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ABSTRACT

We introduce a general framework for nonlinear stochastic gradient descent (SGD) for the scenarios
when gradient noise exhibits heavy tails. The proposed framework subsumes several popular non-
linearity choices, like clipped, normalized, signed or quantized gradient, but we also consider novel
nonlinearity choices. We establish for the considered class of methods strong convergence guarantees
assuming a strongly convex cost function with Lipschitz continuous gradients under very general
assumptions on the gradient noise. Most notably, we show that, for a nonlinearity with bounded
outputs and for the gradient noise that may not have finite moments of order greater than one, the
nonlinear SGD’s mean squared error (MSE), or equivalently, the expected cost function’s optimality
gap, converges to zero at rate O(1/t%), ¢ € (0, 1). In contrast, for the same noise setting, the linear
SGD generates a sequence with unbounded variances. Furthermore, for the nonlinearities that can be
decoupled component wise, like, e.g., sign gradient or component-wise clipping, we show that the
nonlinear SGD asymptotically (locally) achieves a O(1/t) rate in the weak convergence sense and
explicitly quantify the corresponding asymptotic variance. Experiments show that, while our frame-
work is more general than existing studies of SGD under heavy-tail noise, several easy-to-implement
nonlinearities from our framework are competitive with state of the art alternatives on real data sets
with heavy tail noises.

1 Introduction

Stochastic gradient descent (SGD) and its variants, e.g., [} 2} 13} 14, 15,16, [7, 18], are popular and standard methods for
large scale optimization and training of various machine learning models, e.g., [9, |10 11} 12]. Recently, there have been
several studies that demonstrate that the gradient noise in SGD that arises, e.g., when training deep learning models, is
heavy-tailed, e.g., [13}[14}[15].

Motivated by these studies, we introduce a general analytical framework for nonlinear SGD when the gradient evaluation
is subject to a heavy-tailed noise. We combat the gradient noise with a generic nonlinearity that is applied on the noisy
gradient to effectively reduce the noise effect. The resulting class of nonlinear methods subsumes several popular



choices in training machine learning models, including normalized gradient descent and clipped gradient descent, e.g.,
[L6], the sign gradient, e.g., [17], and (component-wise) quantized gradient, e.g., [18]E]

We establish for the considered class of methods several results that demonstrate a high degree of robustness to noise
under very general assumptions on the nonlinearity and on the gradient noise, assuming a strongly convex cost with
Lipschitz continuous gradient. First, for a nonlinearity with bounded outputs (e.g., a sign, normalized, or clipped
gradient) and the gradient noise that may have infinite moments of order greater than one, assuming that the noise
probability density function (pdf) is symmetric, we show that the nonlinear SGD converges almost surely to the solution,
and, moreover, achieves a global O(1/t¢) mean squared error (MSE) convergence rate, where we explicitly quantify
the degree ¢ € (0,1). In the same setting, the linear SGD generates a sequence with unbounded variances at each
iteration ¢. Furthermore, assuming the gradient noise with finite variance, we show — for the unbounded nonlinearities
that are lower bounded by a linear function — almost sure convergence and he O(1/t) global MSE rate.

Next, for the nonlinearities with bounded outputs that can be decoupled component-wise (e.g., a sign or component-wise
clipping), we show under the heavy-tail noise a local (asymptotic) O(1/t) rate in the weak convergence sense. More
precisely, we show that the sequence generated by the nonlinear SGD is asymptotically normal and explicitly quantify
the asymptotic variance. Finally, we illustrate the results on several examples of the nonlinearity and the gradient noise
pdf, highlighting and quantifying the noise regimes and the corresponding gains of the nonlinear SGD over the linear
SGD scheme. In more detail, the asymptotic variance expression reveals an interesting tradeoff that the nonlinearity
makes on the algorithm performance: on the one hand, the nonlinearity suppresses the noise effect to a certain degree,
but on the other hand it also reduces the “useful information flow” and hence slows down convergence with respect
to the noiseless case. We explicitly quantify this tradeoff and demonstrate through examples that an appropriately
chosen nonlinearity strictly improves performance over the linear scheme in a high noise setting. Finally, we carry
out numerical experiments on several real data sets that exhibit heavy tail gradient noise effects. The experiments
show that, while our analytical framework is more general than usual studies of SGD under heavy-tail noise, several
easy-to-implement example nonlinearities of our framework — including those not previously used — are competitive
with state of the art alternatives.

Technically, for component-wise nonlinearities and the asymptotic analysis, we develop proofs based on stochastic
approximation arguments, e.g., [20]], following the noise and nonlinearities assumptions framework similar to [21]].
The paper [21] is concerned with a related but different problem than ours: it considers linear estimation of a vector
parameter observed through a sequence of scalar observation equations, and it is not concerned with a global MSE rate
analysis that we provide here. For the MSE analysis and for the nonlinearities that cannot be expressed component-wise,
like the clipped and normalized gradient, we develop novel analysis techniques.

There have been several works that study robustness of stochastic gradient descent under certain variants of heavy-tailed
noises. Reference [15] consider an adaptive gradient clipping method and establish convergence rates in expectation for
the considered method under a heavy-tailed noise. For this, the authors assume that the expected value of the norm
of the gradient noise raised to power « is finite, for « € (1, 2]. They also provide lower complexity bounds for SGD
methods assuming in addition that the expected a-power of the norm of the stochastic gradient is finite. The authors
of [22] consider an accelerated SGD with gradient clipping. They establish high probability bounds for the considered
method under the noise that has finite second moment but that does not have to satisfy the sub-Gaussianity assumption.
Reference [23] proposes a method called proxBoost and establishes for the method high probability bounds, again
assuming a finite noise variance and relaxing the sub-Gaussianity assumption. The paper [13]] establishes convergence
of the linear SGD assuming that the gradient noise follows a heavy-tailed a-stable distribution. In summary, with
respect to existing work, our framework establishes results for the more general setting with respect to both the adopted
nonlinearity in SGD and the “thickness” of the gradient noise tail, assuming in addition that the noise pdf is a symmetric
function. For example, current works usually assume a single choice for the nonlinearity, e.g., gradient clipping, while
we consider a general nonlinearity that subsumes many popular choices. Also, provided that the nonlinearity’s output
is bounded (which is true for many popular choices like the clipped, signed, and normalized gradient), we establish
a sublinear MSE convergence rate O(1/t%) assuming only that the expected norm of the gradient noise is finite, an
assumption weaker than those considered in the works of [22} [15, 23} 113]]. On the other hand, we assume a strongly
convex smooth cost function, which is equivalent to or stronger than the assumptions made in these works. The MSE
rate we establish ( may be slower than that in the work of [15]. However, the rate ¢ holds uniformly for a general class
of nonlinearities, holds for a “thicker” noise tail than that in [[15]], and holds uniformly irrespective of the assumed
“thickness” of the noise tail. In contrast, the MSE rate in [[15] holds for a specific adaptive gradient clipping scheme and
is dependent on the degree « of the assumed finite noise moment.

nterestingly, some of these nonlinear methods are usually introduced with a different motivation than robustness, like, e.g.,
speeding up training, see, e.g., [16], or communication efficiency, [17} [19].



The idea of employing a nonlinearity into a “baseline” linear scheme has also been used in other contexts. Most notably,
several works consider nonlinear versions of the standard consensus algorithm to evaluate average of scalar values in
a distributed fashion, e.g., [24}[25, 26]. The paper [24] introduces a trigonometric nonlinearity into a standard linear
consensus dynamics and shows an improved dependence of the method on initial conditions. References [25] and
[26] employ a general nonlinearity in the linear consensus dynamics and show that it improves the method’s resilience
to additive communication noise. The authors of [27]] modify the linear consensus by taking out from the averaging
operation the maximal and minimal estimates among the estimates from all neighbors of a node. The above works are
different from ours as they focus on the specific consensus problem that can be translated into minimizing a convex
quadratic cost function in a distributed way over a generic, connected network. In contrast, we consider general strongly
convex costs, and we are not directly concerned with distributed systems.

Paper organization. Section [2] describes the problem model and the nonlinear SGD framework that we assume.
Section [3] and [] explain our results on nonlinear SGD for component-wise and joint nonlinearities, respectively.
Sections [5] and [6| then provide proofs of the corresponding results. Section [7illustrates the performance of several
example methods from our nonlinear SGD framework on real data sets that have heavy-tail gradient noise. Finally,
Section 8] concludes the paper. Some auxiliary results and proofs are delegated to the Appendix.

Notation. We denote by R and R, respectively, the set of real numbers and real nonnegative numbers, and by R™
the m-dimensional Euclidean real coordinate space. We use normal (lower-case or upper-case) letters for scalars,
lower-case boldface letters for vectors, and upper case boldface letters for matrices. Further, we denote by: a; or [a];, as
appropriate, the i-th element of vector a; A;; or [A];;, as appropriate, the entry in the i-th row and j-th column of a
matrix A; AT the transpose of a matrix A; and trace(A) the sum of diagonal elements of A. Further, we use either
a'bor (a, b) for the inner product of vectors a and b. Next, we let I and 0 be, respectively, the identity matrix and the
zero matrix; || - || = || - |2 the Euclidean (respectively, spectral) norm of its vector (respectively, matrix) argument; ¢’ (w)
the first derivative evaluated at w of a function ¢ : R — R; VA(w) and V2h(w) the gradient and Hessian, respectively,
evaluated at w of a function i : R™ — R; P(A) and E[u] the probability of an event A and expectation of a random
variable u, respectively; and by sign(a) the sign function, i.e., sign(a) = 1, for a > 0, sign(a) = —1, for a < 0,
and sign(0) = 0. Finally, for two positive sequences 7, and x,, we have: 7, = O(xy) if limsup,,_, Z—: < 00;

M = Qxn) if liminf,, _, o Z—Z > 0; and 7, = O(xy,) if n, = O(xx») and 1, = Q(xn)-

2 Problem Model and the nonlinear SGD Framework

We consider the following unconstrained problem:
minimize f(x), 2.1
where f : R — R is a convex function.

‘We make the following standard assumption.

Assumption 1 Function f : R? — R is strongly convex with strong convexity parameter y. > 0, and it has Lipschitz
continuous gradient with Lipschitz constant L > .

Under Assumption problem has a unique solution, which we denote by x* € R%.
In machine learning settings, function f can correspond to the risk function, i.e.,

fx) =Eap[¢(x:d)] + R(). (22)
Here, P is the (unknown) distribution from which the data samples d € R? are drawn; £(-; -) is a loss function, convex
in its first argument for any fixed value of the second argument; and R : R? — R is a strongly convex regularizer.

Similarly, f can be empirical risk, i.e., f(x) = & (Z?:lg(Xde)) + R(x), where d;, j = 1,...,n, is the set
of training data points. Several machine learning models fall within the described framework under Assumption

including, e.g., ¢»-regularized quadratic and logistic losses.

We introduce a general framework for nonlinear SGD methods to solve problem 2.1} an algorithm within the framework
takes the following form:

xT = xt — o, O (Vf(x) + ). (2.3)
Here, x! denotes the solution estimate at iteration ¢, t = 0,1,...; ¥ : R+ R%isa general nonlinear map; « is the
employed step size; v* € R? is a zero-mean gradient noise; and x° is an arbitrary deterministic point in R,

We will specify further ahead the assumptions that we make on the step size o, the map ¥ and the noise v*. Some
examples of commonly used maps W that fall within our framework are the following:



1. Sign gradient: [¥(w)]; = sign(w;), i =1,...,d;

2. Component-wise clipping: [¥(w)]; = w;, for |w;| < m; [¥(w)]; = m, for w; > m, and [¥(w)]; = —m,
for w; < —m, for some constant m > 0.

3. Component-wise quantization: for each i = 1, ...,d, we let [¥(w)]; = r;, for w; € (¢j-1,4;],7 =1,...,J,
where —00 = g9 < q1 < ... < g5 = +o00, J is a positive integer, and the r;’s and g;’s are chosen such that

each component nonlinearity is an odd function, i.e., [¥(w)]; = —[¥(—w)];, for each 7 and for each w;
4. Normalized gradient: ¥(w) = HX—H for w # 0, and ¥(0) = 0;

5. Clipped gradient: ¥(w) = w, for ||w|| < M, and ¥(w) = Twy M., for |lw|| > M, for some constant
M > 0.

Other nonlinearity choices are also introduced ahead (see Section [7)).

We next discuss the various possible sources of the gradient noise /. First, the noise may arise due to utilizing a search
direction with respect to a data sample. That is, a common search direction in machine learning algorithms is the
gradient of the loss with respect to a single data point dﬂ gi(x) = VL (x;d;) + VR(x). In case of the risk function
@]), d; is drawn from distribution P; in case of the empirical risk, d; can be, e.g., drawn uniformly at random from
the set of data points d;, j = 1, ..., n, with repetition along iterations. In both cases, the corresponding gradient noise
equals v = g;(x) — V f;(x). Several recent studies indicate that noise v exhibits heavy tails on many real data sets, e.g,
(T3] [14L[15]], (See also Section[7})

We also comment on other possible sources of gradient noise. The noise may be added on purpose to the gradient
V f(x) for improving privacy of an SGD-based learning process, e.g., [28]. Also, the noise v' may model random
computational perturbations or inexact calculations in evaluating a gradient V f(x).

3 Main results: Component-wise Nonlinearities

Section [3| provides analysis of the nonlinear SGD method for component-wise nonlinearities. That is, we consider here
maps ¥ : R? > R? of the form ¥ (wy, ...,wg)) " = (¥(wy), ..., ¥(wq)) ", for any w € R?, where (somewhat abusing
notation) we denote by ¥ : R — R the component-wise nonlinearity. In this setting, we establish for (2.3)) almost sure
convergence and evaluate the MSE convergence rate and the asymptotic covariance of the method.

In more detail, we consider algorithm (2.3) under Assumptions [2]and [3] below; they follow the noise and nonlinearity
framework similar to [21]].

Assumption 2 (Gradient noise) For the gradient noise random vector sequence {v'} in @3),t = 0,1, ..., v* € RY,
we assume the following:

1. {v'} is independent identically distributed (i.i.d.) across iterations, and, for any fixed t, v is independent of
xt. Also, random variables Vf are mutually independent across © = 1, ...d;

2. Each component v!, i = 1,...,d, of vector v* = (Vi,....v4)T has a probability density function p(u),
p: R — Ry. The pdf p is symmetric, i.e., p(u) = p(—u), for any u € R with [ |u|p(u)du < +o0.

3. The pdf p(u) is strictly unimodal, i.e., p(0) < 400 and p(v1) < p(va) for |v1| > |va|.

4. Function V is strictly increasing, and, for the cumulative distribution function (cdf) associated with pdf p,
®(u) = [* _p(v)dv, it holds that ® and ¥ have a common growth point, i.e., ®(v + €) > ®(v — €) and
U(v+e€) > V(v —e)foracertainv € R and for all ¢ > 0.

We assume that at least one of the conditions 3. or 4. hold.

Conditions 1. and 2. in Assumption [2]concerning the requirement that the noise vector is i.i.d. across its components
1 =1, ...,d may be restrictive. For the global MSE analysis, these assumptions can be relaxed; see ahead the remark
after Theorem [3.2]and Appendix C.

Assumption 3 (Nonlinearity V) Function ¥ : R — R has the following properties:

1. Function ¥ is a continuous (except possibly on a point set with Lebesgue measure of zero), piece-wise
differentiable, monotonically nondecreasing and odd function, i.e., V(—w) = —W(w), for any w € R;

2Similar considerations hold for a loss with respect to a mini-batch of data points; this discussion is abstracted for simplicity.



2. ¥ (w)| < C1(1+ |wl|), for any w € R, for some constant Cy > 0.

3. | (w)| < Cy, for some constant Cy > 0.

Here, we assume that either 2. or 3. holds. If 2. holds, then we additionally require a finite variance for the gradient
noise, i.e., there holds [ |u|*p(d)du < 400

Note that, provided that condition 3. in Assumption [3|holds, we require only a finite first moment of the gradient noise,
while the moments of a-order, & > 1, may be infinite, hence allowing for heavy-tail noise distributions. For example,
the gradient noise variance can be infinite. Condition 3. in Assumption [3]holds for several interesting component-wise
nonlinearities, like, e.g., the sign gradient, component-wise clipping, and quantization schemes introduced in Section 2]
Note also that Assumption [3|encompasses a broad range of component-wise nonlinearities, beyond the examples in
Section[2} (For example, see Section [7)for the tanh and a bi-level quantization nonlinearity.)

Let us define function ¢ : R — R, as follows. For a fixed (deterministic) point w € R, ¢(w) is defined by:

P(w) =E [¥(w+1)] = /\Il(w + u)p(u)du, (3.1

where the expectation is taken with respect to the distribution of a single entry of the gradient noise at any iteration,
i.e., with respect to pdf p(u). Intuitively, the nonlinearity ¢ is a convolution-like transformation of the nonlinearity ¥,
where the convolution is taken with respect to the gradient noise pdf p(u). As we will see ahead, the nonlinearity ¢
plays an effective role in determinining the performance of algorithm (2.3).

We have the following Theorem.

Theorem 3.1 (Almost sure convergence: Component-wise nonlinearity) Consider algorithm (2.3) for solving opti-
mization problem 2.1), and let Assumptions[IH3|hold. Assume in addition that f is twice continuously differentiable.
Further, let the step-size sequence {cy } be square summable, non-summable: _ iy = +00; > a? < +oc. Then, the
sequence of iterates {x'} generated by algorithm 2.3) converges almost surely to the solution X* of the optimization

problem (2.1).

Theorem 3.1] establishes a.s. convergence of the nonlinear SGD scheme (2.3) under a general setting for the component-
wise nonlinearities and gradient noise. For example, provided that the output of the nonlinearity ¥ is bounded,
algorithm (2.3)) converges even when the gradient noise may not have a finite a-moment, for any « > 1. (Hence it
may have an infinite variance). In contrast, as shown in Appendix [§] the linear SGD (algorithm (2.3) with ¥ being the
identity function) generates a sequence of solution estimates with infinite variances, provided that the variance of p(u)
is infinite.
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Figure 3.1: Illustration of Theorem 3.1} estimated MSE versus iteration counter for the nonlinear SGD in (2.3) with
component-wise sign nonlinearity (blue line) and the linear SGD (red line).

3As it will be seen in subsequent text, several statements of results and several proofs treat separately the following two scenarios:
1) condition 2. in Assumption 3 holds (and the gradient noise may not have finite variance); and 2) condition 3. in Assumption 3
holds, but the gradient noise has finite variance. We clearly indicate ahead when we want to distinguish between the two scenarios.
For example, when we say that condition 3. in Assumption 3 holds, we refer to the second scenario above. See, e.g., Theorem[3.2] If
the result holds for either of the two scenarios, we do not make specific mention of condition 2. or 3. in Assumption 3. See, e.g.,
Theorem [3.1].



Example 3.1 Figure illustrates Theorem 31| with a simulation example. We consider a strongly convex quadratic
Sfunction f : R? — R, flx) = xTAx + b x, where A € R4 j5 ¢4 (symmetric) positive definite matrix, d = 16, and
quantities A, b are generated at random. We consider algorithm [2.3) with the component-wise sign nonlinearity and
the linear SGD. The gradient noise is i.i.d. across iterations and across components and has the following pdf:

a—1
2(1 + |uf)>’
foru € R and o > 2. Note that the distribution (3.2)) does not have a finite o« — 1 moment and has finite moments of

r-th order for r < o — 1. We set in simulation o = 2.05. Note that, in this case, the gradient nozse has infinite variance.
We initialize both the linear and nonlinear algorithm with x° = 0, and we let step size o, = Figure 1 shows an

pu) = (3.2)

t+1
estimate of MSE, i.e., of the quantity E[||x* — x*||?], obtained by averaging results from 100 sample paths. The red line
corresponds to the linear SGD, while the blue line corresponds to the nonlinear SGD with the component-wise sign
nonlinearity. As predicted by Theorem[3.1| the nonlinear SGD drives the MSE to zero, while the linear SGD does not
seem to provide a meaningful solution estimate sequence.

We next establish the mean square error (MSE) convergence rate of algorithm (2.3).

Theorem 3.2 (MSE convergence: Component-wise nonlinearity) Consider algorithm @2.3) for solving optimization
problem 21)), and let Assumptzons@] 2] and Assumption[3|with condition 3. hold Further, let the step-size sequence
{asy be ay = a/(t +1)°%, a > 0, § € [0.5,1). Then, for the sequence of iterates {x'} generated by algorithm 2.3),
it holds that E [||x" — x*||2] = O(1/t%), or equivalently, E[f(x") — f*] = O(1/t%). Here, { < 1 is any positive
number such that ¢ < min (2(5 -1 (ag‘(ifé-)f i‘)(o-)t-lﬁx*u) and constant § > 0 is such that ¢(a) > M a, for
any a € (0,€). Furthermore, let Assumptwnsi i and Assumptlon I with condition 2. hold, let oy = (tﬁ1)5’
§ € [0.5,1], and assume that inf .4 | |(‘ L > 0. Then, there holds that E [Ixt —x*||?] = O(1/t°), or equivalently,
E[f(x!) — f*] = O(1/t%). In particular, for § = 1, we obtain the O(1/t) MSE rate.

Remark. The MSE convergence O(1/t¢"), for some ¢’ € (0, 1), continues to hold under the same set of assumptions
as in Theorem [3.2]but with a relaxed version of Assumption[2] where we no longer require that the gradient n01se vector
has mutually independent components. More precisely, we allow for an i.i.d. noise vector sequence {1}, vt € R?, that
has a symmetric joint pdf p : R? — R, p(u) = p(—u), for any u € R%. In that case, effectlvely, the role of function ¢
in Theoremis replaced by functions w — ¢;(w), w € R, i = 1,...,d, where ¢;(w) = [ ¥(w + u)p;(u)du, and
p; : R — R is the marginal pdf of the i-th component associated with the joint pdf p : Rd — R. (See Appendix C.)

For the bounded nonlinearity case (e.g., sign gradient, component-wise clipping, quantization nonlinearity) and the
heavy-tail noise (only the first noise moment assumed to be finite), the nonlinear SGD (2.3)) achieves a global sublinear
MSE rate O(1/ tC) ¢ € (0,1). On the other hand, for the finite variance case and an unbounded nonlinearity, the

nonlinear SGD (2.3) achieves a global MSE rate O(1/t) provided that inf,,¢ ‘\Plg"’)‘ > 0. This is the best achievable

rate and equal to that of the linear SGD in the same setting. Furthermore, by Theorem [3.3]ahead, the nonlinear SGD
(2.3) with bounded outputs under the heavy-tail noise achieves locally, in the weak convergence sense, the faster O(1/t)
rate. This is again in the setting where the linear SGD fails.

Example 3.2 We next illustrate the value ¢ in Theorem[3.2]on the family of heavy-tailed pdfs in (3.2). To be specific,
consider the sign nonlinearity U(w) = sign(w). Then, it is easy to show that:

o) =2 [ pladu, o/(0) = 2p(0), £ > 2% ~ 1~ 2.

Using the above calculations, we can see that, for a large a, ( can be approximated as min (26 -1, %1;\/;) > 0,

§ € (0.5,1).

We also compare the rate ( with the analysis in [lI5|] that is closest to our setting with respect to existing work. The
authors of [15] assume for the MSE upper bound and strongly convex functions analysis that, in our notation, both
the quantities E[||V f(x!) + v'||*] (a restrictive bounded gradients assumption) and E| @] are finite for some
o € (1,2]. They then show a rate O(1/t*( =1/ for a specific adaptive clipping scheme. This rate can be faster than
the ( rate we establish, but ours holds uniformly for a general class of nonlinearities and for any symmetric noise pdf
with a finite first moment.




We next establish asymptotic normality of (2:3).

Theorem 3.3 (Asymptotic normality: Component-wise nonlinearity) Consider algorithm 223) for solving opti-
mization problem 2.1)), and let Assumptions[IH3|hold. Assume in addition that f is twice continuously differentiable.

Further, let the step-size sequence {oy} equal: op = a/(t + 1), t = 0,1, ..., with parameter a > m. Then, the

sequence of iterates {x'} generated by algorithm 2.3)) is asymptotically normal, and there holds:
VEFI(x —x*) 4 N(©O,S), (3.3)

d . e . . L N
where — designates convergence in distribution. The asymptotic covariance S of the multivariate normal distribution
N(0,S) is given by:

S =a? / e"ZSpe"Zdv = a’o7, [2a¢ (0)V? f(2*) — 1] -
where: )
So= 4L oh = [ VWP, £ = J1- ad @V r6x). (3.4)

Theorem [3.3] establishes asymptotic normality of (2.3)) and, moreover, it gives an exact expression for the asymptotic
covariance S in (3.4), that basically corresponds to the constant in the 1/t variance decay near the solution. The
asymptotic covariance value (3.4) reveals an interesting tradeoff with respect to the effect of the nonlinearity ¥. We
provide some insights into the tradeoff through examples below.

Example 3.3 We compare the linear SGD and the nonlinear SGD with component wise clipping. For illustration and
simplification of calculations, we consider the special case when V2 f(x*) is a symmetric matrix with all eigenvalues
equal to one. Then, it is straightforward to show that the per-entry asymptotic variance for the best choice of parameter
a over the admissible set of values equals:
inf  trace (S) 7 (3.5)
e @ (0)?

Here, for the linear SGD i.e., when ¥ (a) = a, we have that o2, = Ik a’p(a)da equals the gradient noise (per component)
variance o2, and ¢'(0) = 1, and so (3:3) equals 2. Now, consider the coordinate-wise clipping, with ¥(a) = a for
la| < m and ¥ (a) = sign(a)m, for |a| > m, for some m > 0. Then, we have: o3 = m? — 2 fom(m2 —v?)p(v)dv,
and ¢ (0) = 2 [, p(v)dv. Note that the case m — oo corresponds to the linear SGD case. Consider now the tradeoff
with respect to the choice of m. Clearly, taking a smaller m has a positive effect on the numerator in (3.3)) (it suppresses
the noise effect). On the other hand, reducing m has a negative effect on the denominator in (3.3); that is, it reduces the
value ¢’ (0) — intuitively, it “lowers the quality” of the search direction utilized with 23). One needs to choose the
nonlinearity, i.e., the parameter m, optimally, to strike the best balance here. Clearly, for larger gradient noise o2, we
should pick a smaller value of m. It can be shown that, for any finite o2, there is an optimal value m* € (0, cc) that

minimizes (3.3).

Example 3.4 We continue to assume the simplified setting when the per-entry asymptotic variance equals (3.3). We
consider the sign gradient nonlinearity and the class of heavy-tail gradient noise distributions in (3.2). It can be shown
that here: 0% = 1; 02 = m,for a > 3and 0% = oo, else; and ¢'(0) = a— 1. Therefore, for the sign gradient,

the best achievable per entry asymptotic variance equals ﬁ, while for the linear SGD it equals m for

a > 3, and is infinite for a € (2, 3]. Hence, we can see for the considered example that the sign gradient outperforms
the linear SGD for any o > 2, and the gap becomes larger as o gets smaller.

Example 3.5 We still consider the simplified setting of (3.5). If the noise pdf p(u) is known, then, following [21],
we can find a globally optimal nonlinarity that minimizes that takes the form: V(a) = —diln(p(a)). The
corresponding optimal asymptotic variance equals the Fisher information associated with the pdf p(uﬁ.

Example 3.6 Figure[3.2)illustrates Theorem[3.3for the nonlinear SGD in [2.3) with component-wise sign nonlinearity
and the same simulation setting used for the numerical illustration of Theoremand step-size a; = %' The red
*||? estimated through 100 sample path runs. This quantity estimates the constant in the

. . . .. . . . . trace(S)
1/t per-entry asymptotic variance decay, i.e., it is a numerical estimate of the per-entry asymptotic variance ==,

where S is given in Theorem The blue horizontal line marks the value %. We can see that the simulation
matches well the theory.

line plots quantity 4 ||x* — x
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Figure 3.2: Illustration of Theorem Monte Carlo estimate of per-entry asymptotic variance (red line) and the
theoretical per-entry asymptotic variance in Theorem@ (blue line).

4 Main results: Joint Nonlinearities

We now consider algorithm (2.3)) for a nonlinearity ¥ : R? — R that cannot be decoupled into (equal) component
wise nonlinearities ¥ : R +— R, as it was possible before. More precisely, we make the following assumptions on the
gradient noise v and the nonlinear map ¥ : R¢ — R

Assumption 4 [Gradient noise] For the gradient noise sequence {v'}, we assume the following:

1. The sequence of random vectors {v'} is i.i.d. and for any t = 0,1, ..., V! is independent of x'. Moreover, vt

has a joint symmetric pdf p(u), p : R — R, i.e., p(u) = p(—u), for any u € R with [ |Jup(u)du < oco;

2. There exists a positive constant By such that, for any x € R?, x # 0, for any A € (0,1], there exists

A= AA) >0, such thaﬂ f{uERd: BT cl0,A], Jull<Bo) p(u)du > A(A).

Assumption [ allows for a heavy-tailed noise vector whose components can be mutually dependent. Condition 2.
in Assumptionis mild; it says that the joint pdf p(u) is “non-degenerate” in the sense that, along each “direction”

(determined by arbitrary nonzero vector x), the intersection of the set {HuuHTﬁ € [0, A]} and the ball {||u|| < By}
consumes a positive mass of the joint pdf p(u).

Assumption 5 (Nonlinearity W) The nonlinear map ¥ : R? s R? takes the folloing form: ¥(w) = wN (||w
where function N : R — R satisfies the following:

)

1. Function N is non-increasing and continuous except possibly on a point set with Lebesgue measure of zero
with N'(q) > 0, for any q¢ > 0. The function gN(q) is non-decreasing;

2. [ ®(w)|| < C1(1+ ||w]), for any w € RY, for some C} > 0;

3. || ¥ (w)|| < C, for any w € RY, for some Ch > 0.

Here, we assume that either 2 or 3 holds. If 2 holds, then we additionally require that the second moment of V' is
bounded, i.e., [ ||u*p(u)du < ooE|

There are many nonlinearities that satisfy Assumption [5] including, the normalized gradient and the clipped gradient
discussed in Section

Theorem 4.1 (MSE and a.s. convergence: Joint nonlinearity) Consider algorithm 23)) for solving optimization
problem 21), and let Assumptions[I} B} and AssumptionD|with condition 3. hold. Further, let the step-size sequence

*The integration set {u € R : H‘-lll‘rﬁ € [0, A], |lu|]| £ Bo} also includes the point u = 0. In other words, for compact

notation here and throughout the paper, we write \I;\ITH); 7€ [0, A] instead of 0 < u'x < Alu|||x]|.

3 Analogously to Assumption 3, we often refer to the two different scenarios, corresponding to conditions 2. and 3. in Assumption,
5, respecticvely. See also the footnote at the end of Assumption 3.
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Figure 4.1: Comparison of the optimization algorithms across different datasets

{as}y be ay = a/(t +1)°, a >0, 6 € (0.5,1). Then, for the sequence of iterates {x'} generated by algorithm 2.3), it
holds that E [||x" — x*||?] = O(1/t%), or equivalently, E [f(x") — f*] = O(1/t%), where ¢ € (0,1). In alternative,

let Assumptions ﬂ and Assumptionﬁ with condition 2. hold, let oy = ﬁ, § € (0.5,1], and assume that
1% (w)l

infyzo g > 0. Then, E [Ix! = x*[|?] = O(1/t%), or equivalently, E [f(x') — f*] = O(1/t°). In particular, for
0 = 1 and a sufficiently large parameter a, we obtain the O(1/t) MSE rate. Fmally, under Assumptlonsl . and ﬁ
§ € (0.5,1) and f that is in addition twice continuously differentiable, we have that x* converges to x*, a.s.

Theorem .| establishes a.s. convergence and a global sublinear MSE rate of algorithm (2.3) for a nonlinearity with
bounded outputs (e.g., a normalized or clipped gradient) in the presence of heavy-tailed noise that may have infinite
moments of order greater than one. See also the discussion after Theorem for analogous interpretations and
comparisons with existing work. See ahead in the proof of Theorem .| for the obtained bound on rate ¢.

S Intermediate results and proofs: Component-wise nonlinearities

This section provides proofs of Theorems accompanied with the required intermediate results. Subsection 5.1
deals with the asymptotic analysis (Theore and[3.3)), while Subsection 5.2 considers MSE analysis (Theorem
3.2).

5.1 Asymptotic analysis: Proofs of Theorems[3.1]and[3.3]

The next Lemma, due to [21], establishes structural properties of function ¢ in (3.I). The Lemma says that essentially,
the convolution-like transofrmation of the nonlinearity preserves the structural properties of the nonlinearity.

Lemma 5.1 [21] Consider function ¢ in (3:1), where function ¥ : R — R satisfies Assumption 3. Then, the following
holds.

1. ¢ is odd;
2. If |¥(v)| < Cy, forany v € R, then |¢p(a)| < Ko, for any a € R, for some constant Ko > 0;
3 If|Y(v)] < Ci( ), forany v € R, then |¢(a)| < Kq( ), for any a € R, for some constant K1 > 0;
4. ¢(a) is monotonically nondecreasing;
5. ¢(a) > 0, for any a > 0.
6. ¢ is continuous at zero;
7. @ is differentiable at zero, with a strictly positive derivative at zero, equal to:
¢'(0) = Z(qf(ynu()) + U(y; — 0)) p(wy) +Z/VM (v)dv, (5.1)
i=1
where v;,1 = 1, ..., s are points of discontinuity of ¥ such that vy = —oco and Vg1 = +00



We proceed by setting up the proof of Theorem [3.1] The proof relies on convergence analysis of single-time scale
stochastic approximation methods from [20]; more precisely, we utilize Theorem [8.1]in the Appendix; see also [29].

We first put algorithm (2.3)) in the format that complies with Theorem 8.1} Namely, algorithm (2.3) can be written as:

xT=x"+ o [p(x") + v+ 1,2%w)] . (5.2)
Here, w denotes an element of the underlying probability space, and
r(x) = —p(V f(x)), (5.3)
where, abusing notation, ¢ : R? - R is defined by (¢(a1, ..., aq))" = (¢(a1), ..., ¢(aq)) . That is, we have that:
r(x) = = (VS (@)1], - [V F(x))a]) | (5.4)
and
vt +1,x,w) = d(VF(x)) — U(Vf(x)+vh). (5.5)

We provide an intuition behind the algorithmic format (5.2). Quantity r(x) is a deterministic, “useful”, progress
direction with respect to the evolution of x*; quantity «(¢ + 1, z,w) is the stochastic component that plays a role of a
noise in the system.

We adopt the following Lyapunov function: V (z) = f(z) — f*, V : R? + R, where f* = inf cpa f(z) = f(2*). We
are ready to prove Theorem [3.1]

Proof (Proof of Theorem [3.1). We now verify conditions B1-B5 from Theorem It can be shown that, under
Assumptions 2 and 3, ¢(a) continuous for any a € R(see the proof of Lemma 5 and Theorem 1 in [21]), and therefore,
in view of Assumptions 1-3, for each ¢, function (¢ + 1, -, -) is measurable. Hence, condition B1 holds. Consider
the filtration H,, t = 1, 2, ..., where H, is the o-algebra generated with random vectors v°, s = 0, ..., — 1. Then, the

family of random vectors {7 (t,X,w)}, cpa is H; measurable, zero-mean and independent of #; ;. Thus, condition
B2 holds.

For B3, we need to prove that

sup (r(x), %(x)} <0, foranye > 0, (5.6)

x:Hx—x*HG(e,%

where 9Y (x) = V f(x). Let us fix an € > 0. Consider arbitrary x € {y € R?: ||y — x*| € (¢, 1)}. Then, we have:

T

(), 5-) = —o(VIX) (V)
)5)

d

j=1

d
H(VF®))IVF(x)]; = — Z B[V f(@)]) [V ()],

where the last inequality holds because ¢ is an odd function. Since ||x — x*|| > e and ||V f(x)[|* > &x — x*||* (due
to strong convexity of f), we have ||V f(x)| > \/5e¢, where we recall that y is the strong convexity constant of f.
Therefore, there exists an index i € {1,...,d} such that |[V f(x)];| > §\/5e =: ¢. Next, because ¢'(0) > 0, and
¢ is continuous at 0 and is nondecreasing (by Lemma [5.1)), we have that |¢(b)| > & for some 6§ = 6(e) > 0, for all
b € (¢,1/e). Finally, we have that: < —€’6(e), for any x such that |x — x*|| € (e, 1), and therefore SUDy: | x—x* | € (e, )
(r(z), %—Z) < 0, hence verifying condition B3.

We next verify condition B4. Consider quantity r(x) in (5.3). By Lemma 5.1 and the fact that f has Lipschitz gradient
and is strongly convex (Assumption[I)), it follows that:

[r(x)]* < C1 + CoV (%), (5.7)
for some positive constants C; and C. Also, since
[yt + 1, w)lI* < 2[6(V ) + 2T (V f(x) + )|, (5.8)
and it holds that either 1) ¥ is bounded or 2) |¥(a)| < Cs (1 + |a|) and v/} has a finite variance, we have:

E[[v(xt+1,w)*] < Cs+ CyV(x), (5.9)

10



for some positive constants Cs, Cy. Now, we finally have:
()1 +E [[[v(x,t + Lw)|I?] < C5+CsV(x), (5.10)
for some positive constants C'5, Cg, and hence condition B4 holds. Condition B5 holds by the choice of the step size

sequence {a;} in the Theorem statement. Summarizing, all conditions B1-B5 hold true, and hence xt — x*, almost
surely. [

We continue by proving Theorem

Proof (Proof of Theorem [3.3). We prove the Theorem by verifying conditions C1-C5 in Theorem [8.I] To verify
condition C1, consider r(x) in @ and note that, using the mean value theorem, it can be expressed as follows:

r(x) = —(Vf(x) - Vf(x"))

1
=—¢ {/ V2f(x*—|—t(x—x*)dt} (x — x) (5.11)
0
H,
= —¢ (Hy(x —x")) = —¢/(0) VZf (x*) (x — x*) + (),
where limy_,x» Hlfﬁi)*ﬂl\ = 0. Hence, in the notation of Theorem [8.1, we have that B = —¢’(0)V? f(x*). Hence,

C1 holds. Also, C2 holds, by assumptions of Theorem @ Now, we consider C3, which requires that the matrix
3 = aB + 1@ is stable, where B = —¢/(0)V?f(x*). Note that ¥ = 1I — a ¢/(0)V2f(x*). Clearly, 3 is stable for
a small enough a, because the matrix ¢'(0)V?2 f(x*) is positive definite. More precisely, 3 is stable for a > 1/(2u).
Therefore, condition C3 holds, provided that a > 1/(2u). We next consider condition C4. In the notation of
Theorem [8.1] consider the following quantity:

At,x) =E [y(t+1,x,w)y(t+ 1,x,w)T] (5.12)
= E [(6(V/(x)) = W(VF(x) + 1) (8(V(x) = ©(Tf(x) + 1)) | (5.13)

Now, because V f(x*) = 0; ¢(0) = 0, and the entries of v* are mutually independent, with pdf p(u), we have that:
lim  A(t,x) =Sy =E[¥(')- \I/(ut)w =031, (5.14)

t—00,x—x*

where 03, = [|¥(a)|?p(a)da. Therefore, condition C4 holds. We finally verify condition C5. We follow the
arguments analogous to those in Theorem 10 in [29]. Condition C5 means uniform integrability of the family
{llv(t+1,x,w)[[*Hzo,1,..., x—x* | <e- We have:

vt +1,%,w)lI” < 2[6(VF () + 2[(V f(x) + v)]*. (5.15)
We consider separately the cases when condition 2. or condition 3. hold in Assumption[3] If condition 2. holds, then:
Iyt +1,xw)P < Cr+Csllx" = x| + Gyl (5.16)
< Or +Cg e + Collvt)?, (5.17)

for some positive constants C7, Cs, Cy. Consider next the family {¥(f + 1,%,w) }1—o.1,..., |x—x* | <e> With
F(t+1,%x,w) = C7 + Cs €2 + Co||vt||%. (5.18)

The family {¥(t 4+ 1,X,w)};=0.1,...,|x—x*|<e is i.i.d. and hence it is uniformly integrable. The family {||~v(¢ +
1,x,w)||*}=0,1,... [|x—x*||<e is dominated by

{A(t +1,%x,w)}4—0,1,... | x—x* | <c that is uniformly integrable, and hence

{||v(t+ 1,x, w)||2}t:0}1’m,“x,x* ||<e is also uniformly integrable. Hence, C5 holds under condition 2. of Assumption
[l Now, let condition 3. in Assumption [3) hold. Then:

[v(t+1Lxw)* < Ci+Culx—x*? (5.19)
< Cip+Cré. (5.20)

Consider the family {7(t + 1,%,w)}¢—0,1,....||x—x*||<e> With
F(t+1,x,w) = C1g + C11 €. (5.21)

The family {7( + 1,X,w) }+—01,...,|x—x*||<e is uniformly integrable, and condition C5 is verified analogously to the
previous case.

Summarizing, we have established that all conditions C1-C5 of Theorem 8.1]hold true, thus the proof of Theorem 3.3
0.
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5.2 MSE analysis: Proof of Theorem[3.2]

We start with the following Lemma that shows that, with algorithm (2:3), almost surely, V f(x") can be at most

O(In(t)).

Lemma 5.2 Let Assumptions[I} 2] and Assumption 3| with condition 3. hold (the nonlinearity with bounded outputs
case). Then, for eacht = 1,2, ..., we have:

1-96

IVF(xh)| < Gy =L (acgﬁlt_(s

I+ ) (522
Proof. Consider (2.3). Because the output of each component nonlinearity ¥ is bounded in the absolute value by Cs
(Assumption @), we have, for each ¢ > 1:

t—1
1
<"l x| +avVdCy Y

IN

—(s+1)°
t1—5
< |x°| +aCyVd (15>. (5.23)

Next, because V f is L-Lipschitz, we have: |V f(x")|| < L||x* — x*||. Applying this inequality to (5.23), the result
follows. [J

We will also make use of the following Lemma.

Lemma 5.3 There exists a positive constant £ such that, for any t = 1,2, ..., there holds, almost surely, for each
7 =1,....d, that:
¢'(0)¢

2G;

6V (x| = [V
where G is defined in (5.22).

Proof. Consider function ¢ in (3.1). By Lemma we have that ¢'(0) > 0 and ¢ is continuous at zeroﬂ Therefore,
there exists a positive constant £ such that:

for any a € [0, £). Now, because ¢ is non-decreasing (by Lemmal5.1), it holds for any a’ > ¢ that

é(a) > %, forany a € [0,a’). (5.24)

Consider now V f(x"). By Lemmal[5.2} we have that |V f(x*)|| < Gy, a.s., and so, for any j = 1,....d, |[V f(x")];] <
G}. Therefore, in view of (3.24), setting ' = G, the Lemma follows. [J

We are now ready to prove Theorem[3.2}

Proof (Proof of Theorem [3.2). Consider algorithm (Z3). By the Lipschitz property of V f, we have, for any x,y € R?,
that:

F¥) < F6)+ 976y =) + 2 I~ v

and so, almost surely:

F) < J) + (V) (Can® (VI () + 1)
L, . o (5.25)
+5a [TV + )|
Next, letting n* = U(V f(x") + v*) — ¢(V f(x")), and using the fact that ¥ has bounded outputs, we obtain:

JO) < 16 + (VA6 (e (TFD) + 5 0f @Ch = ae () 0, as., (5:26)

8As ¢ is an odd function, for simplicity, in the proof we consider only nonnegative arguments of ¢, while analogous analysis
applies for negative arguments of ¢.

12



for some positive constant Ci2. Let F; be the history of (2.3) up to iteration ¢. Then, taking conditional expectation,
and using the fact that E[n’ | ;] = 0, we get that, almost surely:

BF (1) | 7] < £(!) a0 (VF() T $(TFc)) + L d? O, .27
Next, using Lemma the fact that i, = a/(t + 1)°, and the fact that G; = O(t€), for € > 0 we obtain that. a.s.:
B () | B < fat) — o6+ £ 0 (528)
- (t+1) 2 (t+ 1)’
where ¢/ = a(1-9)¢ ¢°(0) . Next, by strong convexity of f, we have that |V f(x!) =V f(x*)||? > 2 u (f(x*)—

3@ VA . vesha [V . |
f*). Using the latter inequality, subtracting f* from both sides of the inequality, taking expectation, and applying
Theorem [8.2] claims (2) and (3), we get the MSE rate result under condition 3. in Assumption 3).

We next consider the case when condition 2. in Assumption [5)) holds, and we have the bounded second moment of vt
Following analogous arguments as in the first part of the proof, it can be shown that, a.s.:

E[f (") | 7] < f(x') = ar p(VF(x) TV F(x) + gaf (Cus + CuallW']1?) (5.29)

for some positive constants C13,C14. Next, because infgo 2]~ 0, we have that ¢(V f(x!)TVf(x!) >

lal
C15 ||V f(x?)||?, for some constant Cy5 > 0. Using the latter bound in (5.29), subtracting f* from both sides of
the inequality, taking expectation, and applying Theorem [8.2] claim (1) and (2), the result follows. [

6 Intermediate results and proofs: Joint nonlinearities

Subsection 6.1 provides the required intermediate results, while Subsection 6.2 proves Theorem 4.1}

6.1 Intermediate results: Joint nonlinearities

Recall function N : Ry — R in Assumption[5} We first state and prove the following Lemma on the properties of
function V.

Lemma 6.1 Under Assumptionfor any x,u € RY, such that ||[u|| > ||x||, there holds:
x|

N (lIx+ull) = N(lx = ulh)] < ;= V([Ix +ul) + N(lIx —ul])]. (6.1)

= ]l

Proof. Fix a pair x,u € R?, such that |jul| > |x||, and assume without loss of generality that N'(||x + u|) >
N(|lx — u|). Then, (6.1) is equivalent to:

(half = el (llx + ull) < (lfall + DA (llx = ul)- (6.2)
Denote by p = ||ul|. Notice that:
p = lxll < llx +ul] < [l + [[ul] = [x][ + p, (6.3)
and similarly,
p+x[ =[x —ul = p = [Ix].
As N is non-increasing, it follows that:
N(llx+ul) <N(p = IIx[), N(lx—ul)) =N(p+ [x])).
Now, we have:
(all = l=IDN (e 4+ ull) < (o = [xIDN (o = 111, (6.4)
and similarly:
(hall + DA (I = ull) = (o + IxIDN (o + [I])- (6.5)
By assumption, function a — aN(a), a > 0, is non-decreasing, and so (p— ||x| )N (p—[|x||) < (p+[|x[ )N (||x[|+ p).
Thus, combining (6.4) and (6.3), we have that (6.2) holds, which is in turn equivalent to the claim of the Lemma.

We now define map ¢ : R4 — R, as follows. For a fixed (deterministic) point w € R4, we let:
Bw) = [ Wlw + wp(u)du = E[¥(w + ), (6.6)

where the expectation is taken with respect to the joint pdf of the gradient noise at any iteration ¢, e.g., t = 0. The
map ¢ : R? — R? is, abusing notation, a counterpart of the component-wise map ¢ : R ~ R in (3.1). We have the
following Lemma.
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Lemma 6.2 The following holds:

o(x) x = 2(1 - r)|x]? / NIl + [Falhp(w)du, (6.7)
I (x)

where J(x) = {u: “lTx € [0, k]}, and k is any constant in the interval (0, 1).

R

Proof. Let us fix arbitrary x € R%, x # 0. As ¥(a) = aN(||a]|), we have:

B0 x = [ Gt w oV (fx + ) plu)d ©9)
ue =M(x,u)
= / M(x,u)p(u)du (6.9)
Ji(x)={u:uTx>0}
+ / M (x,u)p(u)du. (6.10)
Jo(x)={u:uTx<0}

Note also that there holds: .
2
M(x,u) = ([[x[|" +u x)N([|x + ul]).
Similarly,

M(x,—u) = (|x[|* = u"x)N([x — ul).
Therefore, using the fact that p(u) = p(—u), for all u € R?, we obtain:

$(x) 'x = o MO0 wWp(u)du, (6.11)
J1(x
where My (x, 1) = [(||x]|? + u"x)NV(||x +ul|) + (%[> = a"x)N(||x — u]|)]. There holds:
Ms(x,0) > [ 2Nl + )+ N (Jx — wl)] = all <l A+ al) = A (ix —al)l. - ©612)

Since u € J; (x), there holds ||x + ul| > ||x — ul|. Now, using Lemmal6.1] we have:

Ma(x,u) > [|x]PV (% + ul]) + N (x — ul)] - IIUHHXIIMW(IIXJNII)+N(IIX—UII)\=0~ (6.13)

[[ul]

Therefore, we have:
Ma(x,u) >0, forany u € Jy(x), |lul| > [|x]|. (6.14)

Now, consider 7 (x) = {u € R? : u'x >0, Hu“HTﬁ € [0, x]}, where x € (0,1). Let us consider u € J(x) such that
[lu]| > ||x||- Then, using Lemma 6.1, we get:

Ma(x, 1) > [|x]V([|x +ul)) + N ([x — u])]
= [[ulllix[ls [NV (Ix +ull) = N (]x = ul]) (6.15)
> (1= &) %PV (lx + ul]) + N ([ — ul)).
Now, consider u € J(x) such that ||u|| < ||x||. Then, there holds:
Mo (x,u) > [[x[*IV(|x +ul]) + N (||x — uf)] -
[ul| [[x[l<| V(lx +ul]) + N (]x — ul)|
—~—
<Ixll 20 20
> (1= &)|x/[* WV (lx + ul]) + N ([ — ul])).
where the last inequality holds due to the fact that |a — b| < |a| 4 |b], for any a,b € R. Now, we have:
Ma(x, 1) > (1= ) |[x[P WV (|x + ul)) + N (|lx — ul]))
SN (lzll+lull) >N lx]+ual) (6.17)
> 2(1 = &) |[x[PN (x| + [[ul), foranyu € 7 (x).

(6.16)
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Combining (6.15) and (6.17), we finally get:
o(x)"x > / 2(1 — R)||xIPN (JIx[| + [lu])p(w)du
J(x)

=2(1 - )[x|? / N (Il + [[ul)p(u)du.
I(x)

(6.18)

Lemma 6.3 Let Assumptions[I} || and Assumption Q| with condition 3. hold (the nonlinearity with bounded outputs
case). Then, for eacht = 1,2, ..., we have:

1-06

!/ ! t
IV < G =L (aCy

0 *
T3 T Il (6.19)

Proof. The proof is analogous to the proof of Lemma[5.2}

6.2 Proof of Theorem [@.1} Joint nonlinearities

Proof. We first consider the case with bounded nonlinearity (condition 3. in Assumption[5). Analogously to the proof
of B2} it can be shown that, a.s.:

E[f (x| F] < f(x") — a; ¢(V(x))TVF(x) + a2 Chr, (6.20)
for some positive constant C77. By Lemma there holds, for a := V f (xt), a.s.:

(¢(a)) "a > 2(1 - ) al? /j N(lall + ul)p(u)du, 6.21)

T . . .
where werecall 7 = {u: TulaT € [0, ]}, where k€ (0,1) is a constant. Note that, as a — a N'(a) is non-decreasing,

N satisfies: A/(b) > min (%,N ( 1)) for any b > 0. Consider constant By in condition 2. of Assumption 4. Then,

for all u such that ||u|| < By, there holds N (||a]| + |Ju]|) > min (M%,N(l)). Therefore, we have that, almost
surely, for sufficiently large ¢:
Vf(Xt 2
ISP [ NV + o > 03 LD,
J4 G+ By

for some positive constant Cyg. Here, J; = {u € R? : mij}(&?)” € [0, &), |lu|| < By}. Combining the last bound

with Lemmas|[6.2]and[6.3] in view of condition 2. in Assumption 4, we obtain that, for sufficiently large ¢, a.s.:

V£ (9)]I?
((b(vf(Xt)))va(Xt) > Chg m, (6.22)
where the positive constant C1g can be taken as Chg = 2(1 — )A(k)N(1).

Applying the bound (6.22) to (6.20) we obtain an equivalent to m Therein, ¢’ in is replaced with a positive
constant ¢ that can be taken as ¢’/ = L2(Z(le ﬁfigﬁl(ﬁ;fﬂ)j)\i(go) We now proceed analogously to the proof of
2

Theorem [3.2] by applying claims (2) and (3) of Theorem[8.2] The result for the bounded nonlinearity ¥ follows, with
the rate ¢ being any positive number less than

(6.23)

min {25 oy 20p (= w1 - N () } |

L(aCy+ %O + lx*[|) + Bo

We now prove the alternative case, for the nonlinearity ¥ with unbounded outputs and finite second moment of /.
We have that inf,o H‘Iﬁ}(:ﬁ)” > 0. This is equivalent to saying that N is lower-bounded by a positive constant, i.e.,
N (a) > Csy, for each a, for some constant Coy > 0. Then, it follows that, a.s.:

(@(Vf(x) V() = Con [V F(xIP, (6.24)
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for some positive constant C';. The proof then proceeds analogously to the proof of Theorem [3.2] by applying the
appropriate variant of Theorem 8.2}

It remains to prove a.s. convergence of (2.3). We do so again by verifying conditions B1-B5 in Theorem 8.1. Algorithm
(2:3) admits again the representation in Theorem 8.1 with

r(x) = —¢(Vf(x)) (6.25)
vt +1,x,w) = ¢(Vf(x)) — T(Vf(x)+vh). (6.26)

Conditions B1, B2 clearly hold. Condition B3 follows from Lemma[6.2] Condition B4 holds analogously to the proof
of Theorem [3.1] Finally, condition B5 follows from the definition of the step-size sequence in Theorem 4.1} Thus, the
result. [

7 Experiments

In order to benchmark the proposed nonlinear SGD framework, we consider Heart, Diabetes and Australian
datasets from the LibSVM library [30]. We consider the logistic regression loss function for binary classification, see,
e.g., [22], where function f in Eq. (2.1)) is the empirical loss, i.e., the sum of the logistic losses across all data points in
a given dataset.

As it has been studied in [22] (see Figure 2 in [22]), we have, near the solution x*, the following behavior with respect
to gradient noise. (See also [22] for details how the gradient noise is evaluated in Figure 2 therein.) With the HEART
dataset, tails of stochastic gradients are not heavy. On the other hand, for DIABETES and AUSTRALIAN datasets, the
gradient noise has outliers and exhibits a heavy-tail behavior.

We consider three different nonlinearities to demonstrate the effectiveness of our nonlinear framework, namely,
tanh (hyperbolic tangent), sign and a bi-level customization of sign with ¥(z) = —1, —0.5,0.5,1, for z €
(=00, —0.5],(—0.5,0], (0,0.5], (0.5, 00, respectively (nonlinear-quantizer in figures). Note that the tanh func-
tion may be considered a smooth approximation of sign. We benchmark the above methods against the linear SGD,
clipped-SGD and SSTM along with a clipped version of SSTM from [22]. For each of the methods, we use batch sizes
of 50, 100 and 20 for the Australian, Diabetes and Heart datasets, respectively. We also consider clipped-SGD
with periodically decreasing clipping level (d-clipped-SGD in Figures) as a baseline as introduced in [22f]. This
method starts with some initial clipping level and after every [ epochs the clipping level is multiplied by some constant
¢ € (0,1). The step sizes oy (learning rates) for each method from our framework were tuned after an experimentation.
The learning rates for the baselines, i.e., SGD, clipped-SGD, SSTM and clipped-SSTM are also tuned and are selected
to be as in [22]]. In more detail, the learning rates for the proposed methods are of the form a/(b (t + 1) + L), where
we recall that ¢ is the iteration counter, L is the smoothness constant of V f, and parameters a, b are tuned via grid
search. The value of a is chosen to be 1.0, 1.5 and 5.0, respectively, for Heart, Diabetes and Australian and for all
the three non-linearities. The value of b is chosen to be 0.001, 7.0 and 7.0 respectively for Australian, Heart and
Diabetes datasets for the sign nonlinearity. The value of b is chosen to be 0.0001, 2.0 and 3.0 x 10~° respectively
for Australian, Heart and Diabetes datasets for the tanh nonlinearity. The value of b is chosen to be 0.001, 5.0
and 5.0 respectively for Australian, Heart and Diabetes datasets for the nonlinear-quantizer nonlinearity.

We first note that (see Figure d.1)) d-c1lipped-SGD stabilizes the trajectory as compared to the linear SGD, even if the
initial clipping level was high. At the same time, clipped-SGD with large clipping levels performs similarly as SGD. It
is noteworthy, that SGD has the least oscillations for Australian and Diabetes datasets, despite the fact that these
datasets have heavier or similar tails. This can be attributed to the fact that SGD does not get close to the solution in
terms of functional value. SSTM in particular shows large oscillations, which can be attributed to it being a version of
accelerated/momentum-based methods and its usage of small batch sizes. C1lipped-SSTM on the other hand suffers
less from oscillations and has a comparable convergence rate as SSTM. In comparison, all the three nonlinear schemes
that have been proposed in this paper, have very little oscillations. While the tanh algorithm is outperformed by the
algorithms with other nonlinearities from our framework, its performance is at par with the other baselines from [22].
In particular, the sign algorithm compares favorably to other baselines in terms of convergence for Australian and
Heart datasets. The nonlinear-quantizer algorithm outperforms other baselines for the Diabetes dataset. The
good behavior of tanh and sign on the heavy-tail data sets, specially relative to the linear SGD, also viewing tanh
as a smooth approximation of sign, might also be related with the insights from Example 3.4. In summary, the three
simple example nonlinearities from the proposed framework are comparable or favorable over the considered state of
the art benchmarks on the studied datasets.

16



8 Conclusion

We proposed a general framework for nonlinear stochastic gradient descent (SGD) under heavy-tail gradient noise.
Unlike existing studies of SGD under heavy-tail noise that focus on specific nonlinear functions (e.g., adaptive clipping),
our framework includes a broad class of component-wise (e.g., sign gradient) and joint (e.g., gradient clipping)
nonlinearities. We establish for the considered methods almost sure convergence, MSE convergence rate, and also
asymptotic covariance for component-wise nonlinearities. We carry out numerical experiments on several real datasets
that exhibit heavy tail gradient noise effects. The experiments show that, while our framework is more general than
existing studies of SGD under heavy-tail noise, several easy-to-implement nonlinearities from our framework are
competitive with state of the art alternatives.

Appendix

A. Some results in stochastic approximation
We present a useful result on single time scale stochastic approximation; see [20]], Theorems 4.4.4 and 6.6.1.
Theorem 8.1 Let {Xt € Rd} be a random sequence that satisfies:
xt =xt + oy [r(xt)—i—'y(t—i—l,xt,w)] , 8.1)

where, v(-) : RY — RY is Borel measurable and {~(t, x, W) }i>0, xera I8 @ family of random vectors in R?, defined
on a probability space (0, F,P), and w € § is a canonical element. Let the following sets of assumptions hold:

. (Bdl): The function ¥(t,-,-) : R x Q — R is B ® F measurable for every t; B is the Borel algebra of

Re.
* (B2): There exists a filtration {]:t}tZO of F, such that, for each t, the family of random vectors

{7 (t,x,w) }ycpa is Fi measurable, zero-mean and independent of F; 1.

* (B3): There exists a twice continuously differentiable function V (x) with bounded second order partial
derivatives and a point x* € RY satisfying:

V*)=0, V(x)>0,x#x*, lm V(x)=o00,

lIx]|—o0

sup (r(x),Vx(x)) <0, foranye >0

e<|lx—x*[|<¢
where Vy (x) denotes the gradient (vector) of V (+) at x.
* (B4): There exist constants k1, ko > 0, such that,
I GO+ & [ 4+ 1,0 ] < b (147 () -
— k2 (r (x), Vi (x))

* (B5): The weight sequence {c} satisfies
az >0, Zat:oo, Zaf < 0. (8.2)

t>0 t>0
* (Cl): The function r (x) admits the representation
r(x)=B(x—x")+4(x) (8.3)
lim OGN _ (8.4)

xoxe [l — x|

where

* (C2): The step-size sequence, {a} is of the form,

ag. = Hil for any t > 0, (8.5)

where a > 0 is a constant.



* (C3): Let I be the d x d identity matrix and a, B as in 83) and (B3), respectively. Then, the matrix
Y=aB + I is stable.

s (C4): The entries of the matrices, for any t > 0,x € R,
A(t,x)=E[y(t+ Lx,w)y' (t+ 1,x,w)],
are finite, and the following limit exists: lim;_, oo x—x+ A (t, %) = So

e (C5): There exists € > 0, such that

lim  sup sup/ v (t+1,x,w)]|>dP =0 (8.6)
RB=00 ||lx—x+ || <e t20 S|y (t+1,x,w)[| >R

Then we have the following:

Let Assumptions (BI1)-(BS) hold for {x'} in (81). Then, starting from an arbitrary initial state, the process {x'}
converges a.s. to X*.

The normalized process, {\/f (xt — x*)}, is asymptotically normal if, besides Assumptions (BI1)-(B5), Assump-
tions (C1)-(CS) are also satisfied. In particular, as t — oo, we have:

Vi (x' = x*) 4 N(0,S). (8.7)

Also, the asymptotic covariance S of the multivariate distribution N(0, S) is

S=a2 / " E8pe’ T du. (8.8)
0

Proof. For a proof see [20] (c.f. Theorems 4.4.4, 6.6.1).
We also make use of the following Theorem that is a slight modification of Lemmas 4 and 5 in [31].
Theorem 8.2 Let 2! be a nonnegative (deterministic) sequence satisfying:

2 < (1= rh) 2 1

where {ri} and {rk} are deterministic sequences with

a1 as
7<?" <]. and —_—
(t+1)% ! (t+1)

with ayi,ay > 0, and 63 > 8, > 0. Then, the following holds: (1) If ; < 1, then z* = O(f(;2 57); (2)If 61 = 1, then
2t = O(té2 1) provided that ay > 83 — 61; (3)if 61 = 1L and a; < 62 — 1, then 2t = O(ti , forany ¢ < ag.

B. A demonstration that the linear SGD’s iterate sequence has infinite variance

We provide here a simple demonstration that the linear SGD’s iterate sequence has infinite variance under the setting of
Assumptions|[T} 2] and Assumption 3] condition 3., holds.

More precisely, assume that the gradient noise v/* has infinite variance. Consider algorithm (2.3) for solving problem (1)
with f : R — R, f(z) = %,
step-sizes {ay }. Then, we have:

with ¥ being the identity function. Further, consider arbitrary sequence of positive

xt+1 = (170“)1’16 — O I/t, t:O,].,..., (89)

with arbitrary deterministic initialization z° € R. Then, squaring (8.9), using the independence of z* and !, and
the fact that v* has zero mean, we get: E [(z"1)?] = (1 — )2 E [(2")?] +0f E[(v")?] > of E[(v")?], t =0,1,...
Taking expectation and using the fact that E[(v")?] = 400, we see that E [(z")?] = 400, forany ¢ > 1.
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C. Extension of Theorem [3.2]for gradient noise vector with mutually dependent entries

We show that Theorem [3.2] continues to hold if Assumptions [2] parts 2. and 3., are relaxed, i.e., when we have an
1.i.d. zero mean noise vector sequence {v'} with a joint pdf p : R? +— R. In more detail, we provide an extension of
Lemma [6.2] but for component-wise nonlinearities. Namely, as in Lemmal6.2] consider, for a fixed y # 0:

/w(y +u) "y p(u) du. (8.10)

As, for a € R?, we have ¥(a) = (¥(ay), ..., ¥(aq)) " (component-wise nonlinearity), we have:

/wy+ Typ(u GZU—/<zjwyl+uz Z) p(u) du
_Z/ Yy + wi)yi) du—Z/ U(yi + wi)ys) pi(ug) dug,

where p;(u;) is the marginal pdf of the i-th component of v/¢. It is easy to show, as p(u) = p(—u), u € R, that, for
any i = 1,...,d, we have p;(u) = p;(—u), u € R. Define ¢;(a) — [ ¢)(a + u)p;(u)du. Note that ¢;(a) now obeys

Lemma 5.1. In particular, ¢; is also odd, and hence: [ ¢ (y + ) up(u)du > Zle |#:(y:)| lyi|. The proof now
proceeds analogously to that of Theorem [3.2]
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