. Furthermore, due to the additional costs due to the Hessian evaluations, it
is imperative to reduce the number of overall iterations to achieve computational efficiency. Adaptive
sampling approaches gradually increase the accuracy in the gradient estimation via increasing sample
sizes used in the gradient approximation to achieve fast convergence. These methods ensure that the
error in the gradient approximation at each iteration is relatively small compared to the gradient itself.
In this work, we combine these approaches with Hessian averaging approaches leading to generalized
versions of the norm condition [12] 22, 25] adapted to Newton-type methods. Specifically, we consider
the following deterministic and stochastic conditions on the accuracy of the gradient approximations for

the finite-sum (1.1)) and expectation (1.2]) problems.

Condition 2.1. (Gradient sampling conditions). At each iteration k € Z* and a given symmetric
positive-definite matriz Aj, € R¥?, we utilize the following conditions.

1. Deterministic norm condition: For any given 0 € [0,1] and 1, > 0, the error in the gradient
approximation satisfies the following deterministic norm condition.

lgx = Vf(wi) 4, < ORIV f(wi)l, + o (2.6a)

2. Stochastic norm condition: For any given 0 > 0 and v, > 0, the expected error in the gradient
approximation satisfies the following generalized norm condition.

Ellgr — Vf (wi) I, lwr, Ar] < 02V f (wi)[%, + ths (2.6b)

where E[-|wy, Ax] denote the conditional expectation conditioned on Ay and that the algorithm
reach iterate wy,.

Remark 2.1. We note that these gradient sampling conditions reduce to the well-known “norm condition”
for the choice of Ay = I and ¢, = 0. In this paper, we consider this choice along with Ay = Hk_1 that
leads to better theoretical convergence results (see Theorems and . In addition, the sequence
ty, further relaxes the norm condition and by suitably driving this sequence to zero, we establish the
convergence and rate of convergence results.



These gradient sampling conditions are satisfied by choosing the gradient sample sizes | X}| appro-
priately. Specifically, under the following assumption, we can establish bounds on | Xj| that satisfy these
conditions.

Assumption 2.1. (Gradient approzimations). For all w € R?, the individual component gradients are
bounded relative to the gradient of the objective function f(w). That is,

1. For the finite-sum problem: There exists constants (1,4, 82,4 = 0 such that

IVE(w)[? < B1y|VF(w)|* + B2y Vie{1,2,---,N}. (2.7a)

2. For the expectation problem: There ewists constants 014,024 = 0 such that

E[IVF(w,¢) = Vi(w)|?|lw] < of ,[Vf(w)|* + 03 ,. (2.7b)

Remark 2.2. We note that (2.7a) is a weaker assumption compared to the assumption where the indi-
vidual gradient components are absolutely bounded and (2.7b)) is a standard assumption in stochastic
optimization literature [19].

The following lemma establishes the bounds on gradient sample sizes |Xj| at each iteration k.

Lemma 2.1. Suppose Assumption holds. For any k € Zt and Ayin(Ak), Mmax(Ax) € (0,00) denote
the smallest and largest eigenvalues of Ay respectively, we have that

1. If (2.7a]) holds and

02|V A T
Xl =N ([1- il f(wk)HAk L; 7 (2.82)
Amax (Ar) (B1,g |V f (wr)* + B2,9)
then deterministic norm condition (2.6a) is satisfied.
2. If (2.70) holds, Elgr|wk] = V f(wy), and
Amax(Ar) (03 |V >+ 03
o A AV + ) s

ORIV f(wr) %, + o ’
then stochastic norm condition (2.6bl) is satisfied.
Proof. Deterministic norm condition. Consider
lgk = Vf (wi) %, < Amax(Ax) gk — V f (wi)]?

2
< D) (L) GO I + )

< ORIV F(wi)l2, + o
where the first inequality is due to w? Aw < Apax(Ax)|w|?, the second inequality is due to (2.7a]) and

the analysis provided in [35 Section 3.1], and the third inequality is due to the bound on | Xj| given in
(2.8al). We provide the derivation of the second inequality in Appendix for completeness.



Stochastic norm condition. Following a similar approach as in the deterministic norm condition, and
using E[gx|wy] = Vf(wy), we have

Ellge — V. (wi) 3, Jwe, Ae] < Amax(A)Ellgr — Vf (wi) |wx]
= A (A BV (0 C)X—k |Vf<wk>2wk]
o? IV (wi)|? + 03,
| X |
< GRIVF (i), + o

< /\max (Ak)

O

In Section we provide practical strategies for choosing the gradient sample sizes | Xj| at each
iterate wy, k € Z* instead of employing these pessimistic theoretical bounds that require accessing
unknown problem specific constants such as 01,4 and 03 4.

In what follows, we split our convergence theory into two parts: first the deterministic sampling
convergence theory where we prove a novel O (%) superlinear local convergence rate, followed by a section
where we extend this analysis to the stochastic setting, deriving bounds in expectation, where our results

match the probabilistic O (ﬁ) superlinear local convergence rate. In both cases we simultaneously

assume gradient and Hessian inexactness, and maintain a fixed per-iteration Hessian computational
cost.

10



3 Deterministic Sampling Analysis

Nonconvex functions Strongly convex functions

Objective Function Local linear
Rate constant: ,/a; € [0,1)

min,, f(w) = % S, Fi(w)

Qf = 1
Global linear — ar
Global sublinear - O =0 (\/k';)
T Rate constant: Lk = Loa)
Rate: O (E) (1-62)
maxq | 1 — 5 , Qg
1
ar =0 () ar = 0 (1)
0, =04,€0,1) 0. — 4 6 1 Local superlinear
Mg <o k_kge[’) ; 1
Ltk = toag, a4 € [0,1) Asymptotic rate constant: O (E)
Global-local a =1
transition complexity O =0 (\/ kT{;S)vkal €[0,1)
. e = S5
(@) (max{%,fe?(l + %)})

Constants: N, x, u, M Hyperparameters: oy, 6, tg, |So

Figure 1: Overview of the results presented in this section. We characterize the main results for global
and local convergence results, and their relationship to the problem constants and algorithmic hyper-
parameters. Here, N denotes the number of data, p is the Hessian spectral lower bound, k = % is a

condition-number like constant, and M is the Hessian Lipschitz constant.

We begin our analysis by focusing on the deterministic sampling-based algorithms for the solution of the
finite-sum minimization problem , where the subsampled gradients satisfy the deterministic norm
condition , and the subsampled Hessians are deterministically sampled without replacement in a
cyclic fashion. We establish theoretical global linear and sublinear convergence results for strongly convex
and nonconvex functions respectively, and local superlinear convergence results when the iterates enter
a strongly convex neighborhood of the optimal solution. A schematic of this analysis summarizing the
convergence results is given in Figure[l] We begin with an assumption about the subsampled functions.

Assumption 3.1. (Spectral upper bounds of subsampled Hessians). The subsampled functions are twice
continuously differentiable with the eigenvalues of the subsampled Hessians bounded above where the
bound depend on the sample size |S|. That is, for all |S| € N, there exists constants 0 < Ljg| < o such
that

V2Fs(w) < Ligl,  VYweR% (3.1)
Furthermore there exists constant L such that Lis) < L < oo for all |S| € N. As a consequence, we have
that V2 f(w) < LI for all w e R%.

Before establishing theoretical convergence results, we state key inequalities due to the Assump-
tion that are used throughout the analysis. From Assumption and Taylor’s theorem [65] [R0], it
follows that

F(w) < )+ V@) (@ —v) + 2w — o, Yu,veRE (3.2)

11



Furthermore, we also have that the path-averaged Hessians have upper bounded eigenvalues. That is,

due to (2.4) and Assumption we have

k
Hy < Lil, Ly, < Z iLis, < L, (3.3)
1=0
k
< LI, Z iLis, + i — Amin(|[Hi|) < L+ fi. (3.4)

We begin our analysis by providing a technical lemma that establishes an upper bound on the
difference between the objective function values at successive iterations.

Lemma 3.1. Suppose Assumption holds. For any wy, let {wy, : k € N} be iterates generated by (2.1))
with the Hessian approzimation given in (2.4). If the step size oy at each iteration k is chosen such that
ar < %. Then, for all k € Z7", it follows that,

Fwie) < flwe) = SV Fwd)THZV fwg) + ST H o, (3.5)

where 0, = gr, — V f(wy).
Proof. Using (3.2)) and the definition of dx, we have

Fli1) < () = ¥ ()i g+ 208 71,
— () — VS )T H () + 60 + LR (VS 60 (36)
= [(wr) = axV f (wr) " H Y f (wi) = 0V f(wr) T H 6
Lak

+ R VI )P + T 6l + 2V () H 2

= ) — 0¥ () H () + 05 [V ) 2 4 1]
— (V2 f (wn))T [I - Lakﬁ,;l] (F7%5,). (3.7)

Substituting I — Lak}NIk_l > 0 due to ap < % and using the fact that —w” Av < %wTAw + %UTAU for
any w,v € R? and 0 < A e R™4 in ([3.7)) yields

~ 2 ~ ~
Flwrar) < Flw) = an¥ g VS lwn) + 2ok [JE S )| + 1B )P
+ G fw) T = Lan (29 ()
823

+ 5 (201 — Lo B (Hy261)

= flwi) = SV F(w)TH  fwn) + 507 H o

3.1 Global Convergence

In this section we derive global convergence rates. We first start with strongly convex functions, where
we make the following assumption about the objective function.

12



Assumption 3.2. (Global strong convexity). The eigenvalues of the Hessians are all positive and are
bounded away from zero. That is, there exists constant u > 0 such that

V2 f(w) > pl. (3.8)
From Assumption [3.2] we have

IVf(w)? = 2p(f(w) - f(w¥)),  YweR? (3.9)

where w* is the unique optimal solution of (1.1} or (1.2) (see [19] for the proof). We are now ready to
provide the global linear convergence result for strongly convex functions.

Theorem 3.2. (Global linear convergence, deterministic sampling). Suppose Assumptions and
hold. For any wy € R?, let {wy, : k € N} be iterates generated by where the Hessian approximation
s given in and the gradient approximations g satisfies the Condition with tp41 = tpag for
some g > 0 and ag € [0,1). Then, if g, satisfies deterministic norm condition with Ay = ﬁk_l
and 0y, = ég € [0,1), and the step size is chosen such that ay = a < %,

fwy) = f(w*) < Cupf, (3.10)
N i ap(1—62
C1 := max f(wo)—f(w*),Lib({ , and pp := max 1—(~g>,ag
" (1 - eg) 2L

Proof. From (2.6a) and (3.5), we have
o ~ ko~
f(wsn) < Fwe) = 09 F (o) TH F (o) + =560 Hy o

2
< S) — BV () H V) + R )T S ) + O
2
< () — S g 2 + 2L, 1)

where the last inequality is due to (3.4]). Subtracting f(w™*) from both sides of (3.11]) and using (3.9), it

follows that )
pu(l—67) gl

flwis1) = f(w*) < (1 = aki) (f (wi) = f(w*)) + == (3.12)

We will use induction to show the rest of the proof. Substitute ap = « and 0, = ég in (3.12). We note
that (3.10) trivially holds for & = 0. Now, suppose that (3.10]) holds for some k. Considering (3.12]), we
get,

- .
flwgs1) — f(w*) < (1 _ aﬂﬂﬁ%)) Cugh + Cu;ag

where the inequalities are due to the definitions of C; and p1-

13



Remark 3.1. We make the following remarks about the Theorem
e For ég =0and ag = 0 (¢ = 0), Theorem recovers the classical global linear convergence result

2L
descent method, which is an artifact of global convergence analysis of Newton’s method. As is

typical with Newton methods, the global convergence bounds are more pessimistic than similar
bounds for first-order methods due to taking into account worst-case spectral bounds of the Hessian.
We note that in practice we do not expect significantly worse convergence rates for second-order
methods, indeed our numerical results demonstrate that Hessian-averaged Newton methods are
able to take larger steps than first-order methods.

for Newton’s method. We note that the rate constant ( — %) is worse than that of steepest

e We do not consider other cases of deterministic norm condition in this setting of Ay = I as it
enforces stringent restrictions on the choice of 8,.

Next we consider general nonconvex functions where we provide the following sublinear convergence
results.

Theorem 3.3. (Global sublinear convergence, deterministic sampling). Suppose Assumption holds
and the objective function f is bounded below by fiin. For any wy, let {wy : k € N} be iterates generated
by (2.1) where the gradient approxzmatwns gk satisfy the Condztzon ith Zz otk =L <. Then, if

gk satzsﬁes deterministic norm condztzon ) with A, = H; ' and Hk = 9 € [0,1), and the step size
is chosen such that oy, = o < &, then hmlCHOO HVf(wk)H2 = 0 cmd for any positive integer T,
IN/ 2 - Jmin ~
min |V (wy)|? < - (F(wo) = Fman) , 7Y (3.13)
0<k<T—1 (1-62)T o

Proof. Substituting o, = o and 0 = 6, in (3.11)), rearranging the terms, and summing up the inequal-
ities from k = 0 to T'— 1 yields

Sl L (2f(wo) ~ f(wr)) N° L
2
2 IVl < o §§)< . NPILS Ry

(2hton) ) ),

[2
(&%

where the last inequality is due to f(wr) = fmin and Z,;'OZO ty = [. Taking the limits on T yields
limg oo |V f(wg)|* = 0. In addition, we have

| _ I 2(f(wo) = fmin) -
Lmin V()] < gHVf wll < (1_ég>T< 2 +L)'

3.2 Local Convergence

We now provide local superlinear rates of convergence results for the iterates generated by (2.1) when
unit step size is eventually employed. We make the following standard assumption in local analysis of
Newton-type methods that the Hessians are Lipschitz continuous. That is,

Assumption 3.3. (Lipschitz continuous Hessians). For any |S| € N, there exists a constant 0 < Mg <
o such that
[V*Fs(w) — V*Fs(v)| < Migj|w — | Yw, v € RY, (3.14)

Furthermore, there e:rists constant M such that Mg < M < o for all |S| € N. As a consequence, we
have that |V2f(w) — V2f(v)| < M|w — v| for all w,v € R%.

14



We start by presenting a fundamental lemma that establishes a generalized linear-quadratic bound
on the iterate distance to optimality when unit step size is employed at that iteration (ay = 1).

Lemma 3.4. Suppose Assumptions and hold. For any wy € R%, let {wy, : k € N} be iterates
generated by (2.1) where the Hessian approzimation is given in (2.4)) and the gradient approximations
gr satisfies the Condition with Amin(Ak) = Aa and //\\""f“‘i((‘::)) < ka for some positive constants

A, ka < . If at any iteration k € N, unit step size is chosen (a, = 1). Then, if g satisfies
deterministic norm condition (12.6al)

1~
Jwg 41 —w*|| < ﬁHwk —w*|? + EH(Hk — V2 f (wy)) (wy, — w*)|

Lyra ik (3.15)

A
— O [|wy, — w*| + =

7 vAa’

+

where w* is an optimal solution.

Proof. We proceed by decomposing the iterate update (2.1) into three terms: Newton update term,
Hessian error term, and gradient error term as follows.

w1 —w®|
< [ Hy | Hi(wr = w*) = g

< = | IV2 S (wi) (wy, —w*) = V f(wp) | + | (Hy = V2 fwp) (wy — w*)| + |ge = Vf(wp)] |- (3.16)

~"
Newton update Hessian error gradient error

==

The Newton update term is standard in Newton-type methods and has been analyzed in many prior
works and we provide it here for the sake of completeness. Using Assumption [3.3] it follows that

1

V2 () (w, — w*) — Vf ()] = 'v?ﬂwk)(wk Sy [l + o — ) (e — w*)dt\

t=0

1
< =7 192 w) = V2 + 0" = ) e

1

M
< Mwy, — w*Hzf tdt = [y — w* . (3.17)
t

Next, we analyze the gradient error term. If g satisfies deterministic norm condition (2.6a)), then we
have that

V Amin (Ak) [ge = V f(wi) | < lgw — V f(wi)|a,
<A1V i), +
< A e (A) 05|V f (wio) | + /2. (3.18)

Rearranging the terms in the above inequality and using Assumption we get

)\max(Ak:) 25
- < Ly | ———= —w* _ 1
lgr. — V f(w)] < Mot (Ar) Or [wr — w*|| + 4 | Noum (A1) (3.19)

Combining (3.16)), (3.17), and (3.19) yields (3.15]).
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Lemma[3.4]establishes the dependence of the iterate distance to optimality on the Hessian approxima-
tion error. In the following lemmas, we derive bounds for individual terms, in the service of establishing
the local rate of convergence. We first decompose the error into different error terms as stated in the
following lemma.

Lemma 3.5. Suppose Assumption holds. For any iteration k € Z%, the error in the Hessian
approximation is upper bounded as

[(Hy, = V2 f (w)) (wy, — w*)|

k
< |(Hy — i) (wi = w*)] + 38M[wy, — w*|? + 3 %l (V2Fs, (1) — V2Fs, (w*)) (wg — w*)|

i=0
k
+ (Z 7 V?Fs, (w*) — sz(w*)> (wg —w™*)| . (3.20)
i=0
Proof. Let e, = wy, — w*. The Hessian approximation error can be decomposed into two terms.
(Hy — V2 f(wp))er = (Hy — Hy)ex +(Hi — V2 f(wy))er, (3.21)
S ——

nonconvex error

where the first term is arising due to the nonconvexity. Now, using the decomposition of the second
term given in (2.3), we get

|(Hy — V2 f (w))ex|

k k
< (Z vi (V?Fs, (w;) — V*Fg, (wy)) ek> + <Z 7 V2 Fs, (wg) — V2f(wk)> x| - (3.22)
i=0 i=0
Considering the first term in (3.22]), using Zf:o ~v; = 1 and Assumption we get
k

‘ (Z Yi (VzFSi (wz) — VQFSi (wk))> €L

i=0

k
< Y ul(VPFs, (wi) = V2Fs, (w*))er | + |(V* Fs, (w*) — V*Fs, (wy,) Jex |
i=0
k
< D il (V2Fs, (wi) = V2Fs, (w*))ex]| + Mwy, — w*|*. (3.23)
i=0
Considering the second term in (3.22)), we get
k
‘ (2 7iV?Fs, (wy) — sz(wk)> ek
i=0
k k

< | X 7i(V2Fs, (wi) — V2 Fs, (w*))ey | + <Z V2 Fs, (w*) — ng(w*)> ek

i=0 i=1

+ (V2 f(wr) = V2 f(w*))ex]

k
< 2M|lwy — w*|? + <Z 7 V2 Fs, (w*) — VQf(w*)> ekl - (3.24)
i=0

Combining (3.21)), (3.22), (3.23), and (3.24) yields (3.20). O
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We will analyze each term in the upper bound on the Hessian approximation error established in
Lemma [3.5] We achieve this by utilizing a key assumption in the local analysis of Newton methods
where we assume that the iterates generated by eventually enter a locally strongly convex regime.
That is, we make the following assumption about the iterates generated by with «ay specified in
Section and g, satisfying deterministic norm condition .

Assumption 3.4. (Local strong convexity). For any wq, there exists v > 0 such that for all k € {j €
N | |V f(wg)| < v}, we have that V2 f(wy) > pl, where {wy : k € N} are iterates generated by (2.1)).
Moreover, we also assume that the following well-known inequalities associated with strong convexity also
hold with respect to a local solution w* (|V f(w*)| =0).

IV f(wi)|? = 2p(f (wi) = f(w¥)) = p®wi — w*|*. (3.25)

Remark 3.2. We note that similar assumptions have been made in the constrained setting [7, Assumption
5.1]. This assumption is required not for all iterates, but only for those obtained after running the
algorithm for a sufficiently large number of iterations, such that the iterates enter a locally strongly
convex regime. This assumption is trivially satisfied when the functions are globally strongly convex
(see Assumption . Due to the global convergence results established in Section this assumption
also implies that the iterates are indeed converging to a second-order stationary point (V f(w*) = 0 and
V2f(w*) > 0). Such assumptions are commonly employed in local analysis of Newton-type methods,
albeit in the form of proximity to a second-order stationary point w*. That is, ||wg — w*|| < v.

In the next lemma, we establish upper bounds for the terms in Lemma [3.5] The main approach
in the proof of this lemma is that using global convergence results, the iterates will enter the locally
strongly convex regime after the global sublinear phase established in Theorem Furthermore, once
the iterates enters this phase, they will remain in this regime thereby achieving the linear convergence
as established in Theorem

Lemma 3.6. Suppose Assumptions and hold. For any wy € R?, let {wy, : k € N} be iterates
generated by where the Hessian approrimation is given in with v; = k—il foralli=0,--- K,
and the gradient approzimations gy satisfies the C’ondition with Zio g =1 < oo. If Ap and the
corresponding step size a, are chosen according to Theorem|3.5. Then there exists ky, = 0 such that for
any k = kin if tke1 = tiagy for some u,, = 0 and ag € [0,1), we have that if g satisfies deterministic
norm condition (2.6a)), then there exists a constant Cy, q such that

k

C
2l (V2 Fs, (w;) = V2 Fs, (w*)) (wy — w*) | < 7725wy, — w¥|. (3.26)
=0

Proof. Since the conditions of Theorem are satisfied, from (3.13) we have that, for any positive
integer T with o, = v = &£,

min |V f(wg)|? < L (2(f(w0) ~ fmin) + Z) )

<k<T— 0
o<k<T—1 (1 . 93) T o
Choosing y
7 LL 2 — Jmin ~
T > Ky = . < (f(w())a Jumin) L) : (3.27)
(1 — 9;) uv?
we get

in VA2 < 2 <0
0<}cn<l¥—1 We)Im s sV
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Let kiin < K be the first iterate at which |V f(wp,, )||* < v2. Due to Assumption it follows that
V2 f(wgy,) > pl. We will now show that starting with this iterate wy,,, , all the following iterates will
remain in this locally strongly convex phase. That is, we will show that ||V f(wg)|| < v for all k& = kyy.
We use induction to prove this statement. Note that for the base case of k = ky,, it is trivially satisfied.
Let us assume that the statement is true till some iteration & — 1 > kj,. Using the strongly convex
results established in Theorem with ap = a = %, starting with iterate wyg,, , from , we get,

IV f(wi)|? < 2L(f (wi) — f(w*)) < 2LC1 37" < 2L,

where the first inequality is a well-known result for functions with Lipschitz continuous gradients [12]

M(l—ég)yz

STE o we have,

Eq (3.16)]. Moreover, choosing tg,, <

|\Vf(wk)||2 < 2LC‘1 = 2L max {f(wkun) _ f(w*)7 %}

(1 —62)
2
< 2L max {f(wknn) — f(w*), QL}
va(wknn)H2 v 2
< —_— — < 5 '
2L max{ o )5 v (3.28)

where the third inequality is due to (3.25) and the last inequality is due to |V f(wg, )|* < VQT”
Therefore, for all k = ki, we conclude that |V f(wg)| < v and consequently from Assumption

we have that V2 f(wy) > pl. Let e, = wy — w*, and consider

k
Z%H (V2Fs, (wi) — V2 Fs, (w*))ex|

Klin k
1
=k+1<§j(Vﬁawa—vﬁEWﬂxu+}]Mv%@w»—quw»%o
=0 i:klin
2Lkyin
<
k+1

Jwk —w*| + == k+1 2 Jwi = w*[[Jwk —w*|, (3.29)

i=kKiin

where the first term in the inequality is due to [V2Fg,(-)| < L and the second term is due to Assump-
tion Now, starting with & = kj;,, the iterates are in locally strongly convex regime. Therefore, from

(3-10), (3.25), and (3.28), we have for any k = ki,

. — w*|? < %(fwk) — fw*) <

~k k 2 ~k—k
2C lin lin
1P < v2py

u T

(3.30)

Summing this inequality from kyy, to k yields,

k? k = i_klin k}*k}]in
v(v/p1 v — v
NN P N LAV MR o iy Ov/» L (3.31)
7 no= 1 (1—+/p1)

i:klixx i:klin
Substituting (3.31) in (3.29) and choosing
vad = 2Lky, + (3.32)
yields
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k

e vM C

Z ’YiH(VQFSi (wz) - VQFSi (w*))ekH < IJJJI:HI <2L/€11n + 1 ) = p.d Hwk — w*H (3.33)
i=0 H

O

Remark 3.3. If the functions are globally strongly convex (Assumption holds) then there is no
sublinear convergent phase in the algorithm. That is, kj, = 0 in this setting.

We will now establish that the nonconvex error term in Lemma [3.5] vanishes for sufficiently large
number of iterations.

Lemma 3.7. Suppose conditions of Lemma hold. Let ji < &, and gy satisfies deterministic norm
condition and the sample sets Sy are chosen deterministically without replacement in a cyclic
fashion such that n|Sy| = N for some n € N withn > 1. Let Amin(V2Fs, (w;)) = — for some X € [0, 0).
Then there exists kpon = ki such that for all k = kyon, ﬁk = fAIk

Proof. Any iteration k > kj, can be written as k = ki, + nm — 1 + kyery, where m € Z%1, ke, € N and
1 < krem < n—1. Let v € R™ be any vector and consider

k

~ 1
T T2
v Hyy = —— Zv V*Fg, (w;)v
k+1:3
| ksl k

_ T2 T2
1 ;) v V*Fg, (w;)v + kHi:Z,ﬂ: v V*Fg, (w;)v
M 2. 1S oo

— Fs, (w; .34

1 vl +k+1i§.”v su(wi)v (3:34)

- —Moin v]? + b Zk: v (V?Fs, (w;) — V2Fs, (w*))v + L zk: vIV2Fs, (w*)v. (3.35)
k+1 k+1 44 o ' k+1 42 ‘

Using (3.31]), we get
1 ¢ 1 o
e 2 (VP Fs )~ VB ) S e IV Es ) — V2Fs, () ol
1=Kiin t=Kiin
—Mof? "
>— -
eup I
—Mv

o] (3.36)
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Now consider

1 k

T2 *
— Z v' ViFg, (w*)v
k+1 i=Kiin
1 kiin+nm—1 1 kiin+nm—1+krem
-1 Z vT V2 Fg, (w*)v + il Z vTV2Fs, (w*)v
i=Klin i=klin+nm
kiin+nm—1+krem
_ nm Tv2 * 1 i " TvQF ES
=551’ flw )v—l—m Z v s, (w*)v
i=Kjin+nm
nmip 2 5\krem 2
> — , 3.37
T o2 — 2y (3.37)

where the second equality is due to the fact that sample sets S; are chosen deterministically without

replacement in a cyclic fashion which implies that %Zz;"_l V2Fs, (w*) = V2 f(w*) for any j € N. Let

knon := Max {4(1 + 2) (i + 10— 1), #Q(ﬁfff;ﬁ)} ~ 1 (3.38)
Combining (3.35)), (3.36), (3.37), and using (3.38)), we get
o7 Hyv _ nmp AMEiin + Krom) B Mv
[o]2 = k+1 k+1 (k + Dp(l = /1)
B kE+1— (Kin + krem) _ S\(klin + krem) _ Mv
- k+1 pk +1) (k +1)p2(1 — v/p1)
B

R LEY (339)

Therefore, )\min(ffk) > [ and PNIk = ﬁk for all k = kpon.
O

To analyze the last term in Lemma 3.5 we make the following standard assumption about individual
Hessian components.

Assumption 3.5. (Hessian approzimations, deterministic case). The individual component Hessians
are bounded relative to the Hessian of the objective function f at the optimal solution w*. That is, for
the finite-sum problem, there exist constants 81 m, B2,z = 0 such that

IV2Fi(w*)|? < Bra| V2 (w*)|* + o, (3.40)

Remark 3.4. We note that Assumption [3.5]is relatively weak compared to similar assumptions made in
the literature [I3], as it requires the Hessian components (or its variance) to be bounded only at the
optimal solution instead at all iterates w € R

Lemma 3.8. Suppose Assumptions and hold. If ~; = T}H foralli =0, -k, and the sample
sets Sy are chosen deterministically without replacement in a cyclic fashion such that n|Sg| = N for
somen € N.

Csa (n—1)?2

Jwy, — w*|. (3.41)

k
(2 7V Fs, (w*) - V2f(w*)> (wr — w*)

=0
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Proof. Any iteration can be written as k = nm — 1+ kyemn where m € ZV, kyemn € Nand 1 < kpen < n—1.
Consider,

k
2,9 s, (w") =V f(wr)

- = "”ile (w*) = T f(w )+L Z V2 Fs, (w*) — frem V2 f(w*)

T k+l A S TR e s k1 WY
(L e oty - ) ) + R (LS g ) - w2
k+1\nm = Si E+ 1\ krom o Si
krem n —

= Pl (szsT(W*)—V2f(’w*)) < A (VstT( )—sz(w*)), (3.42)

where the third equality is due to the fact that %22:01 V2Fg, (w*) = V2 f(w*) and ST = UF_ (n— 1)m+15

Following a similar approach in establishing the deterministic bounds on gradient approximation error
given in [35, Section 3.1] (which we restate in Appendix for completeness) and using |ST| > |Sk|, we
get

N — |ST|

2
0 v w7 + )

V2 Fgs (w*) — V2f ()| < 4 (
2
<4 (1 - i) (BruLl®+ Bam) - (3.43)

Substituting (3.43)) in (3.42)) and choosing

Cs.a:=24/B1,uL? + Baom, (3.44)

yields
k
24/B1,uL? + B, (n —1)?
2 ®\ w2 ® ok ) ) ok
‘ <2w Fo,(w*) = 9w >> (1 — )| < o )
_ Csa (n—1)° ¥
Ck+1 n [wx = w].

O
Remark 3.5. Lemma establishes the bound on the sampling error in terms of the sample size |Sp| and
the iteration number k. Deterministic sampling without replacement (cyclic manner) has rate O (%),

instead of the O (ﬁ) rate for stochastic Hessians; this result is proven probabilistically in [46 [64], and

in expectation in the next section. Moreover, the sampling error becomes zero after finishing every cycle
in the deterministic sampling case.

Before proceeding to the main result, we provide the following technical lemma that establishes
the linear and superlinear convergence of generic sequences where each term is bounded above by the
previous term in a relaxed linear-quadratic manner.

Lemma 3.9. Suppose {2\ : k € Z'} is a non-negative sequence that satisfies

Zk+1 S qz,f + T2k + O (3.45)
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for any given non-negative constant q, non-negative sequence {1y, : k € Z*} with 1,11 < 7 for all k € N,
and non-negative sequence {o : k € Z}. If 2y < ?Z’—q, 0 < 5 and op < S—Z and Og41 = okvtiH where
v € [0,1) is any given constant and ty is a non-negative sequence with t; < 1 and ty11 < tx for all k € N.
Then, for all k e N,

k

Zk S Tky  Tht1 = Max {mpkﬂ“oka HtiJrl} , 1o =max{zo, %20}, pp = qri + 7 + 2 H tiv1€(0,]
i=0
(3.46)

Therefore, zi, — 0 at an R-linear rate. Furthermore, if klim ty = 0 then z — 0 at an R-superlinear rate.
—00

Pmof Let bk+1 = bytpy1 for all kK € N with by = 7‘2—8 < Y. We have that b, < by < ¥ and 2L =

3 3 br+1
vtk+1 for all k£ € N. We will use induction to prove that
Zg STk, T+l = Max {Tkplm e } ., ro =max{zy, 22}, p =qry + 7 + bg € [0,0]. (3.47)

Note that the base case of k = 0 is trivially satisfied since zy < rg. Suppose that this result is true for

some k. From (3.45)), we get
Ok
Zkt1 < Q20 + Trzg + o < T, (qu + 7+ m) rr(qri + i + br) = TRpr < Trtt
Next, we will use induction to show that r; < 3l and p, < v for all k € N. Note the base case of k =0
is satisfied since ¢ < # and pg = qro + 79 + by < v. Let us assume that this result is true for some k.

Consider,

Th+1 = Max{Tpk, 7 b £} < max{rg, bo} < 35

£S]

Pkl = qTk+1 + Tey1 +bp < 3+ 70+ 5 < 0.

Therefore, from (3.47), we have that

Tht1 Ok+1 Ok+1bg
L — max { pp, —— < max < pp, = max {pg, Vtp+1} < v < L.
Tk bi+17x br+10k

Hence, 1, — 0 at a Q-linear rate and consequently z; — 0 at an R-linear rate. Furthermore, if hm tr, =20
k—o0

and lim 7, = 0, then

k—o0
khm pr < hm qrr + Tk + Oot = 0. (3.48)
—m0
Therefore,
. Tk+1 .
lim = lim max {pg, vtr4+1} = 0.
k—oo T k—o0
Hence, iy, — 0 at a Q-superlinear rate and consequently z; — 0 at an R-superlinear rate. O
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We are now ready to provide the main theoretical results in this section.

Theorem 3.10. (Deterministic local linear and superlinear convergence). Suppose Assumptions
and hold. For any wo e RY, let {w;c : k € N} be iterates generated by (2.1) where the
Hessian approzimation is given in with fi < &, the sample sets Sy, chosen determzmstzcally wzthout
replacement in a cyclic fashion such that n|Sg| = N for some n € N with n = 1, and v; = k+1 for
alli = 0,--- k. Furthermore, the gradient approzimation gy satisfies the deterministic norm condition
with Ay, = Hk_1 for all k € N, Z;ioq =7 <o, and o = a < % for all k < keyp for some
ksup € N. Furthermore, for all kyn < k < keup, tk+1 = trag for some iy, =0 and ag4 € [0,1), where ki,

. _\3/2
is given in Lemma , Let 0, = @ (%) ,q = %, and Ty, 1= % (ncp ’iz((l’;ﬁ()" D + 0y, L\/7> for

I
some a; € [0,1), and let vy be a sequence such that ry,, = max< |wg w*|, Lk;”” }

sup sup

S 3q .
1. If a, =1, 0y, = él, and tp41 = iag for all k = kgyp. Then

w| <

Pk = qri + Tp + ks"p € [0, v/ar].

(3.49)

Ju - okt

Tky Tk4+1 = Max {Tkpkﬂ“ksup(\/‘TI)

Therefore, ||wy —w*| — 0 at an R-linear rate with rate constant upper bounded by \/a; € [0,1).

2. If a, =1, 0 = k(ill, and tgr1 = Lkaltiﬂ, tr = % for all k > kgyp. Then

lwi — w*| < v, Tri1 = max { ek, T, (Var) T H tit1 (s

i=Kgup

z’L Xy
Pk = qri + T + bop H tiv1 = %) € [0, /a]. (3.50)

?”ksu,,lt
i=Ksup

Therefore, |wi,—w*| — 0 at an R-superlinear rate with rate constant upper bounded by max{pg, /aitr+1} =
1

O (3)-

Proof. Let

= A ) _ aMv 6(nCp,a+Cs,a(n— 1))
kSUP - ’Vma‘x{zl (1 + H) (klm +n 1)7 qu,\/ﬁ)a b nuf

iin + 21 K + 1 BLLG vy,
lin T Ogl/pl ,u\/i lin + Ogl/ag a%ﬁz ) (351)

where ki, is defined in , \ is defined in Lemma T Cp,a,Cs,q are given in and -
respectively, and p; is the linear convergence rate deﬁned in Theorem (3.2l We note that Esup = knon
due to the first and second terms in where kpon is defined in Using (3.15)), (3.20), (3.26),
and , we get for all k > kqyp,

™M 1 [ nChg+ Csaln—1)>2 L LL
L e e e [ ke
= q|wp — w*|* + 7w, — w*| + o,
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Ve - ~ N\ 3/2
where oy, 1= Vi Using the third term in (3.51)), L < L, and 8, = 0, = vai (L , we get T, < VAL for
m 3

6 \T
k = ksyp. In addition, using the fourth term in (3.51)) and (3.30)), we get |wi — w*| < 3£Zl for k = ksup.
. 2-2
Moreover, u,,, = Lk“na’;wp RIS 8‘11’5(12 due to the fifth term in (3.51) which implies that o}, < gt for
k = kup.

Therefore, starting with k = kg, and using Lemma with v = \/a; and (11 = 1a; yields .
Moreover, from , we have that T’;—:l < 4Jap < 1.

Similarly starting with & = kg, and using Lemma with v = \/a; and 111 = % yields (3.50)).
Moreover, from , we get

k—1
T Ok Vai
’;:1 < max {pk, \/artk+1} <max< qry + 7 + o 1_[ tit1, 237
7;:ksup
k—keu Thgup (Ksup+1) Okgup Vai | 1
< max{qusup (Var) "+ E+1 + Theup (B+1)? k41 [ — o (k) )

Remark 3.6. We make the following remarks about this result.

e Case: 0 =0, 1y, =0, (tp = 0) (exact gradient). When exact gradients are employed, using
Lemma we get deterministic Q-superlinear convergence where the rate constant is O (%) We
note that this is an improvement over the final phase superlinear convergence results established
in probability established for stochastic Hessian sampling with mean zero sub-exponential Hessian

noise where the rate constant is O (« / 10,%’“) |46 [64].

e Case: 0 # 0, 1 = 0 (inexact adaptive gradient). When inexact gradients are employed where
the gradient accuracies are chosen solely relative to the gradient norm itself, we get Q-linear and
Q-superlinear convergence results based on the choice of the 85 parameter.

e Rate constant. We note that the local linear convergence rate constant (y/a; € [0,1)) is a
hyperparameter that doesn’t depend on the problem characteristics. Therefore, this local linear
convergence result is better than global linear convergence results that typically depend on the
condition number of the problem. This result is similar to other local linear convergence results
established in the literature [I3] [75], although those results are established either in probability or
in expectation as opposed to the deterministic result presented here.

e Step size. Two different step sizes are chosen in the the global phase (aj = %) and local
superlinear phase (ax = 1). While such two phase approaches are common for Newton-type

methods [I3], these results can be unified using an inexact line search approach that employs
inexact function evaluations where the unit step size is automatically selected in the second (local)
phase with an appropriately modified Armijo sufficient decrease condition [16, [70].

We will now characterize the number of iterations required to transition from one convergent phase
of the algorithm to the other. For the sake of simplicity and to make it possible to compare our results
with other existing results in the literature, we will only consider global strongly convex functions (see
Assumption . Therefore, the algorithm only encounters two phases: Global linear convergence and
local linear or superlinear convergence depending on the choice of gradient accuracies as established in
Theorem It is possible to account for global sublinear convergence phase too by analyzing ki
given in . However, for strongly convex functions kj;, = 0.
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Corollary 3.11. Suppose Assumption and conditions of Theorem hold where we choose ag =
2’2’% € [0,1). Then, the number of iterations required for the iterates to reach local linear or superlinear
convergence phase is given as

koup = O (max{%(l A K21+ %)}) , (3.52)

where X is such that Amin(V2Fs, (w;)) = —X for alli € N and r <

S

Proof. Since the function is strongly convex, we no longer require the iterates to enter the basin where

|V f(wy)|? < v? for invoking local strong convex properties. Therefore, (3.31)) is updated using (3.10)
as

u ~  k =
;0 Jw; — w*| < \/3\/(f(’wk) — fw) < 2701 ;(ﬁ)i < lei%. (3.53)

Using kiin = 0, (3.53)) is updated as Cp 4 : \/>M(1V 2\Cﬁl Using these update formulae, we get

PR A—on) nfin/ar ’
2108, /5, (3“\E> 1081 /0, (Siéjf;“) H (3.54)

Now, consider the second term in (3.54), we note that

26, 8M+/2C1 16v2C1 L2 M _ A 2M
W32 (1—+/p1) < w32 (1=p1) < P - O( 1372 ) (355)

The third term in (3.54)) is given as,

6(nCp.a+Caa(n—1)2) _  6M+/2C, 12y/B1 L2 4P m(n=1)” _ A xPM 3.56
nii/ar = WRA-—vE)ar nji/ar = O(a7)- (3.56)

Now considering the last two terms in and using ag = 1— %, log(l—2x) ~ —x for small z € (0,1),
we have that

mas {21085, (2R ) oy, (EE) } = 2hh {2105 (2R ) tox (2 | = 006

Combining ([3.55)), (3.56)), (3.57)), and using n = % yields the desired result. O

Remark 3.7. We note that in the case where the subsampled functions are convex, i.e. Apin(V2Fs, (2;)) >
0, we have A\ = 0. Therefore,

ksup=(’j(max{|é\gl, 21 + 3/2)}). (3.58)

These transition phases are better than the final transition phases established for uniform Weighted
scheme when N < k% and comparable to nonuniform weighted scheme when N = O(x?) and 3/2 is

small in [64]. Furthermore, one could speed up the transition to local phase by modifying Newton s
method using proximal extra gradient methods, at additional per-iteration costs [46].
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4 Stochastic Sampling Analysis

Nonconvex functions Strongly convex functions
|
Objective Function Local linear
Rate constant: ,/a; € [0,1)

min,, f(w) = E¢ [F(w, ()]]

A = 1
Global sublinear Global linear 0 =0 (V)
. Rate constant: = 1gak
Rate: O(%) (1-32) Ltk = Loqy
max 1—"5- , g
o =0 (1)
5 - 1
O = 04 € [0,1) e = o <“) Local superlinear
Sip < o0 0 =0,€(0,1)
u = woaf, ag€[0,1) Asymptotic rate constant: O (ﬁ)
Gradient complexity ap =1
2
(@] (HQO'%Q + H;rzzj) O = O (V/555), a € [0,1)
Iteration complexity e = 53
O(k? + log(1))

Constants: k, u, M Hyperparameters: oy, 6, tg, |So

Figure 2: Overview of the results presented in this section. We characterize the main results for global
and local convergence results, and their relationship to the problem constants and algorithmic hyper-
parameters. Here u is the Hessian spectral lower bound, x = £ is a condition-number like constant,
and M is the Hessian Lipschitz constant. We note that there are additional global sublinear and linear

results that allow any 0 < ég < o0, but we do not annotate them in this figure for simplicity.

We continue our analysis by focusing on the stochastic sampling-based algorithms for the solution of
the expectation problem . Our analysis mirrors the previous section and builds off of many of its
assumption and derivations. A schematic for the analysis in this section is given in Figure[2] In addition
to building on the results of the previous section, we also provide total number of gradients evaluated
(gradient complexity) and Hessians computed to achieve an e-accurate solution for the strongly convex
functions.

We begin our analysis by providing the stochastic analog of Lemma [3.I] which establishes an up-
per bound on the difference between the objective function values at successive iterations, albeit in
conditional expectation.

Lemma 4.1. Suppose Assumption holds. For any wo, let {wy : k € Z*} be iterates generated by
(2.1) with the Hessian approzimation given in (2.4). If the step size oy, at each iteration k is chosen
such that oy, < %, and if g is an unbiased estimator of V f(wy). Then, for all k € Z*, it follows that,

LOék

~ 2 ~
Eef (wpen)] < flun) — o (1 - QM) V)TV o) + SRR AL (@)
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Proof. Using (3.6]), taking conditional expectation, and using Ex[gx] = V f(wy), we get

~ 2 ~ ~ ~
Bl (1)) < () — ¥ () H VS () + “g BB 2 o)) T 2 )

La? i ~ ~
+ PR (H e T H (00,

Using the fact that H 5 < %I in the above inequality yields (4.1)). O

4.1 Global convergence

We denote the expectation with respect to all the random variables as E[-]. That is,

E[f(wy)] = EoEy - - - Ep—1[f(wr)].
We proceed with the stochastic analog of Theorem (in expectation).

Theorem 4.2. (Global linear convergence). Suppose Assumptions and hold. For any wo € RY,

let {wy, : k € N} be iterates generated by (2.1)) where the Hessian approzimation is given in (2.4)) and the

gradient approximations gy satisfies the C’ondit with k41 = tkag for some 1o > 0 and ag4 € [0,1).
2.6b)

Then, if gy, satisfies stochastic norm condition (2.6b)) with
IAk— Gk—ﬂ e[Ol)andak=a<%:
E[f(w fw*)] < (4.2a)
2
. L (1-62)
C1 :=max < f(wy) — f(w*) LO } and py = max<{ 1 — Tg,ag

2. g being an unbiased estimator of V f(wg), 0k = 04 = 0, and either of the following two conditions
hold:

(a) Ay =H; ', ak=a<Llié§ , (or)

then,
E[f(wy) — f(w*)] < Caff, (4.2b)
Cy = max{f(wo) — fw®), /m}, and py 1= max{l - ;g,ag}.

Proof. Case (1) From (2.6b)) and (3.5, we have

Eelf (wesn)] < flwn) = G (we) B (wn) + S [E [ 6 H o, 1 |

Apll

~ 2 ~
< F) — S5 ) B f ) + EBY ) H VS ()] +

ar(l—62) Qgly
THVJ[( K+ 5

< flwy) — (4.3a)
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Case (2) From (2.6b) and (4.1), and using condition (a), we have

Loy, 9 T Ladu,
Ei[f (we+1)] < fwi) —ap (1 - o (L+60;) | Vif(wr)" H "V f(wg) + 2
Qg 5 Laiu
< w — —= V w + ~
flun) = SEIV S0l + Z5
Similarly, from (2.6b)) and (4.1)), and using condition (b), we have
@ Lo La?
Ealflwn)] < f(un) = 5 (1= 52 ) 197 lP + FokBallo
oy Loy, 02 9 Laibk
< - = — =
< flun) - % (1= 52 (14 22) ) (97 ? + 5
< () = 251V f )P + L2
x k 2£ k 2,&2 .
Combining the above two results yield
Bl (i) < f(10) = 29 f(u)|? + 5o (1.30)
k k+1)] < R of k 2fminl, i} .

The rest of the proof to attain (4.2a)) and (4.2b)) follows by using similar arguments as in the deterministic
norm condition analysis give in the proof of Theorem O

As was discussed in Remark we note that the rate constant ( — ;‘—‘Lf) being worse than that

of steepest descent is an artifact of the analysis and not essentially algorithmic in nature. We do not
observe deteriorated global convergence in our numerical experiments. Additionally we do not consider
the biased stochastic norm condition with A = I, as it leads to restrictive choices of 6.

Theorem 4.3. (Global sublinear convergence, stochastic case). Suppose Assumption holds and the
objective function f is bounded below by fumin. For any wo, let {wy : k € N} be iterates generated by
where the gradient approximations gi satisfy the Condition ith Z?O:o ty =L < o0. Then, for
any positive integer T, if gy satisfies stochastic norm condition (2.6b) with

1. Ak:ﬁ;:l; ek:égE[O,l) andak:ag%:
i L (2(f(w0) = fmin) , -
2
Kﬁgjwvﬂwﬂ]éu_%ﬁ( | ) 7). (4.40)

2. gi being an unbiased estimator of V f (wy,), O = ég > 0, and either of the following two conditions
hold:

(a) Ak:ﬁlzl, ap =a< 4 (or)

(b) Ap =1, ap = a <

then,

(4.4D)

N

min E[|Vf(wg)[?] <

0<k<T-1
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Moreover, Y. |V f(wi)|? < o almost surely and consequently |V f(wy)|> — 0 as k — oo almost

surely.

Proof. Starting with inequalities (4.3a)) and (4.3b)) and following the same procedure as in the determin-
istic case, albeit in expectation, yields (4.4a]) and (4.4b)) respectively. Furthermore, applying Robbins-
Siegmund Theorem [74] to or vields > |V f(wg)|* < oo almost surely. Using this
inequality, it is not difficult to show that |V f(w)|? — 0 as k — oo almost surely. O

4.2 Local convergence

We now provide local superlinear rates of convergence results for the iterates generated by (2.1) when
unit step size is eventually employed. We begin by extending Lemma to the stochastic setting.

Lemma 4.4. Suppose Assumptions and hold. For any wo e RY, let {wy : k € N} be iterates
generated by (2.1) where the Hessian approxzimation is given in and the gradient approrimations

gr. satisfies the Condition with Amin(Ax) = Aa and % < ka for some positive constants
Aa,ka < 0. If at any iteration k € N, unit step size is chosen (ay = 1), then, if g, satisfies stochastic

norm condition ([2.6b))

B lfuwsn — ) < 52 [Ju = 2] + 2B [I( = V2w~ )]
+ L\éaekﬂﬂ U

I+ 2 (4.5)

|wg, — w

where w* is an optimal solution.

Proof. We use a similar approach to the proof of Lemma [3.:4] see the proof there for the decompo-
sition of errors. When g satisfies stochastic norm condition @, taking conditional expectations
of the gradient term in and using Jensen’s inequality E[llgr — Vf(wg)]a,wr, Ax] < (E[gr —
V f(we) %, [wr, A])'/? followed by full expectation yields (4.5)). O

Lemma establishes the dependence of the iterate distance to optimality on the Hessian approxi-
mation error. Recall that Lemma [3.5] decomposes the error into several terms, one of which includes the
sum of errors in the difference between subsampled Hessian at each iterate, and the subsampled Hessian
at the optimum, V?Fg, (w;) — V2Fs, (w*). In the next lemma, we establish upper bounds for the terms
in Lemma [3.5] similar to the bounds derived in the deterministic sampling case as was done in Lemma
9.0l

Lemma 4.5. Suppose Assumptions and hold. For any wg € R?, let {wk k € N} be iterates
generated by where the Hessian approrimation is given in with v; = k+1 foralli=0,--- kK,
and the gradient approzimations gy satisfies the Condition with Z;D:() ty =1 < . If A and the
corresponding step size oy, are chosen according to Theorem|{.5 Then there exists ki, = 0 such that for
any k = ki if ter1 = tag for some vy, =0 and aq € [0,1), we have that if g, satisfies stochastic norm

condition (2.6b)) with any of the choices for (Ag, 0k, ax) provided in Theorem . In addition, suppose
either 302 IV f(w;)|? < o0 or Assumption holds, then there exists a constant Cp s such that

e (B[ —w*t])". o)

Proof. In the stochastic setting, we assume that >~ ||V f(w;)|?> < o0 or Assumption holds. If
32 o [V f(wi)]> < oo then there exists a ki, € N such that for all k > kyy, |V f(wy)|| < v. Therefore,

Z% [| (V2 Fs, (w;) — V*Fs, (w*)) (wgy —w*)[] <
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for all k > ky, the iterates are all in locally strongly convex regime. Taking expectations in (3.29) we
get,

Z% [ (V?Fs, (wi) — V*Fs, (w*)) ex|]

2Lk, k
< T Bl — ] + ; [ws — w* ||y — w*[]
2L k1 M &
< [l - o) g D) e - o) E [l - 0P, @)
i=Klin

where the last inequality is due to the fact that (E[a])? < E[a?] and (E[ab])? < E[a?]E[b?] for any
a,b > 0. Now using the global convergence results given in Theorem [£.3] and following the similar
approach as in the deterministic norm condition analysis, albeit in expectation, we get, for an appropriate
choice of tg,,, that |V f(wy)|? < v? for k > kyy,. Furthermore, from Jensen’s inequality, we also have

2 12 5F—Flin
(B [Jws — w*[)* < E [Jus —w*[*] < “2, (48)
and
b 1/2 v
E [[w; — w*|? < 4.9
i;L(UI " < a7 (4.9)

where p is the rate constant that depends on the choice of (Ag, 6k, ay) given in Theorem Substituting

ED) in (@7 yields

1

E%HW&w>W&www]k

ERTEINT
(umnlm_v@)mﬂm )

Cp 1/2
- 2 (B [ — )
where u
v
C,s:=2Lkjp + ————. 4.10
pe i 2 L) (410
O

Remark 4.1. If the functions are globally strongly convex (Assumption holds) then there is no
sublinear convergent phase in the algorithm. That is, kj;, = 0 in this setting. Furthermore, we made
the assumption that >/, [V2f(w;)|? < co. This assumption, although made on the iterates which are
stochastic, is necessary to ensure that the iterates eventually lie within a locally strongly convex regime.
Moreover, from Theorem we have that 3277, [ V2 f(w;)[? < oo almost surely, making this assumption
relatively weak in this setting.

We will now establish that the nonconvex error term in Lemma vanishes for sufficiently large
number of iterations. To achieve this, for the expectation problem, we need an additional assumption
about the subsampled functions when the iterates enter the strongly convex regime.

Assumption 4.1. In the expectation problem (1.2), for all k = kyy, where kyy, is defined in Lemma
V2Fs, (wy,) > pl.
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Remark 4.2. Assumption [£.1]implies that when the iterates enter the locally strongly convex regime, the
subsampled functions are also strongly convex. In the case when the objective function is strongly convex,
this assumption is typically satisfied due to regularziation in machine learning problems. Moreover, such
assumptions have been previously made in [6l [I3] and are required to establish strong convergence results
in expectation.

Lemma 4.6. Suppose conditions of Lemma hold. Let fi < %, and gy satisfies stochastic norm

condition (2.6b)) and suppose that Assumption holds. Then, there exists kyon = kiin such that for all
k > knon; Hk = Hk'
Proof. Let

Fnon = 2k (1 n %) . (4.11)

Then, from (3.34)), for all & > ky,on, we have

- — ks (k+1— ki) _
T lin 2 H lin 2 I 2 2
Hyo > 2 — W2 = S = :
v Hg 2 =l = ol 2 Gl > Al
where we used i < %. Therefore, Amin(Hy) = i and Hy = Hy, for all k > knon. O

To analyze the last term in Lemma [3.5] we make the following standard assumption about individual
(stochastic) Hessian components.

Assumption 4.2. (Hessian approximations, stochastic case). The individual component Hessians are
bounded relative to the Hessian of the objective function f at the optimal solution w*. That is, for the
expectation problem, there exists constant o = 0 such that

B [[V2F(w,¢) = V2 ()] < 0% (4.122)

Remark 4.3. As with Assumption[3.5} we note that Assumption[4.2]is relatively weak compared to similar
assumptions made in the literature [I3], as it only requires bounded variance at the optimum, instead
at all possible iterates w € R?. In addition, we also note that this assumption is trivially satisfied with
the bound oy = 2L when the functions are double differentiable with Lipschitz continuous gradients.

Lemma 4.7. Suppose Assumptians 3. and@ hold. If v; = k%rl for alli=0,--- Kk, and the sample

sets Sy are randomly chosen such that [S]| | e N. Then
E l <i 7V Fs, (w*) — VQf(w*)> (we —w™) ] < (E[fwr — w2 (4.13)
=R CESEN
Proof. Consider,
k
l DV Fs (w*) = V2 f(w*) (wy, — w*) 1
i=0 s
V2 Fs (w) = V@) || (E [ - w?]) (4.14)
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where the inequality is due to (E[ab])? < E[a?]E[b?] for any a,b > 0. Let St = UF_S; with |ST| =

(k +1)|So|. Using V2Fgr(w*) = m Yicst V2E;(w*), we get
2
E [|V2Fg (w*) = V2f ()] = B || 2 (V2Fi(w*) - V2f(w*))
(k +1)%(So|
ieST
1 * 5112
= G 2 BV R - vl
__1 g [HVQF(w* <) — v2f(w*)|\2] < o (4.15)
(k+1)[So| © ’ S k+DS) N

where the second and third equalities are due to the fact that the sample sets Si’s consists of i.i.d

samples of ¢, and the inequality is due to Assumption Substituting (4.15)) in (4.14) yields the
desired result. O

Remark 4.4. Lemma[4.7]establishes the bound on the sampling error in terms of the sample size |Sy| and
the iteration number k. We note that deterministic sampling without replacement in a cyclic manner
has a better dependence on k as compared to the stochastic subsampled Hessian (see Lemma [3.8)).

To prove similar results for the expectation problem, we need an additional assumption on the second
moments of the iterates as employed in stochastic second-order methods [7) [13].

Assumption 4.3. There exists a non-negative constant n such that for all k € 7T,

E [ — w*[*] < n (E[Jwr —w*|])

Remark 4.5. Although this assumption seems to be restrictive, it is imposed on non-negative numbers
and is less restrictive than assuming that the iterates are bounded. It might be stronger than the sub-
exponential assumption on the stochastic Hessian [46] [64], it is however required to establish results in
expectation instead of results in probability. This assumption has been employed in other works to the
same effect [7, [13].

Finally we provide linear and superlinear local convergence rates for the expectation problem. This
theorem is the stochastic analog of Theorem [3.10] and the proof is similar. We provide the entire proof
for completeness.

Theorem 4.8. (Ezxpectation local linear and superlinear convergence). Suppose Assumptions
and hold. For any wo € RY, let {wy, : k € N} be iterates generated by ([2.1)) where the Hessian
approzimation is given in (2.4) with fi < %5, the sample sets Sy are randomly chosen such that |Sy| = |So|

for all k e N, and v; = %H for alli=0,--- k. Furthermore, the gradient approximations gy satisfies

stochastic norm condition ([2:6b) with ;- t; = i < o and any of the choices for (Ay,0k, ag) with
’)\\:"7((2‘)’:)) < ka4 > 0 provided in Theorem for all k < ksyp for some kg, € N. In addition, suppose

either Z?OZO IV f(w;)|? < o0 or Assumption holds. Furthermore, for all kyn < k < ksup, tht1 = traq

for some vy, = 0 and ag € [0,1), where kyy, is given in Lemma u Let 0, = 9\{‘%1” q = %;
1 Cp,sv/M oHA/M .
and T : i < i1+ VSR + HkL\/H> for some a; € [0,1), and let vy be a sequence with and
3 /Thou
P, = ma { B, — ), Y} < 4
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1. Ifap =1, 0 = él, and tg1 = Lpay for all k = kgyp. Then

k_ks“”ﬂ}, Pk = qre + T + ,u\/ik::w,, [0, v/au].
(4.16)
Therefore, E[|wy —w*|] — 0 at an R-linear rate with rate constant upper bounded by \/a; € [0,1).

ElJwe —w*[] < 7%,  res1 = max {rppr, 7., (vVar)

2. If a, =1, 6 = m, and g1 = Lkaltiﬂ, t, = ﬁ for all k > kgyp. Then
E[|wr —w*(] < 7k, 7her = max { rrpr, vk, (Vag) F R 1_[ tiv1 ¢
7;:ksup
k=1
_ sy . _ 1
pk—qu‘f‘Tk"‘m‘];[ tZJrl*O(\/E)E[Oa\/al . (417)
i=kup
Therefore, E[|wr, — w*||] — 0 at an R-superlinear rate with rate constant upper bounded by
max{pg, /artki1} = ( 1k
Proof. Let
A 9C,, s 8102
ksup = ’Vmax {2klin (1 + ﬁ) ) ﬁi/%/ﬁ7 ﬂ2|gé{|Zlu
81q% Ly,
Fiin + 210g, (# f) Fiin + 108, /0, ( algﬁ;?;ﬂ) H (4.18)

where kjj, is defined in Lemma \ is defined in Lemma Cp s is defined in (4.10), and p is the
linear convergence rate deﬁned in Theorem - We note that k‘sup 2 knon due to the first term in

where ko, is defined in ). Using ., and ( , and Assumptlongwe get for all
k> ksupv
7M Chp.s o
Ef i —w*[] < G Elwx - w*])? + ( B i e,mA) Efwy, — w*|]
N
+ (4.19)
= q|wr — w*|* + 7| wp — w*| + o,
where oy, := —Y%__ Using the second and third terms in (£.18) and ), = 6, = VUl e get 7, < LU
k= A g - k 1= 9 ral’ get T s —3

for k = keup. In addition, using the fourth tezr{r; in (4.18) and (4.8)), we get E[|w, — w*|] < BL(;Z for
k = kgup. Moreover, vy, = Lk“na];s“p_k““ < alg’iqé“‘ due to the fifth term in (3.51) which implies that

o < gl for k = kgup-

Therefore, starting with £ = kg, and using Lemma with v = \/a; and 41 = tra; yields .
Moreover, from (3.48), we have that L Va < 1

Similarly starting with k = kg, and using Lemmawith v =y/a; and 11 = iz vields (.17).
Moreover, from , we get

k—1

r ksu
s < max {pp, Vartpr1} < max § qri + 7 + =02 n tit1,4) 5o1

i= k<up

< max {qus.,p(@)’“*’“w ek e ) = 0.
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Remark 4.6. We note that unlike the deterministic Hessian sampling, stochastic sampling leads to a
slower rate of superlinear convergence O (ﬁ) similar to the final phase results established in [46] 64].

Moreover, for the exact gradient settings, although we only presented the final superlinear convergence
results, from (4.19)), it can be seen that there are two phases in the superlinearly convergent regime,

where initially rate is O (%) and the later (final) phase is O (ﬁ), similar to results in [46] [64], albeit in
expectation instead of high probability. We also note that the proof techniques employed in analyzing

the Hessian approximations in this analysis are different from those established in [46, [64] where we
analyze the variance in the Hessian sampling error at the optimal solution.

4.3 Complexity Analysis

In this section, we establish the iteration, gradient, and Hessian computational complexity bounds, i.e.,
the total number of iterations, individual gradient evaluations and Hessian evaluations required to get
an e-accurate solution, characterized as any iterate wy, satisfying

(=l — w1l < (1.20)

where w* is an optimal solution. For the sake of simplicity, we will only consider global strongly convex
functions (see Assumption. The global sublinear convergence results for general nonconvex functions
established in Theorem are required only to establish that the iterates will eventually enter a basin
with |V f(wg)|? < v? and therefore, a complete complexity analysis can be performed by including the
analysis for this sublinear phase too. Furthermore, to make our analysis simple and make it possible to
compare our results with other methods in the literature, we limit our analysis to specific settings where
we choose 0, = 0 and ¢, = Loa’; for all k < kgyp and ¢, = LoaéC for all k > kg,p which leads to fast local
linear convergence (see Theorem (4.8)).

Corollary 4.9. Suppose Assumption and conditions of Theorem hold with 0, = 0, v, = L()CLI; for
all k < kgup where ag =1 — zuLﬁi’ and v, = Loaf for all k = kgyp with a; € [0,1), and A, = I. Then, for
any given (sufficiently small) € > 0, we get an e-accurate solution after performing K. iterations where

K= koyp + [lo&/m (Tf/gp)] -0 (nQ (1 + %) + log (ﬁ)) , (4.21)

where 7y, is defined as in Theorem [£.8

Proof. From (4.16)), we have that for all k > kgp,
E[[wy — w*[] < iy, (Var) e (4.22)

We use induction to prove this statement. It is trivially satisfied for k¥ = kgup. Suppose this statement
is true for some k > kgup. Then, we have

El|wir — w*[] < max {repp, iy, (Va) et <max {ry,, (Va) TR o r, (Vag) F Rt

= T, (Var) et
where pj, is defined as in Theorem Substituting K. in (4.22), we get

Tksup

Efwy = w*[] < o, (Var) s () < We
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We will now analyze kgup. Following similar steps in the proof of Corollary we have that kj, =0
and also utilizing

S Bl - ) <« 2 (1.23)
2 Vi =52
we get Cp, 5 1= %. Therefore kgyp in , is updated as,
b = o { #2802, (S0 ) omne, (5 | 2
=0 <max{’i;‘f, [51{0,52,52}> =0 (/<c2 (1 + M%)) ,
where we employed log(1 — z) ~ —z for sufficiently small z and 0% < L%
O

Remark 4.7. We make the following remarks about this result.

e The number of iterations required to transition from global linear phase to fast local linear or
superlinear phase kg is similar to that of the deterministic sampling results established in Corol-
lary (excluding the dependence on N). Furthermore, kqyp, is better (smaller) than the results
established for uniform weighting scheme and comparable to nonuniform weighting scheme when
H%Q is sufficiently small. However, we note that the analysis is in expectation and requires ad-

ditional assumptions related to bounded moments and strong convexity of subsampled functions,

which are not required in the deterministic sampling settings (see Section .

e While Corollary [£.9]requires € to be sufficiently small, we can establish iteration complexity results
for the global phase when € is large. In this the iteration complexity result is given as K. =

O (i 10s (7).

e This iteration complexity compared to a stochastic gradient method or an adaptive sampling
gradient method has better dependence on € as seen in Table

We will now establish the total gradient evaluations required to achieve an e-accurate solution when
the starting iterate is close enough to the optimum, w*. We will only consider simpler settings common
in stochastic gradient analysis where o1 ; = 0 in Assumption

Corollary 4.10. Suppose conditions of Corollary[{.9 are satisfied and o1,y = 0 in Assumption[2.70 In

addition, if wo is sufficiently close to w* such that f(wy) — f(w*) < % and g < 324?7‘;W' Let a; = %,
and | S| = [817"] Then, after computing
2
W, = 0 (%3, + “722) (4.25)

stochastic gradients, we achieve an e-accurate solution.

Proof. From ([2.8a)), choosing minimum number of samples | X| at each iteration to satisfy the stochastic
norm condition [22], we get

(7'2 0'2.
| Xx| = [ “] <2y,

Lk
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The total number of gradient evaluations required to achieve an e-accurate solution is then given as,

Keup—1 K.
Wo= Y Xkl + D) X
i=0 i=ksup
.2 Ksupfl e K
_ 2,9 2,9
=% N drEe X et
1=0 1=

<up

92,9 (1 \ksup 02,90" 1 \Kc—ksup
ST (%) + Uhsup (1—a1) (az) + Fsup + 1

2
< 25205,51(1 _ 2’1€2)—ksup + T2,4% (()%)Kg—ksul) + ksup +1 (4.26)
——

Uhgup (1—ar)
@ @) ®)

3 L 7 =1—5=2. We will now analyze the terms on the right hand side of -
Each term requires the analysis of ksup, so we proceed by analyzing that term. Using f(wq)— f(w*) < %

where we used a4 =

5
and Lo < m, we get,

~ “L . 3
ngmax{f(wo)—f(w*%%}:l?o < s (4.27)
From (4.24)), we have that
_ 9C, /M 8lokn 3qy/2C 81q%
ksup = [max{ [f:/a >[L2|50H|ala210g1/[;2 < \/ﬁ\/‘TlQ> 710g1/ag ( a?ﬂ;)) }}
9C, s+/M 8lon 3qv/2C 81¢%¢
Smax{ P ,ﬂ2sﬁal,210gl/ﬁ2(\/ﬁ\/a—f>,logl/ag(a?ﬁ20)}+l

We will now analyze each term in the above bound. Consider,

~

9Cp. M 9IMA/2C, /77 1 2 .2
Avar S Ve S vV S i A (4.28)
where the first inequality is due to Cp 5 := \/]l/[(f 2%) for strongly convex functions, the second inequality

is due to (4.27) and n > 1, the last inequality is due to the fact that 1 —/z > 152 for any x € [0,1] and

n = 1, and the equality is due to po = 2’2‘2 =1- ﬁ
Considering the second term and using |Sp| = [222] and 6%, < L2, we get,
2 H g

810'121[17 4012,1 2
72[Solar < a2 < 4k”. (429)

Using ({.27)), log(1 — 525) ~ — 517, and substituting ¢ = 7%’7 in the third term, we get,

2Kk2)
3gy/2C log(7/6 2
2logy /5, < \qf\/ﬁ> 2% ~ 4K*. (4.30)
Similarly, using log(1 — 553) & —553, Lo < W7 and substituting ¢ = 7%’7 in the fourth term, we
get,
3969M 21210
log (22020 1 to 49
81¢%w0\ _ ( 2 ) _log(gp) o2
logl/ag ( a[?ilZ ) - 10g<1_ ~ ) g log( :L;‘%) ~ 5"6 . (431)
2LL
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Therefore, combining all the above bounds, we get, kg,p ~ 52 + 1.
We are ready to analyze the terms in (4.26]). For the first term, we have that

26203, (1 — 55) " = O (v%03,,), (4.32)

2k2

where we used (1 — 1/x)™% ~ exp, for any x > 0 that is sufficiently large. Consider,

2 *117)2 ~_ ksu =
rksup (E[Hwksup —w ”]) 18 202/72 P 18 2Cy 18 2k 18
—P < max T a0 < max roata ) 2 Smax ) o, S5 ¢ SMax ) on, o2 (4.33)

where the last inequality is due to (4.27)). Now, consider the second term in (4.26]), we get

Tksup

0'3,904 ( 1 )Kﬁikt‘uP o 0'3,9(11 ( 1 )[lOgl/m< \/g )“ < Ugvg’ris\m + 20-;9 — O (na‘%ﬁg) (4 34)
x = .

theup (1—a1) \ a1 T lkeup (I—ar) \ @ nre

where the first equality is due to (4.21]) and the last equality is due to (4.33)). Combining (4.32) and
(4.34) completes the proof. O

€lkgup thsup

Remark 4.8. We make the following remarks about this result and make a comparison with existing
results in Table 21

e We employ fixed number of stochastic Hessian samples at each iteration. Therefore, the Hessian
complexity, i.e. number of Hessian computations required to get an e-accurate solution is same as

the total number of iterations (@ (HZ + log (%)))

e The total number of stochastic gradients required improves upon stochastic gradient method in
terms of the dependence on condition number (k) even though the number of gradients evaluated
per-iteration are increasing at each iteration. Furthermore, we should note that our local results
match with that of first-order adaptive gradient sampling methods even after employing inferior
global convergence results associated with Newton’s method compared to a gradient method.

e Although we only presented the gradient iteration complexity results here for the phase where
the the starting iterate is sufficiently close to the optimal solution and e is sufficiently small (see
Corollaries and , we can also establish the results for the global phase where (¢ is chosen
independent of the problem characteristics and K. = O (/<;2 log (%)) However such results are
inferior to those of first-order adaptive gradient methods due to the artifact of global convergence

analysis of Newton’s method.

Method Tteration Gradient

Stochastic Gradient [18] 0] (”2:2369> o( "“2:2%9 )

Adaptive Gradient Sampling [22], [35] O(rlog (1)) o (7%)
This Paper (Corollary |4.9| & |4.10 O (k2 +1og (L)) | O (KQU%H + "‘:ig)

Table 2: Comparison of (local) iteration and gradient complexity results for strongly convex functions.
Note: The complexity results in terms of expected function values (E[f(wy) — f(w*)] < €) for stochastic
gradient and adaptive gradient sampling summarized in [22] Table 4.1] have been converted to get the
results in terms of (E[||jwy, — w*[])? < e.

37



5 Practical Algorithms

In the previous sections we developed a convergence and complexity theory that establish the conver-
gence benefits of Hessian-averaged Newton methods for the finite-sum and expectation problem settings.
However, hurdles remain to their deployment in very high-dimensional settings due to the costs of invert-
ing Hessian matrices. In this section we discuss considerations relating to deploying Hessian-averaged
Newton methods in practice. We begin by investigating a generic averaged Newton methods, which
we refer to as fully-averaged Newton (FAN) for the purposes of our exposition. Due to the substantial
costs of Hessian inversion this method is infeasible for even moderate problems. We propose a simple,
diagonally averaged Newton method (Dan) for high-dimensional optimization problems such as those
arising in machine learning (ML) settings. We investigate additional practical heuristics such as differ-
ent weightings and norms that are used in the Hessian averaging, as well as practical gradient sampling
strategies, which in turn lead to their own variant algorithms.

5.1 Fully-Averaged Newton

When the dimension of the optimization variable, d is not too large, one may opt to construct a Newton-
like algorithm using a weighted average of the full Hessian, which requires d? storage:

Fully-Averaged Newton (FAN): pr = H gy (5.1)
Here Hj, is defined as in (2.4), or alternatively using the following formula:

k
Hy = Y 3l V2Fs, (w)] + ul, (5.2)

=0

where pul can help improve the conditioning of the problem. This requires however costly eigenvalue
or Cholesky decomposition at each iteration, thus incurring O(d?®) computation. Alternative methods
to approximate inversion of the full Hessian include Krylov methods [65, Chapter 5], however these
methods do not simply extend to the averaging setting, since in this case one requires storage of the
Hessian matrix in a given format, but not as a matrix-vector product callable as is necessary for Krylov
methods.

5.2 Overcoming high-dimensionality with Hessian-subspace products

When the dimension d is large, approximations of the Hessian that can be formed for less than O(d?)
operations and inverted for less than O(d®) operations are necessary. Randomized sketching is an easily
extensible tool to construct efficient representations of matrices [62]. In this process one can construct a
compressed representation of a matrix via its action on a matrix V, € R4*", where r is a small number,
that is often independent of d. In addition to diagonal approximations, other factorizations such as low
rank [40] and hierarchical [53, [91] approximations can be computed from the action of a given matrix
on the r-dimensional subspace V..

This subspace action is easy to implement in modern ML workflows as it can be constructed from
simple automatic differentiation tools around embarrassingly parallelizable linear algebra. For example,
the Hessian subspace product can be computed with the same tools utilized to form the gradient; first by
forming the gradient, then forming its transpose action on V;., followed by taking the gradient (Jacobian)
of this combined term:

Hessian subspace products: V2Fs, (wi,)V, = V (VFs, (wp)"V;) . (5.3)
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E.g., forward-over reverse automatic differentiation [4] with vectorized GPU computing makes these
Hessian approximations very computationally efficient. In our numerical tests, Hessian subspace products
had approximately constant compute time until running out of GPU memory, see Figure

Compute Time for Hessians and Gradients CIFAR100

175 HV 15

150 AV
- —— HV,
L 195 .\

g

© —
(=] N S — —
=2 100 .
H

Sample Size

Figure 3: Efficiently implemented (vectorized) Hessian subspace products for varying ranks and sample
sizes have approximately constant compute time until running out of GPU memory. These experiments
are for a ResNet used in CIFAR100 classification, as shown in Section The dimension of the neural
network weights w was d = 11,247,052. This set of experiments was run on an NVIDIA 1L40S GPU
which has 48GB of GPU RAM.

5.3 Diagonally-Averaged Newton

In practical settings for stochastic optimization, such as deep learning, d can be very large, and any algo-
rithm requiring more than O(1) Hessian-vector products, and O(d) memory footprint at each iteration
will be infeasible in modern compute settings, since they are typically memory bound [36].

These constraints are achievable utilizing both diagonal or low rank Hessian approximations. As
diagonal preconditioning of gradients (with and without momentum) dominates modern ML optimization
methods, it is sensible to utilize diagonal Hessian approximations in Newton-like stochastic gradient
updates that are targeted to these problems. The use of diagonal Hessian preconditioners was first
introduced, to the best of our knowledge, by [00], and was later used in [55].

The Hessian diagonal can be computed matrix-free via randomized Hutchinson diagonal estimation

2(V2Fs, (wk)Z)T>] ,

2Tz

Dy, = diag (VzFSk (wk)) =E, r, [diag ( (5.4)

for a suitable choice of distribution 7, [3I]. The diagonal matrix is trivially invertible in d operations,
overcoming the major computational hurdle for Newton-like methods. This approximation, and other
matrix representations that are easily inverted and have O(d) memory footprint can be constructed via
the use of randomized sketching.

This naturally leads to the diagonally-averaged Newton method

Diagonally-Averaged Newton (Dan): Pk = [Dk]flgk, (5.5)

where in our implementation Dy, = Zf;l 7| Dy, that is we approximate the diagonal of instead of
(2.4). Diagonal approximations are useful for diagonally dominant Hessians, however these approxima-
tions may not be suitable for optimization problems with large off-diagonal components. We empirically
observe that Dan and Adahessian perform well on difficult ML optimization problems.
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5.3.1 Differences with Adahessian
Dan is similar to Adahessian [90] but differs in two key ways:

1. Dan does not have any momentum in the gradient, so the relative performance of Dan to Adahessian
helps isolate the effects of utilizing the averaged Hessian approximation in isolation from the effects
of gradient momentum.

2. Dan utilizes a ¢! averaged approximation of the Hessian diagonal; this choice is motivated by our
analysis which averages the Hessian and not its square. Adahessian and Sophia [55] utilize an ¢2
norm averaging, similar to what is used in Adam [47]. We denote by 8 the averaging protocol:

5 averaging:

Since Adahessian and Dan utilize different averagings, we thus propose an éi modification of Dan,

which we name Dan?2: )

(Dan2) : Pr = (2 %D?> 2 k- (5.7)

i<k

5.4 Additional algorithmic considerations

In this section we consider additional adaptations of Dan and Dan2 that are common to other practical
ML optimization methods.

5.4.1 Infrequent Hessian computations

The per-iteration costs of the Hessian approximations can add significant additional costs relative to
first-order methods. In traditional stochastic Newton methods, this burden can be lessened by (i)
lower dimensional Hessian approximations (e.g., few samples for Hutchinson diagonal estimation), (ii)
smaller Hessian sample size (i.e., |Sk| < |Xg|). In the context of Hessian averaging we can additionally
lessen the burden by updating the Hessian approximation less frequently than the gradient, as is done in
Adahessian. We utilize this in numerical experiments in Section [6.4.2] where we maintain a fair cost-basis
comparison between the first and second-order methods.

5.4.2 Non-uniform weightings

Adam, Adahessian and other popular ML optimizers utilize exponentially decaying sum averaging for
their weightings, which is defined by the recurrence relationship

B2 (1—759)
1— gk 1— %

where 8y € (0,1) is a hyperparameter that controls the rate of decay in the averaging of past iterates,
ﬁk is the diagonal preconditioner being updated, and Dy is the estimator of the diagonal at wy. The
benefits of this approach are that the effects of past iterates are de-emphasized, which is useful when the
landscape is highly nonlinear, and the diagonal preconditioner’s local information is changing rapidly.
This weighting is widely used due to its ease of implementation and effectiveness.

Our local convergence analyses in Section [3|and [f] utilize uniform averaging to concentrate the Hessian
statistical sampling errors. In order to prove superlinear convergence for this weighting deterministically,

f)k-‘r

Decaying Weights: Dyy1 = Dy, (5.8)
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or in expectation, while still maintaining a fixed per-iteration Hessian sample size, other assumptions
may be required. In [64] when the Hessian errors are assumed to be sub-Gaussian, superlinear local
convergence rates are proven in probability for more general weightings such as . In numerical
experiments we demonstrate the performance of this weighting and the uniform weighting.

5.4.3 Gradient sample size selection

While our algorithmic framework allows for fixed per-iteration computational costs associated with the
Hessian approximation, in order to achieve fast convergence one has to control the gradient statistical
sampling error in relation to the true gradient norm. This can be achieved either by geometrically
increasing sample sizes (with sequence i), or the norm test (with sequence 6y), or a combination of
both. The former (i.e., 8 = 0) is simple to implement in practice while the latter requires additional
approximations as numerically verifying the bound Ej, [|[VFx, (wi) — V f(we)|?] < 62|V f(wy)|* may
be prohibitive due to its sampling costs. To address this challenge, one can employ an approximate norm
test in practice, as was done in previous works [12] [16, [22]:

Approximate norm test: |SL 1 IVEi(wi) = Vs, (we)|* < 07 |V s, (wi)[* + tr.- (5.9)
k| 1€Sk

This test approximates the expectations via Monte Carlo, and will give a rough indicator of the conver-
gence of sample gradient to the true gradient.

In large scale subsampled optimization problems (e.g., deep learning), methods with fixed gradient
sample sizes show empirically good performance. Therefore, in numerical experiments we also consider
variants of our algorithms that do not increase the gradient sample sizes, but instead use step size
schedulers. This allows for direct comparison with state-of-the-art ML optimization routines. In partic-
ular Dan and Dan2 perform comparably to and often better than state-of-the-art methods in the ML
optimization problems that we investigate.

6 Numerical Experiments

In this section, we experiment with Hessian-averaged subsampled Newton methods on a variety of
problems, separated into two classes with different metrics: (1) subsampled convex problems where we
look at f(w) — f(w*), and (2) subsampled nonconvex (deep learning) problems where we are interested
in the performance of the trained models on unseen data. First we investigate algorithmic trade-offs
for stochastic quadratic minimization and logistic regression problems where computational costs allow
us to consider full Hessian inversions (FAN). We then consider large-scale neural network problems:
CIFARJ[10,100] classification with ResNets and neural operator training, where the weight dimensions
dw make full Hessian inversion prohibitive. In the large-scale context we investigate the performance of
the Dan relative to Adam, Adahessian and SGD.

Overall, the Hessian-averaged Newton methods were run in regimes (e.g., choice sample sizes and
step sizes) that led to immediate instabilities for subsampled Newton methods not utilizing Hessian
averaging. This point demonstrates the key algorithmic motivation for this type of method: to alleviate
the instabilities of subsampled Newton methods at manageable costs. Additionally in the large-scale
machine learning (ML) problems, Dan and Dan2 performed comparably to and often better than Adam
[47], overall better than Adahessian [90], and substantially better than SGD. This result suggests that the
effects of Hessian averaging may be more beneficial than gradient momentum in some relevant practical
settings.
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6.1 Problem setups

We give a high level overview of the experiments below. The approximate solution for a given method
is given by w', which we do not denote w* since it is not necessarily the true minimizer.

6.1.1 Subsampled quadratic

First we investigate a stochastic quadratic minimization problem:

(Subsampled quadratic): f(w) =Ep, p, [|PaAw — Pyb|?], (6.1a)
Evaluation criteria: f(wh (6.1b)

where P4, and P, are linear operators that randomly zero out entries in A and b respectively. That is at
each iteration we randomly sample index sets for entries in A and b that are set to zero. This problem
is a simple analogue to empirical risk minimization over a dataset.

6.1.2 Logistic regression

Second we consider two logistic regression for binary classification with ¢? regularization. Let x; be an
input vector and y; € {—1,1} be the corresponding output label

1 ¢ 1

(Logistic Regression): fw) == 2 log(1 + exp(—yi(w'z;)) + 2*HU)|P, (6.2a)
n < n

Evaluation criteria: f(wh (6.2b)

We note that this objective function is strongly convex [6]. We compare the performance of various
methods on both the ijcnnl and mushroom datasets [27].

6.1.3 CIFARJ[10,100] Classification

Third, we consider the CIFAR10 and CIFAR 100 [50] classification using ResNet architectures [41], and a
softmax cross-entropy loss function. Let ; be an input image, and y; be the corresponding vector label.
Let ¢(z;,w) be the ResNet prediction in the pre-image of the softmax, then the problem is formulated
as

J e®i(@i,w)
(Softmax cross entropy): flw) = - Z:lyl log (p(z;, w)) where p;(z;,w) = T
= ieClasses
(6.3a)
Evaluation criteria: Correct classification percentage on unseen data. (6.3b)

6.1.4 Parametric PDE Regression

Finally, we consider regression problems for the approximation of parametric PDE input-output maps
via neural networks (e.g., neural operators). We consider a coefficient-to-observable nonlinear reaction
diffusion problem in a physical domain Q < R2. Here the input parameter z € X = L?(Q) is a
heterogeneous spatially varying random field, with measure 7. The PDE state u € U = ug + H}(Q), an
affine space account for boundary conditions uy. The outputs y € R? represent finite observations of u
on a line in the domain.
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PDE: —V - (e"Vu) +cu® = f in Q=(0,1)2 (6.4a)
Boundary conditions: u =1 on Iiep, u =0 on Ibottom, Vu-n =0onTgges (6.4b)

Parametric map: x — y(r) = Bu(x), (6.4c)

where n is the unit normal to the domain €, and B : i/ — R% is a linear restriction operator to
points on line in the domain. The infinite-dimensional input functions are encoded to a finite input basis
{¢; € X}I_, that is chosen to correspond to directions of the input space that the map is most sensitive
to as in [68] [69]. The corresponding coefficients x, € R" are (z,); = (x,%;)x, where (-,-)x is the inner
product for X'. This choice of encoding makes the regression task naturally finite-dimensional, while still
maintaining discretization invariance via the use of the infinite-dimensionally consistent basis vectors ;.

The regression task is thus to learn an approximation of the map x, — y by a neural network
¢w. We consider two formulations, first a parametric least squares formulation for learning the reduced
coefficient map, which we refer to as the L2 formulation. Second we consider a least squares formulation
for learning the reduced coefficient map and its first Fréchet derivatives (e.g., derivative-informed neural
operator (DINO) [67]), which we refer to as the H! formulation.

(L2 training):  min f(u Z ly(er) — Gular) 12 (6.53)

”y(x’f) - ¢w(-737-) HQ

Evaluation criteria: on unseen data (6.5b)
Hy( r)l2
(H7lr training): mlnf Z ly(zr) — dw (zr)]5 + IV, y(@,) — v17¢w(x7)|‘%) (6.5¢)
ly(z ) Sw(@r)le [Va,y(2r) = Va, du(@r)|r

Evaluation criteria: on unseen data . (6.5d)

ly(ze)l2 IV, y(r)|

The H} formulation is particularly relevant when the surrogate is to be deployed in a setting where
accurate derivatives are required, such as for the solution of optimization problems [59], or efficient
Bayesian inference in function spaces [24]. The H} training problem can thus be considered optimiz-
ing to optimize. We note the recent work [94] has also investigated the performance of second-order
optimization methods for training parametric PDE surrogates.

6.1.5 Additional details

In order to have a one-to-one comparison of methods, our implementation of Adahessian differs slightly
from the method proposed in [90]. First we consider versions of Adahessian that update the Hessian
approximation both at each iteration, and also infrequently (the latter is proposed in [90]). Additionally
we do not use averaging of convolution layers in the diagonal approximation, as we propose generic
Hessian-vector products for Dan and Dan2 that are agnostic to the structure of what is being differ-
entiated. Further details on the implementation details are given in Appendix accompanied by an
extended discussion of the parametric PDE problem in Appendix [0.3]

6.2 Subsampled Quadratic Minimization

For this problem we compare FAN, Dan, Newton, and SGD all with and without adaptive gradient
sampling (denoted “a.g.”), which is implemented via the norm test. We do a sweep over fixed step
sizes a € [1.0,1071,1072,1073,107%,107°]. For the averaged methods we consider both uniform and
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Objective Value vs. Iterations
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Figure 4: The performance of the best 4 methods for the stochastic quadratic minimization problem.
Dan with adaptive gradient sampling performed the best, both in terms of fast convergence and f(w').
SGD with adaptive gradient sampling also performed well, but required significant limitations on the
step size. The methods without adaptive gradient sampling plateaued with larger f(w'). The averaging
of the Hessian can eventually overcome stability issues after enough iterations progress to reduce the
Hessian variance as seen by Dan exp a = 1.0. When not using Hessian averaging, Newton methods
required smaller steps to maintain stability.

exponentially decaying weightings. Initially P4, P, are both taken to randomly zero out 50% of the
entries in A, b respectively. All optimizers start from the same initial guess wy ~ N (0, Izw ), where the
stochastic gradient is approximately 13,500% noisier than the true gradient. Each optimizer runs for
1,000 iterations. We note that this does not constitute a fair comparison in terms of computational work,
since we compare iterations. However, the methods that did not utilize adaptive gradient sampling were
not making progress after 1,000 iterations, so the gap in the objective function is indicative of superior
performance for the adaptively sampled methods, and the trend would continue if run longer. We
report general trends over the 72 different numerical runs. First all of the SGD runs without adaptive
gradient sampling diverged except for & = 107°; with adaptive gradient sampling all diverged except
ae {107%,1075}.

The performance of the ten best methods is reported below in Table [3| and the (rolling average) of
the stochastic function costs are shown in Figure dl The general trend for this problem is that the Dan
methods outperformed all of the other Newton methods consistently. SGD required very small step sizes
for stability, but performed well when taking many very small step sizes. The best performing methods
utilized adaptive gradient sampling. Methods that did not utilize adaptive gradient sampling were able
to reduce the objective function rapidly, but got stuck in neighborhoods where the objective function
was not able to be reduced beyond the level of the noise. Perhaps surprising is the superior empirical
performance of Dan to all other Newton methods. Dan is an economical Hessian approximation, where
one might expect the omitted off-diagonal information would lead to deteriorated performance. For this
problem, however, this is not the case. This bolsters the argument for this numerical approximation in
high-dimensional settings where true Hessian inverse approximation is infeasible.
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Method o) flwh) N Method | « Flwh) N
1 | Dan exp. w/ a.g. | 1.0 38.67 6 | Newton | 1072 | 76.35
2 [ SGD w/ a.g. 107° | 45.69 7 | FANexp | 10T | 76.98
3 | Dan exp 1071 | 73.77 8 | Danexp | 107! | 77.01
4 | Newton 1072 | 74.69 9 | Danexp | 1072 | 77.11
5 | SGD 107° | 75.11 10 | Dan uni | 1.0 | 77.12

Table 3: The ten best performing methods for the subsampled quadratic minimization, and the objective
function value at their approximated optimum w?. The two best performing methods utilized adaptive
gradient sampling, but interestingly the adaptive gradient sampling didn’t lead to optimal results outside
of these methods. In general Dan outperforms all of the other second-order methods, in particular the
exponentially decaying weights generally outperformed the uniform averaging.

For the remainder of the numerical results, we compare methods either for a fixed number of epochs
or for fixed computational costs. In the case of a fixed total number of epochs, the adaptive sampling
methods require fewer total computations than the same method without adaptive sampling, as these
methods require fewer iterations and therefore fewer Hessian computations compared to the same method
without adaptive sampling.

6.3 Logistic Regression

For a second numerical result we compare Dan, FAN, Newton, and SGD on two logistic regression prob-
lems. The ijcnnl dataset has 22 input features and 35,000 training samples. The mushroom dataset
has 112 features and 5, 500 training data. We compare fully subsampled methods (gradient and Hessian
sample sizes fixed at 32), with adaptive gradient sampling methods. We run a total of 100 epochs for each
method. For adaptive gradient sampling, we implement geometric growth in sample size instead of the
norm test: we run 20 epochs with gradient sample sizes | X | = {32,128, 512, 2048, 5500}, {32, 128,512, 2048, 8192}
for ijennl and mushroom respectively. We note that in this case, since we consider epochs and not itera-
tions, the adaptively sampled methods will require a lower total amount of computational work than the
methods that do not utilize adaptive gradient sampling. For the ijennl results the algorithms performed
roughly the same, we show results for the step size of a = 0.1, which are representative of other step
sizes. For the mushroom dataset we show the performance of all methods as a function of the step size.
The results are show below in Table [
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ijenni f(wh) N\ mushroom f(w’) N\
a.g. a a.g.
0.1 (X,0.123) (X,0.072)
Dan 0.398 | 0.349 0.01 | (X,0.123) (X,0.078)
0.001 | (0.136,0.137) | (0.105,0.102)
0.1 0.121 0.071
FAN 0.401 | 0.349 0.01 0.123 0.079
0.001 | 0.142 0.111
0.1 0.132 0.072
Newton | 0.405 | 0.349 0.01 0.132 0.072
0.001 | 0.150 0.103
0.1 0.123 0.092
SGD 0.389 | 0.349 0.01 0.145 0.125
0.001 | 0.198 0.201

Table 4: Results for the two logistic regression problems are reported as averages over five different
initial guesses. The methods performance improved uniformly with adaptive gradient sampling. For
the ijennl dataset the four methods performed comparably. The symbol X denotes that these runs
diverged. For the mushroom problem, Dan is reported for two different choices of the diagonal estimator
rank, r € {1,40}; for larger step sizes Dan diverged with r = 1, but otherwise performed comparably
to FAN; this demonstrates that using more Hessian-vector products in the diagonal estimation can
lead to better performance. FAN performed better than subsampled Newton without adaptive gradient
sampling, and worse with it. Both Dan and FAN uniformly outperformed SGD.

6.4 CIFAR[10,100] classification with ResNets

Next we demonstrate the performance of Dan in deep learning classication problems. We use the
CIFAR10 and CIFAR 100 [50] classification using ResNet architectures [41], and a softmax cross-entropy
loss function. For both problems, we use the standard 50,000 training data, and report generalization
accuracy over the remaining test data. For all results we utilize a single learning rate scheduler that
quarters the learning rate every 25% of total epochs. For both problems we investigate the performance
of the methods in two regimes:

1. Comparison over 100 epochs. An extensive fixed data-access comparison of all methods with
varying algorithmic hyperparameters. We note that this is not strictly a fair comparison, but it
allows us to gain insight into the general performance of the different methods before running
costlier, long trainings.

2. Comparison of longer runs, on a fixed computational cost basis. We do a limited number of much
longer training runs to compare how Dan, Dan2 and Adahessian compare to Adam.

We note that other adaptive optimizers (e.g., RMSProp [44] and Adagrad [32]) performed substan-
tially worse than Adam, so we omitted them. As these numerical results are very expensive to run, we
rerun over two seeds and report the average results. The problems are quite computationally expensive
and were run on NVIDIA A100 / L40S GPUs.

6.4.1 Comparison of methods over 100 epochs

We begin with our comparison of methods over 100 epochs. For this set of results we investigate how
the performance of the three Hessian-averaging based methods (Adahessian, Dan and Dan2) is effected
by the number of Hessian vector products used in the Hutchinson diagonal estimation (5.4). For a
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fair baseline of comparison, we additionally implement a version of Adahessian where a new Hessian
approximation is computed at every iteration, as was discussed in Section We explore the effects
of limiting the frequency of Hessian computations in the next set of numerical results. We investigate
the performance of Dan, Dan2 and SGD with and without adaptive gradient sampling. As with the last
example, we implement a geometric increase of the gradient sample sizes. We first run 75 epochs with
| Xk| = 32, followed by five epochs each with the following sequence X}, € {64, 128,256,512,1024}. As a
consequence the Dan w/ a.g. is notably substantially less expensive than regular Dan due to the lower

iteration complexity in the final 25 epochs. Our results are shown below in Table

Method o Hessian rank | CIFAR10 Accuracy / | CIFAR100 Accuracy
0.05 (1,5,10) (92.85,92.70, 92.55) (71.97,71.67,72.15)
Adahessian 0.01 (1,5,10) (92.47,93.20,93.21) (70.65,71.93,72.11)
0.001 (1,5,10) (83.35,86.19, 87.52) (57.49,60.10, 62.82)
0.05 - X X
Adam 0.01 - 91.69 65.02
0.001 - 93.08 72.10
0.05 (1,5,10) (91.80,92.31,90.74) (70.62,71.00,71.01)
Dan 0.01 (1,5,10) (92.29,93.30, 93.32) (71.18,72.10, 71.57)7
0.001 (1,5,10) (85.44,86.87,89.04) (60.33,61.78,64.98)
0.05 (1,5,10) (92.99,92.16, 92.56) (72.48,70.96,70.52)
Dan w/ a.g. | 0.01 (1,5,10) (92.62,93.16, 93.36) (71.11,72.03,72.22)
0.001 (1,5,10) (82.41,86.78,89.13) (56.51,62.06,64.92)
0.05 (1,5,10) (92.81,92.80, 92.40) (71.34,71.70,71.53)
Dan2 0.01 (1,5,10) (92.47,93.37,93.14) (70.89,72.22,71.89)
0.001 (1,5,10) (80.98, 85.54, 87.78) (54.74,60.55, 62.40)
0.05 (1,5,10) (93.03,92.66, 93.02) (72.09,72.25,72.33)
Dan2 w/ a.g. | 0.01 (1,5,10) (91.90,92.99, 92.96) (70.38,72.13,71.98)
0.001 (1,5,10) (81.27,86.02,87.63) (54.74,60.55, 62.40)
0.05 - X X
SGD 0.01 - 88.09 64.84
0.001 - 81.75 54.36
0.05 - X X
SGD w/ a.g. | 0.01 - 88.58 66.63
0.001 - 82.00 53.77

Table 5: Comparison of optimization methods for CIFAR[10,100] ResNet training over 100 epochs. In
both cases a Hessian-averaging based method produced the highest average generalization accuracy. No-
table takeaways are that Dan with adaptive gradient led to the best result for the CIFAR100, showing
the promise and competitiveness of our proposed framework in complicated deep learning tasks. Ad-
ditionally, the Hessian averaging methods were able to take larger steps than the subsampled gradient
methods. Adam was reliable as is usually the case, while SGD overfit substantially and produced poor

generalization accuracys. f: See Appendix

Our proposed methods Dan and Dan2 produced the best overall results in terms of generalization
accuracy. Adam and Adahessian were both competitive, while SGD was not competitive. The adaptive
gradient sampling was able to improve the performance, for example Dan w/ a.g. for CIFAR100 notably
produced significantly better results than the other methods. This demonstrates not only is Hessian
averaging without momentum a good algorithmic building block, but additionally can lead to better
results at lower costs, due to the geometric reduction in Hessian computational costs in the later epochs.
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Of note for other algorithmic considerations: in general the additional Hessian vector products in the
diagonal estimations didn’t clearly benefit performance, other than when taking small step sizes, in
this case there is a clear trend that increasing the rank of the diagonal approximation led to better
performance, however these methods performed substantially worth overall to the larger step sizes.

6.4.2 Comparison of methods with respect to computational cost

In this section we investigate the performance of Adahessian, Dan and Dan2 in relation to Adam in terms
of a computational cost, taking the additional Hessian computations into account. For this section we
introduce a new algorithmic hyperparameter: the Hessian computation frequency, as discussed in
The modifications of Adahessian, Dan and Dan2 to compute Hessians infrequently significantly reduces
the overall cost, yielding per-iteration costs closer to Adam’s per-iteration cost. We only start utilizing
infrequent Hessian computations after the first epoch, as empirically the Hessian statistical errors didn’t
concentrate fast enough to keep the iterates from diverging; a reminder of the inherent instability of
subsampled Newton iterates in this regime. After the first epoch we only update the Hessian diagonal
approximations every 10 iterations. We investigate a study of Hessian ranks of 1 and 5 for these methods.
We introduce an epoch equivalent compute metric, as a means of putting the second-order and first-order
methods on an equivalent cost basis:

2 x k
(Epoch Equivalent Compute (E.E.C.)) = 1+ % x epochs + 2 xrank . (6.6)
gradients Tf_/ first epoch Hessian
essians

We count one Hessian vector product as twice the cost of a gradient, when in reality it is empirically
cheaper when utilizing vectorization (see Figure , these costs comparison are therefore conservative
and make the Hessian-based methods seem more expensive than they may be given an efficient GPU
implementation. An additional means of computational economy is reducing the Hessian sample size
relative to the gradient sample size. We do not investigate this; as with the previous set of numerical
experiments we use a sample size of 32 for both the gradients and the Hessians. In these experiments we
do not investigate adaptive gradient sampling. Adam with oy = 1073 is our reference method, we run
it for 500, 1000 and 2000 epochs. We investigate Adahessian, Dan and Dan2 in comparison to Adam
on a similar cost basis. These results are shown below in Table [l The best individual runs over all
hyperparameters and seeds for Adam, Adahessian, Dan and Dan2 are shown below in Figure
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Method epochs | Hessian rank E.E.C. Qg CIFARI10 CIFAR100
2000 - 2000 0.001 94.00 73.06
Adam 1000 - 1000 0.001 93.78 72.39
500 - 500 0.001 93.58 72.39
1000 (1,5) (1202,2010) | 0.05 (X,93.44) (72.96, 73.03)
Adahessian (1,5) (1202,2010) | 0.01 (93.16,93.97) | (69.57,72.50)
500 (1,5) (602,1010) | 0.05 (93.65,93.32) | (72.30,69.42)
(1,5) (602,1010) | 0.01 (93.07,93.60) | (70.72,71.36)
1000 (1,5) (1202,2010) | 0.05 (91.98.90.83) | (73.74,73.01)
Dan (1,5) (1202,2010) | 0.01 | (93.56,94.10) | (71.62,72.73)
500 (1,5) (602,1010) | 0.05 (92.31,91.32) | (73.30,73.05)
(1,5) (602,1010) | 0.01 (93.03,93.70) | (71.30,72.30)
1000 (1,5) (1202,2010) | 0.05 (93.72,93.71) | (73.30,72.99)
Dan2 (1,5) (1202,2010) | 0.01 (93.07,93.85) | (71.82,72.91)
500 (1,5) (602,1010) | 0.05 (93.80,93.08) | (72.61,73.05)
(1,5) (602,1010) | 0.01 (92.80,93.43) | (70.94,72.29)

Table 6: Comparison of Adam, Adahessian, Dan and Dan2 for equivalent computational cost bases. For
the CIFARI10 dataset the performance of Adam was comparable to the best performing second-order
methods, with Dan performing the best, but with some variance in performance. For CIFAR100 the
performance of the second-order methods was drastically better than Adam. This is consistent with the
results in the preceding section.

CIFARI10 ResNet Generalization Accuracy CIFAR100 ResNet Generalization Accuracy
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Figure 5: Comparison of the best runs for Adahessian, Adam, Dan and Dan2 in regards to epoch
equivalent work. The best Adahessian happened to have lower Hessian ranks in the approximation than
the best Dan and Dan2 for the CIFAR10, while for CIFAR100 the rank 1 methods shown all performed
the best of individual runs. The CIFAR10 performance is quite similar for all four methods, while for
CIFAR100 the Hessian-averaged methods substantially out-performed Adam; particularly Dan gave the
best generalization accuracy (73.82% for the run shown).

These results overall show the power of Hessian-averaged methods for difficult deep learning problems.
While it was previously known that Adahessian performs well for these problems, these results show that
the momentum in the gradient utilized by Adahessian may not be necessary to achieve good performance.
Our algorithms (Dan, Dan2) do not use gradient momentum, and are competitive in challenging deep
learning classification problems.

49



6.5 Parametric PDE Regression

For a last numerical result we investigate the performance of Hessian averaged methods on some para-
metric PDE regression training problems; first where we learn a parametric map from input-output
function data, and second where we include parametric (Fréchet) derivatives as additional training data.
These problems differ from the previous deep learning examples because (1) they are regression tasks,
(2) the neural network representation is more compact, (3) there are substantially fewer sample data
and (4) the derivative-learning task includes very rich information per sample. For additional details on
neural operators see Appendix [9.3]

We train with each method for 200 epochs on 4500 samples of the PDE map (and its derivatives in
the H! case), and use 500 samples to compute generalization (relative) errors. We employ a one-step
learning rate scheduler that reduces the step length by 10x at the 150th epoch. We use a five layer
feedforward network with gelu activation [42]; the corresponding weight dimension is dy = 742, 050.
Since the weights are lower dimensional, we numerically experiment with using larger rank Hessian
approximations k = (1,20, 40), and demarcate the corresponding errors for these methods in tuples as
such. The results are shown below in Table[7] In general for these problems, Adam performed reliably
well in both the L2 and H} training problems. The Hessian averaged methods performed worse than
Adam on the L2 problem. For the H! problem Dan and Dan2 performed about the same as Adam, with
Adahessian performing slightly worse. SGD performed substantially worse than all other methods on
this problem. We believe the superior performance of the Hessian averaged methods on the H} problem
can be explain by the richer training data (e.g., the derivative training data) supplied for this problem;
indeed the divergence experienced by Dan and Dan2 in the L2 training is mitigated in the H} problem.
Perhaps the additional data per iteration reduced statistical sampling errors that may have caused early
iteration divergence for Dan and Dan2 in the L2 training problem.

6.6 Summary of findings

We summarize our findings as follows

e Hessian averaging can overcome the instabilities of subsampled Newton methods and still produce
good Hessian-like operators for generating optimization iterates.

e Dan and Dan2 (as with Adahessian) are competitive with Adam in per-iteration computational
work, particularly when reducing the frequency of Hessian computations. All three were empriri-
cally superior to SGD in the experiments that we conducted. Additionally, efficiently implemented
Hessian approximations using GPU vectorized computations leads runtime performance that is
independent of the subspace rank r before GPU memory is exhausted.

e Dan and Dan2 had competitive and often better performance than state-of-the-art methods Adam
and Adahessian in our experiments. Using adaptive gradient sampling can simultaneously improve
performance (e.g., generalization accuracy) while also reducing total computation as the Hessian
computations per-epoch are reduced as the gradient sample size is increased.

7 Conclusions

In this work we have advanced Hessian-averaged Newton methods with adaptive gradient sampling as
a compelling class of fully-inexact methods with significant advantages both theoretically and practi-
cally. Our global and local convergence theory demonstrates that these methods are capable of fast
local convergence for fixed per-iteration Hessian computations, when utilizing generalized norm test to
determine gradient sample sizes. When utilizing deterministic sampling strategies without replacement,
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L? training H} training
Method o (y, rel error Y\ ) (yr el error ) (Vg yr rel error )
0.01 | (0.366,0.366,0.362) | (0.012,0.010,X) (0.260, 0.258,X)
Adahessian 0.005 | (0.102,0.097,0.102) | (0.010,0.010,0.011) | (0.258,0.258,0.259)
0.001 | (0.121,0.12,0.122) (0.015,0.013,0.012) | (0.264,0.262,0.260)
0.01 | 0.361 0.028 0.274
Adam 0.005 | 0.078 0.023 0.264
0.001 | 0.054 0.008 0.255
0.01 | (X,X.X) (0.01,0.008,X) (0.257,0.256,X)
Dan 0.005 | (0.09,0.084,X) (0.009,0.009,0.007) | (0.257,0.256,0.256)
0.001 | (0.12,0.118,0.114) (0.014,0.013,0.012) | (0.263,0.261,0.260)
0.01 | (XXX (0.011,0.009, 1) (0.258,0.257, 1)
Dan w/ a.g. | 0.005 | (0.108,0.088,0.078) | (0.013,0.009, 1) (0.261,0.256, 1)
0.001 | (0.145,0.134,0.126) | (0.025,0.014, 1) (0.273,0.263, 1)
0.01 | (X.XX) (0.009,0.009,0.009) | (0.257,0.256, 0.256)
Dan2 0.005 | (0.092,0.088,0.084) | (0.01,0.009,0.008) (0.257,0.257,0.256)
0.001 | (0.12,0.119,0.118) (0.015,0.014,0.012) | (0.264,0.262,0.260)
0.01 | (XXX (0.01,0.009, ) (0.259,0.256, 1)
Dan2 w/ a.g. | 0.005 | (0.134,0.088,0.082) | (0.014,0.009, }) (0.262,0.257, 1)
0.001 | (0.144,0.137,0.131) | (0.027,0.013,%) (0.284,0.263, 1)
0.01 0.283 0.046 0.313
SGD 0.005 | 0.154 0.042 0.310
0.001 | 0.204 0.056 0.355
0.01 0.157 0.057 0.057
SGD w/ a.g. | 0.005 | 0.206 0.073 0.403
0.001 | 0.297 0.118 0.534

Table 7: Results of neural operator training for the reaction diffusion PDE problem. Hessian averaged
methods use (1,20,40) vectors for diagonal estimation. For the L2 training problem, Adam reliably
performed the best; while Dan, Dan2 ran into some stability issues for oy = 0.01. When Dan and Dan2
did not diverge they performed better than Adahessian which performed better than SGD. For the H}!
training problem, the Hessian-averaged Newton methods performed much better; for these problems,
Dan, Dan2 and Adam all performed somewhat comparably, with Adahessian performing slightly worse
and SGD performing substantially worse. The H! training problem has much richer information per
datum, perhaps leading to more well-informed subsampled Hessian approximations, leading to better
performance. i: these runs failed to complete in the final iterations due to out of memory error, this
could be overcome with a more efficient implementation, such an implementation is however outside of
the scope of this work.
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we developed a local superlinear convergence rate, that improved the best existing rate from O (ﬁ) to

@ (%), while simultaneously relaxing assumptions of gradient exactness and maintaining similar global
to local transition phase iteration complexity. We additionally extended our analysis to the stochastic
gradient sampling setting, establishing a full convergence theory in expectation, matching the O ( %) rate
of [46l, [64], albeit using additional assumptions. Furthermore, we establish local gradient complexity re-
sults matching those of adaptive first-order gradient methods and improving upon stochastic gradient
methods.

From a practical standpoint, we advanced Hessian-averaging as a variance reduction strategy that
reduced stochasticity-driven instabilities of second-order methods. From a computational cost perspec-
tive, we emphasized how matrix-free Hessian approximations can be efficiently computed in modern
computing frameworks for O(1) per-iteration Hessian-vector products and computational time, only re-
quiring O(d) memory. We introduce the efficient diagonally-averaged Newton methods (Dan and Dan2)
as practical extensions of the algorithmic framework that we investigate in this work. In numerical exper-
iments, we demonstrated that these methods are not only computationally competitive with first-order
methods, but consistently produce competitive and often superior generalization accuracies in complex
deep learning tasks.
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9 Appendices

9.1 Deterministic Sampling Bounds

Given Assumption we have the following bound used in Lemma

o~ V1)1? < 4 (S5 oIV sl + o). (0.1

The bound is stated in the beginning of Section 3.1 in [35], we restate it here for completeness of our
presentation:

X, 1
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where [N] :={1,2,--- ,N}.

Similarly, given Assumption we have the following bound used in Lemma

it = 902 < 4 (S0 (51 VS0P + ) (99

The bound is stated in the beginning of Section 3.1 in [35], we restate it here for completeness of our
presentation:

S
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9.2 Numerical Results

In this appendix we overview additional details of the numerical results. Most implementation de-
tail questions can be answered by reviewing the code in the accompanying repository |github.com/
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tomoleary/hessianaveraging [66]. The code was implemented in jax [20], and the numerical results
were run on servers with NVIDIA A100 and L40S GPU. Access to large memory GPU may be required
to run some of the results in the manuscript.

9.2.1 Stochastic Quadratic Minimization

In section we consider a subsampled quadratic minimization problem:

Subsampled quadratic: min f(w) = Ep, p, [[|[PaAw — Ppb|?], (9.5)

where P4, and P, randomly zero out a certain number of entries in A and b respectively; this problem
is a simple analogue to empirical risk minimization over a dataset.

In order to investigate adaptive gradient sampling, we use different P4, P, for the Hessian and gradient
calculations, and in order to satisfy the norm test we reduce the number of zero entries in Py, P, in
order to satisfy the norm test. The true A matrix is taken to be a positive definite matrix with spectrum
Ai = 1074 4(0.1i) 2, with d = 100. In this case the Hessian condition number x(AT A) ~ 106, which gives
a restrictive Lipschitz condition for gradient descent. When employing the norm test, we take 6; = 0.5
to be constant, so we are limited to the (fast) linear local convergence regime of our theory.

9.2.2 CIFAR[10,100] classification with ResNets

In section we investigate image classification with CIFAR[10,100] datasets. We utilize a ResNet
architecture based on [76], similar but not identical to those utilized in [4I]. Our results are able to
achieve similar accuracies to typical ResNet architectures, but do not reference established benchmarks.
All training runs for a given seed are run from the same initial guess. We use learning rate schedulers
that reduce the learning rate by a factor of four every 25% of epochs in order to obtain more practical
performance. The architectures used for CIFAR10 and CIFAR100 are nearly identical, and only differ
in the final layers, which map to R0, R0 respectively. The weight dimensions are correspondingly
d = 11,200,882 and d = 11,247,052. The details of the network architecture are much easier to
define in code, and are taken from [76], so we refer the interested reader to the repository [66] for the
implementation, and encourage them to run the code. Access to GPUs with large RAM will be necessary,
all results we used were run on NVIDIA A100 (40 and 80 GB) and L40S (48 GB). For all cases except
one we report averages over jax seeds 0 and 1.

(): Note from Table |5} in the case of the CIFAR100 Dan with o = 0.01 all methods suffered from
early iteration divergence using seed 0. Averaged over seeds 0 and 1 the corresponding accuracies of
this method goes from the reported (71.18,72.10,71.57) down to (48.68,62.52,64.03). This result is an
anomaly due to unlucky initial guess and/or sampling order, which was resolved by running a different
seed, however we document this issue for full transparency and reproducibility.

9.2.3 Parametric PDE Learning Numerical Details

Note that the loss function in requires one derivative of the neural network, and the Hessian-
vector products used in all optimization problem require two more. For this reason with consider C®
continuous activation functions, and thus uze the Gaussian error linear unit, gelu activation function.
The networks are generic feedforward multi-layer perceptrons that have inputs of 200, followed by five
laters with dimension 400, which then gets reduced to the output, which has dimension 50.

9.3 A Note on (Derivative-Informed) Parametric PDE Learning

We give a brief synopsis of parametric PDE learning, which is of great interest to the authors, in
order to give additional context to the numerical results in section Learning parametric PDE
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maps via neural network representations has become a research topic of great interest in recent years.
In the typical setup there is a parameter function x € X', which is mapped out to an output y € Y
implicitly, through the solution of an expensive-to-evaluate PDE model; this map is then x — y(z).
The parametric PDE learning problem is typically motivated through computationally expensive tasks
such as Bayesian inverse problems, optimization problems under uncertainty, optimal design, optimal
experimental design, rare event estimation, all of which have very large computational costs through
iteration and sampling complexities. The goal of the parametric PDE learning problem is to construct a
surrogate for the parametric PDE maps showing up in the aforementioned tasks that can be substituted
for direct forward simulation within these algorithms, and specifically to do so at a lower end-to-end
cost, including accounting for the costs of sampling the PDE map to obtain training data.

The spaces X, ) are generally separable Banach spaces, but for the remainder of this presentation
we will assume them to be separable Hilbert spaces. The inputs x € X are equipped with an input
distribution 7. We seek to construct and train a neural network approximation y,,(z) ~ y(x). In this
setting we consider X’ to represent an infinite-dimensional space, while ) is either an infinite-dimensional
space (e.g., to represent the PDE state) or a finite-dimensional vector-valued function on the state (as
was the case in the numerical results in section . The so-called neural operator formulation is to
formulate both the approximation and the training problem in a function space setting (following the
so-called “optimize-then-discretize” approach) [49]|H A typical formulation is in the parametric Bochner
space L2 = L?(X,m;)), i.e., to formulate the following optimization problem

min (ly = yulfz = Ex [ly—vul3]) - (9.6)

By first formulating the neural network training problem in the function space setting one can derive
neural network architectures that respect the continuum limit of the PDE map, and lead to efficient
statistical learning formulations. Popular examples of this general approach include PCANet, Fourier
Neural Operator (FNO) and DeepONet [43] 49, [54, 57]. These architectural representations utilize
appropriate basis representations (e.g., proper orthogonal decomposition (POD), Fourier basis etc.) that
allow for efficient finite dimensional approximations that have approximation properties independent
of the discretization dimension of the problem. In the numerical results we considered we utilize an
architecture that restricts the input function x to the dominant eigenfunctions of the expected sensitivity
operator. For example when the inputs are distributed with Gaussian measure, x € N (Z, C; ), we compute
the dominant eigenfunctions ; of the following generalized eigenvalue problem for the eigenpairs A;, ¥;
with \; > A; for ¢ < j:

Er[D.y* Doyl = NiCy i, (9.7)

where -* denotes the adjoint of D,y. The architectures are referred to as derivative-informed projected
neural networks DIPNets [68] [69], and are motivated by the existence of input-reduced approximations
yr of the map with bounds satisfying

ly —yr 0 T WHF2 < DA (9.8)

=T

The form of y, is a conditional expectation ridge function that marginalizes out the orthogonal
complement to the subspace spanned matrix of eigenfunctions ¥, = [¢1,...,%,], with r € N. The
bound is derived using the Poincaré inequality (in this case for Gaussian measures) [I1l [03]. In our
numerical results the output dimension was reduced via pointwise evaluation of the PDE state at finite
points in the domain (as is relevant to inverse problems), however other dimension strategies such as POD

IWe note that the term neural operator is typically reserved for circumstances that both x and y represent infinite-
dimensional functions, however the general framework is useful in cases where one or both are functions, as it may lead to
discretization-dimension independent representations [45].
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could have also been employed to similar effect. The empirical risk minimization problem associated
with in this specific architecture leads to the efficient finite-dimensional reduced basis coefficient
learning problem in .

Accurately trained neural operators have been deployed to solve complex inference and uncertainty
propagation tasks that would have been out of reach when using a traditional forward simulation [72].
However when they are deployed in the context of an optimization problem, the L2 formulation is
insufficient. Suppose we have an optimization problem of the form:

min f(y(x), 2), (9.9)

which is solved via gradient-based methods. Problems of the form include traditional PDE-
constrained optimization problems (additionally including uncertainty when f is a risk measure over
additional parameters in the PDE system), but also captures other tasks such as variational inference,
e.g., evidence-based lower bound optimization (ELBO) [77]. We will show in the following proposition
that training only on the function values and not also the derivative (e.g., the L? parametric Bochner
space formulations) may be insufficient to ensure accurate gradients when substituting y,, for y. In the
following we use D, to denote the (total) Fréchet derivative of the objective function f with respect to
the input function x, while we denote partial derivatives by 0,.

Proposition 9.1. Error bound for parametric PDE gradients (similar to Proposition 3.1 in [59]).
Supposed the function f has a Lipschitz partial (Fréchet) derivatives w.r.t both x and y with constant
Ly, then we have the following bound:

| De f(y(2), #) — Do f (g (2), 2)| <

L1+ [Doy(@)]) |y(@) = yo (@)] +]10y f (Yo (x), 2) | | Day(#) — Doy ()] - (9.10)
- N
function error derivative error

Proof. We have the following bounds

| De f( (@),2) = Do f (Yo (), )| < 02 f (y(2), 2) = Ou f (Y (), 2) | +
10y f(y(@), ) = 0y f (yu (@), 2)[ | Day ()| + 10y f (y(2), ) || Day(x) = Doy ()]
:Lf(lﬂley( 2)Dly() = yw (@) + 0y f (g (2), 2)[| D2y () — Doy ()] (9.11)

O

This bound shows that the derivative of the PDE map also needs to be controlled in addition to
the function error, in order to obtain accurate gradients, which are required for the solution of opti-
mization problems of the form . For this reason the derivative-informed operator learning formu-
lation was introduced in [67], which proposes the operator learning in the parametric Sobolev space
H! = HY(X,n;)), i.e. to solve the following optimization problem to train the surrogate:

min (g = yulds = Ex [Iy = vol3 + 1029 = Dauldisce]) (9.12)

where |- ||zg(x,y) denotes the Hilbert Schmidt norm for linear operators A : X — ). Utilizing the linear
reduced bas1s architecture discussed above the empirical risk minimization analogue of - ) takes the
form of the efficient reduced basis coefficient derivative learning problem in

Neural operators trained in this formulation are referred to as derivative—informed neural operators
(DINOs). They have favorable cost accuracy tradeoff over traditional formulations for learning the func-
tion in L2; this includes the sampling costs for all PDE solves including the derivative computations
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using adjoints and directional sensitivities. This phenomenon is apparent in the numerical results shown
in Section Additionally, they produce better gradients leading to better PDE-constrained optimiza-
tion [59], and better (Gauss—Newton) Hessians used in the efficient solution of Bayesian inverse problems
[24).
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