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Abstract

We study the performance of stochastic gradient descent (SGD) on smooth and strongly-convex
finite-sum optimization problems. In contrast to the majority of existing theoretical works, which
assume that individual functions are sampled with replacement, we focus here on popular but
poorly-understood heuristics, which involve going over random permutations of the individual
functions. This setting has been investigated in several recent works, but the optimal error rates
remain unclear. In this paper, we provide lower bounds on the expected optimization error with
these heuristics (using SGD with any constant step size), which elucidate their advantages and
disadvantages. In particular, we prove that after k£ passes over n individual functions, if the
functions are re-shuffled after every pass, the best possible optimization error for SGD is at least
Q (1/(nk)? + 1/nk?), which partially corresponds to recently derived upper bounds. Moreover,
if the functions are only shuffled once, then the lower bound increases to €2(1/nk?). Since there
are strictly smaller upper bounds for repeated reshuffling, this proves an inherent performance gap
between SGD with single shuffling and repeated shuffling. As a more minor contribution, we also
provide a non-asymptotic £2(1/k?) lower bound (independent of n) for the incremental gradient
method, when no random shuffling takes place. Finally, we provide an indication that our lower
bounds are tight, by proving matching upper bounds for univariate quadratic functions.

1. Introduction

We consider variants of stochastic gradient descent (SGD) for solving unconstrained finite-sum
problems of the form

: 1 ¢
min F(x) = n;fz(X), ()
where X is some Euclidean space R? (or more generally some real Hilbert space), F' is a strongly
convex function, and each individual function f; is smooth (with Lipschitz gradients) and Lipschitz
on a bounded domain. Such problems are extremely common in machine learning applications,
which often boil down to minimizing the average loss over n data points with respect to a class of
predictors parameterized by a vector x. When n is large, perhaps the most common approach to
solve such problems is via stochastic gradient descent, which initializes at some point in X" and in-
volves iterations of the form x’ := x—nV f;(x), where 7 is a step size parameter and i € {1,...,n}.
The majority of existing theoretical works assume that each ¢ is sampled independently across iter-
ations (also known as with-replacement sampling). For example, if it is chosen independently and
uniformly at random from {1,...,n}, then E;[V f;(x)|x] = VF(x), so the algorithm can be seen
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as a noisy version of exact gradient descent on F' (with iterations of the form x’ := x — nV F(x)),
which greatly facilitates its analysis.

However, this straightforward sampling approach suffers from practical drawbacks, such as
requiring truly random data access and hence longer runtime. In practice, it is quite common to use
without-replacement sampling heuristics, which utilize the individual functions in some random or
even deterministic order (see for example Bottou (2009, 2012); Nedi¢ and Bertsekas (2001); Recht
and Ré (2012); Shalev-Shwartz and Zhang (2013); Bertsekas and Scientific (2015); Feng et al.
(2012)). Moreover, to get sufficiently high accuracy, it is common to perform several passes over
the data, where each pass either uses the same order as the previous one, or some new random order.
The different algorithmic variants we study in this paper are presented as Algorithms 1 to 4 below.
We assume that all algorithms take as input the functions f1, ..., f,, a step size parameter n > 0
(which remains constant throughout the iterations), and an initialization point xo. The algorithms
then perform k passes (which we will also refer to as epochs) over the individual functions, but
differ in their sampling strategies:

e Algorithm 1 (SGD with random reshuffling) chooses a new permutation of the functions at
the beginning of every epoch, and processes the individual functions in that order.

e Algorithm 2 (SGD with single shuffling) uses the same random permutation for all k£ epochs.

e Algorithm 3 (usually referred to as the incremental gradient method, see Bertsekas and Sci-
entific (2015)) performs k passes over the individual functions, each in the same fixed order
(which we will assume without loss of generality to be the canonical order fi,..., f)

In contrast, Algorithm 4 presents SGD using with-replacement sampling, where each iteration an
individual function is chosen uniformly and independently. To facilitate our analysis, we let x; in
the pseudocode denote the iterate at the end of epoch .

Algorithm 1 SGD with Random Reshuffling Algorithm 2 SGD with Single Shuffling

X =X X = X
fort=1,...,kdo Sample a permutation o(1),...,0(n) of
Sample a permutation o(1),...,0(n) {1,...,n} uniformly at random
of {1,...,n} uniformly at random fort=1,... kdo
forj=1,...,ndo forj=1,...,ndo
X =X — NV fy; (%) X =X — NV fyjy (%)
end for end for
Xt =X Xt 1= X
end for end for
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Algorithm 3 Incremental Gradient Method

Algorithm 4 SGD with Replacement

X

=X

fort=1,...,kdo

forj=1,...,ndo

x = X — 0V f;(x)

X =X

fort=1,...

,k do

forj=1,...,ndo

Sample i € {1,...,n} uniformly

end for x :=x —nVfi(x)
X; =X end for
end for X; =X
end for
Random Reshuffling Single Shuffling Incremental With
Replacement
Upper 1/k% [1] 1/k? [2] 1/k% [2] 1/nk
Bound 1/n (fork=1) [3] 1/n (fork=1) [3]
1/(nk)? + 1/k3 [4] 1/nk? (for 1d quad.)
1/nk? [5]
1/(nk)? + 1/nk3 (for 1d quad.)
Lower 1/n (fork =1) [4] 1/nk? 1/k% ([2], asymptotic) 1/nk
Bound 1/(nk)? + 1/nk? 1/k? (non-asymptotic)

[1] Giirbiizbalaban et al. (2015b).
[2] Giirbiizbalaban et al. (2015a).
[3] Shamir (2016).

[4] HaoChen and Sra (2018).

[5] Jain et al. (2019).

Table 1: Upper and lower bounds on the expected optimization error E[F'(x) — infyx F'(x)] for
constant-step-size SGD with various sampling strategies, after k£ passes over n individual
functions, in terms of n, k. Boldface letters refer to new results in this paper. We note that
the upper bound of [4] additionally requires that the Hessian of each f; is Lipschitz, and
the upper bounds of [4] and [5] require k to be larger than a problem-dependent parameter
(depending for example on the condition number). Also, the upper bound of [3] requires
functions which are generalized linear functions. Our lower bounds apply under all such
assumptions. As to our upper bounds, note that they apply only to univariate quadratic
functions. Finally, we note that the upper bound of [5] is actually not on the optimization
error for x;, but rather on a certain averaging of several iterates — see Remark 4 for a

further discussion.
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These without-replacement sampling heuristics are often easier and faster to implement in prac-
tice. In addition, when using random permutations, they often exhibit faster error decay than with-
replacement SGD Bottou (2009). A common intuitive explanation for this phenomenon is that ran-
dom permutations force the algorithm to touch each individual function exactly once during each
epoch, whereas with-replacement makes the algorithm touch each function once only in expecta-
tion. However, theoretically analyzing these sampling heuristics has proven to be very challenging,
since the individual iterations are no longer statistically independent.

In the past few years, some progress has been made in this front, and we summarize the known
results on the expected optimization error (or at least what these results imply'), as well as our
new results, in Table 1. First, we note that for SGD with replacement, classical results imply an
optimization error of O(1/nk) after nk stochastic iterations, and this is known to be tight (see for
example Nemirovski et al. (2009)). For SGD with random reshuffling, better bounds have been
shown in recent years, generally implying that when the number of epochs k is sufficiently large,
such sampling schemes are better than with-replacement sampling, with optimization error decaying
as 1/k? rather than 1/k. However, the optimal dependencies on n, k and other problem-dependent
parameters remain unclear (HaoChen and Sra (2018) show that for £ = 1, one cannot hope to
achieve worst-case error smaller than 2(1/n), but for £ > 1 not much is known). Some other recent
theoretical works on SGD with random reshuffling (but under somewhat different settings) include
Recht and Ré (2012); Ying et al. (2018). For the incremental gradient method, an O(1/k?) upper
bound was shown in Giirbiizbalaban et al. (2015a), as well as a matching asymptotic lower bound
in terms of k. For SGD with single shuffling, we are actually not aware of a rigorous theoretical
analysis. Thus, we only have the O(1/k?) upper bound trivially implied by the analysis for the
incremental gradient method, and for k£ = 1, the O(1/n) upper bound implied by the analysis for
random reshuffling (since in that case there is no distinction between single shuffling and random
reshuffling). Indeed, for single shuffling, even different epochs are not statistically independent,
which makes the analysis particularly challenging.

In this paper, we focus on providing bounds on the expected optimization error of SGD with
these sampling heuristics, which complement the existing upper bounds and provide further insights
on the advantages and disadvantages of each. We focus on constant-step size SGD, as it simplifies
our analysis, and existing upper bounds in the literature are derived in the same setting. Our contri-
butions are as follows:

e For SGD with random reshuffling, we provide in Sec. 3 a lower bound of Q(1/(nk)? +
1/nk?). Interestingly, it seems to combine the “best” behaviors of previous upper bounds:
It behaves as 1/n for a small constant number & of passes (which is optimal as discussed
above), interpolating to O(1/(nk)?) when k is large enough, and contains a term decaying
cubically with k. Moreover, the proof construction applies already for univariate quadratics.

e For SGD with a single shuffling, we provide in Sec. 4 a lower bound of €2(1/nk?). Although
we are not aware of a previous upper bound to compare to, this lower bound already proves
an inherent performance gap compared to random reshuffling: Indeed, in the latter case there
is an upper bound of O(1/(nk)? + 1/k3), which is smaller than the Q(1/nk?) lower bound

1. For example, some of these papers focus on bounding E[||x; — x*||] where x* is the minimum of F(-), rather than
the expected optimization error E[F'(x;,) — F'(x*)]. However, for strongly convex and smooth functions, ||xz —x*||?
and F(xx) — F(x™) are the same up to the strong convexity and smoothness parameters, see for example Nesterov
(2018).
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for single shuffling when k is sufficiently large. This implies that the added computational
effort of repeatedly reshuffling the functions can provably pay off in terms of the optimization
error.

e For the incremental gradient method, we provide in Sec. 5 an Q(1/k?) lower bound. We
note that a similar bound (at least asymptotically and for a certain n) is already implied
by (Giirbiizbalaban et al., 2015a, Theorem 3.4). Our contribution here is to present a more
explicit and non-asymptotic lower bound.

e In Sec. 6, we provide an indication that our lower bounds are tight, by proving matching
upper bounds in the specific setting of univariate quadratic functions. We conjecture that
these bounds also hold for multivariate quadratics, and perhaps even to general smooth and
strongly convex functions. This is based on our matching lower bounds, as well as the fact that
the bounds for with-replacement SGD are known to be tight already for univariate quadratics.

We note that in a very recent work (appearing after the initial publication of our work), Rajput
et al. (2020) show an upper bound of O(1/nk?® + 1/n%k?) for SGD with random reshuffling for
multivariate quadratics, as well as a €2(1/nk?) lower bound for general convex functions. This
validates that our lower bounds are tight for quadratics in the random reshuffling case.

2. Preliminaries

We let bold-face letters denote vectors. A twice-differentiable function f on R? is \-strongly con-
vex, if its Hessian satisfies V2F(x) = A for all x. f is quadratic if it is of the form f(x) =
x'T Ax 4+ b "x + ¢ for some matrix A, vector b and scalar c.

We consider finite-sum optimization problems as in Eq. (1), and our lower bound constructions
hold under the following conditions (for some positive parameters G, A):

Assumption 1 F(x) is a quadratic finite-sum function of the form % Yoy fi(x) for some n > 1,
which is \-strongly convex. Each f; is convex and quadratic and of the form f;(x) = az? + bz,
has \-Lipschitz gradients, and moreover, is G-Lipschitz for any x such that |x — x*|| < 1 where
x* = argmin F'(x). Also, the algorithm is initialized at some x for which ||xo — x*|| < 1.

Before continuing, we make a few remarks about the setting and our results:

Remark 1 (Constant Condition Number) In the above assumption, A plays a double role as both
the gradient Lipschitz and strong convexity parameter. This entails that the condition number (de-
fined as the quotient of the two) is constant, hence our lower bounds stem from inherent limitations
of each sampling method and not from the constructions being ill-conditioned. We leave the problem
of deriving lower bounds for general condition numbers to future work.

Remark 2 (Unconstrained Optimization) For simplicity, in this paper we consider unconstrained
SGD, where the iterates are not explicitly constrained to lie in some subset of the domain. However,
we note that existing upper bounds for SGD on strongly convex functions often assume an explicit
projection on such a subset, in order to ensure that the gradients remain bounded. That being said,
it is not difficult to verify that all our constructions — which have a very simple structure — are
such that the iterates remain in a region with bounded gradients (with probability 1, at least for
reasonably small step sizes), in which case projections will not significantly affect the results.
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Remark 3 (Distance from Optimum) In Assumption 1, we fix the initial distance from the op-
timum to be at most 1, rather than keeping it as a variable parameter. Besides simplifying the
constructions, we note that existing SGD upper bounds for strongly convex functions often do not
explicitly depend on the initial distance (both for with-replacement SGD and with random reshuf-
fling, see for example Nemirovski et al. (2009); Rakhlin et al. (2012); Jain et al. (2019)). Thus, it
makes sense to study lower bounds in which the initial distance is fixed to be some constant.

Remark 4 (Applicability of the Lower Bounds) We emphasize that in our lower bounds, we fo-
cus on (a) SGD with constant step size, and (b) the expected performance of the iterate Xy, after
exactly k epochs. Thus, they do not formally cover step sizes which change across iterations, the
performance of other iterates, or the performance of some average of the iterates. However, it
is not clear that these are truly necessary to achieve optimal error bounds in our setting (indeed,
many existing analyses do not require them), and we conjecture that our lower bounds cannot be
substantially improved even with non-constant step sizes and iterate averaging schemes.

3. SGD with Random Reshuffling

We begin by discussing SGD with random reshuffling, where at the beginning of every epoch we
choose a new random order for processing the individual functions (Algorithm 1). Our main result
is the following:

Theorem 5 Forany k > 1,n > 1, and positive G, A such that G > 6], there exists a function F
on R and an initialization point x¢ satisfying Assumption 1, such that for any step size n > 0,

. . G? 1 1
E [F(a:k) - néfF(a:)} > c-ming A\, BRNCE + ,
where ¢ > 0 is a universal constant.

We remark that the A\ term seems unavoidable (at least in the univariate setting), as it is a trivial
lower bound that holds by Assumption 1 for most points in the domain?>. However, for nk large,

this lower bound is
A \(nk)?2  nk? '

It is useful to compare this bound to the existing optimal bound for SGD with replacement, which

is )

G

°(3m)

Ank
(see for example Rakhlin et al. (2012)). First, we note that the G? /A factor is the same in both
of them. The dependence on n, k though is different: For £ = 1 or constant k, our lower bound
is Q(1/n), similar to the with-replacement case, but as k increases, it decreases cubically (rather
than linearly) with k. This indicates that even for small &, random reshuffling is superior to with-

replacement sampling, which agrees with empirical observations. For k very large (k > n), a phase
transition occurs and the bound becomes 1/(nk)? — that is, scaling down quadratically with the total

2. e.g. for small enough c and when considering a uniform distribution over all points in the domain.
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number of individual stochastic iterations. That being said, it should be emphasized that £ > n is
often an unrealistic regime, especially in large-scale problems where n is a huge number.

The proof of Thm. 5 appears in Appendix A.1. It is based on a set of very simple constructions,
where F(z) = %22 and the individual functions are all of the form f;(z) = a;z* + bz for
appropriate a;, b;. This allows us to write down the iterates x1, x2, ... at the end of each epoch in
closed form. The analysis then carefully tracks the decay of E[z?] after each epoch, showing that
it cannot decay to 0 too rapidly, hence implying a lower bound on E[F'(z})] after k& epochs. The
main challenge is that unlike SGD with replacement, here the stochastic iterations in each epoch are
not independent, so computing these expectations is not easy. To make it tractable, we identify two
distinct sources contributing to the error in each epoch: A “bias” term, which captures the fact that
the stochastic gradients at each epoch are statistically correlated, hence for a given iterate x during
the algorithm’s run, E[V f,;)(x)[x] # VF(x) (unlike the with-replacement case where equality
holds), and a “variance” term, which captures the inherent noise in the stochastic sampling process.
For different parameter regimes, we use different constructions and focus on either the bias or the
variance component (which when studied in isolation are more tractable), and then combine the
various bounds into the final lower bound appearing in Thm. 5.

We finish with the following remark about a possible extension of the lower bound:

Remark 6 (Convex Functions) By allowing ) to decay to 0 at a rate governed by k (as well as
the remaining problem parameters), we may consider the setting of convex functions which are not
necessarily strongly convex (since that for large enough k, there exists no ¢ > 0 such that A > c).
In such a regime, Thm. 5 seems to suggest a lower bound (in terms of n, k) of

1 1 1 1
’ (G (o2 * nk3) -2 (G )
since in this scenario we can set \ arbitrarily small, and in particular as G+/1/(nk)? + 1/nk3
so as to maximize the lower bound in Thm. 5. In contrast, Jain et al. (2019) shows a O(1/v/nk)
upper bound in this setting for SGD with random reshuffling, and a similar upper bound hold for
SGD with replacement. A similar argument can also be applied to the other lower bounds in our
paper, extending them from the strongly convex to the convex case. However, we emphasize that
some caution is needed, since our lower bounds do not quantify a dependence on the radius of the

domain, which is usually explicit in bounds for this setting. We leave the task of proving a lower
bound in the general convex case to future work.

4. SGD with a Single Shuffling

We now turn to the case of SGD where a single random order over the individual functions is
chosen at the beginning, and the algorithm then cycles over the individual functions using that order
(Algorithm 2). Our main result here is the following:

Theorem 7 Forany k > 1,n > 1, and positive G, A such that G > 6], there exists a function F
on R and an initialization point xq satisfying Assumption 1, such that for any step size n > 0,
G2
E|F(zy) —inf F(z)] > comindA, <0,
(k) in ()] > c¢-min { 2 }

where ¢ > 0 is a universal constant.
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The proof appears in Appendix A.2. In the single shuffling case, we are not aware of a previously
known upper bound to compare to (except the O(1/k?) bound for the incremental gradient method
below, which trivially applies also to SGD with single shuffling). However, the lower bound already
implies an interesting separation between single shuffling and random reshuffling: In the former
case, Q(1/nk?) is the best we can hope to achieve, whereas in the latter case, we have seen upper
bounds which are strictly better when k is sufficiently large (i.e., O(1/(nk)?)). To the best of
our knowledge, this is the first formal separation between these two shuffling schemes for SGD:
It implies that the added computational effort of repeatedly reshuffling the functions can provably
pay off in terms of the optimization error. It would be quite interesting to understand whether
this separation might also occur for smaller values of k as well, which is definitely true if our
Q(1/(nk)? 4+ 1/nk3) lower bound for random reshuffling is tight. It would also be interesting to
derive a good upper bound for SGD with single shuffling, which is a common heuristic (indeed, we
prove such a bound in Sec. 6, but only for univariate quadratics).

5. Incremental Gradient Method

Next, we turn to discuss the incremental gradient method, where the individual functions are cycled
over in a fixed deterministic order. We note that for this algorithm, an ©(1/k2) lower bound was
already proven in Giirbiizbalaban et al. (2015a), but in an asymptotic form, and only for n = 2. Our
contribution here is to provide an explicit, non-asymptotic bound:

Theorem 8 For any k > 1,n > 1, and positive G, \ such that G > 6\, there exists a function
F on R and an initialization point xq satisfying Assumption 1, such that if we run the incremental
gradient method for k epochs with any step size n > 0, then

G?
F(xg) 1&1fF(:c) > c mln{)\, )\kQ}

where ¢ > 0 is a universal constant.

The proof (which follows a strategy broadly similar to Thm. 5) appears in Appendix A.3. Com-
paring this theorem with our other lower bounds and the associated upper bounds, it is clear that
there is a high price to pay (in a worst-case sense) for using a fixed, non-random order, as the
bound does not improve at all with more individual functions n. Indeed, recalling that the bound for
with-replacement SGD is O(G?/Ank), it follows that incremental gradient method can beat with-
replacement SGD only when /\%22 < %,
often an unrealistically large value of k.

or k > n. For large-scale problems where n is big, this is

6. Tight Upper Bounds for One-Dimensional Quadratics

As discussed in the introduction, for SGD with random reshuffling and single shuffling, there is
a gap between the lower bounds we present here, and known upper bounds in the literature. In
this section, we provide an indication that our lower bounds are tight, by proving matching upper
bounds (up to log factors) for the setting of univariate quadratic functions®. Although this is a

3.1e., x — ax? 4 bz. Note that for simplicity, we assume no constant term c as in az? + bz + ¢, as it plays no role in
the optimization process.
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special case, we note that the standard ©(1/nk) bounds for SGD with replacement on strongly
convex functions are known to be tight already for univariate quadratics. This leads us to conjecture
that even for without-replacement sampling schemes, the optimal rates for univariate quadratics are
also the optimal rates for general strongly convex functions.

Before stating our upper bounds, we make the following assumption on the target functions f;:

Assumption2 F(z) = 237 | fi(z) is A-strongly convex. Moreover, each fi(z) = % z*
convex, has L-Lipschitz gradients, and satisfies | f!(x*)| < G where * = arg min, F'(z).

For the single shuffling case we have the following theorem:

Theorem 9 Let F(z) := 32°—bx = L 3" | fi(x), where fi(x) = $a;a®—bx satisfy Assumption

log(no'sk)

2, and assume that % < W' Then single shuffling SGD with a fixed step size of n = —_+

satisfies*

) ~ (A 5  G2L?
_ < A _p* = =
E | F(x) HifF(m)} <O <n/€2 (xog —x*)" + B2 )
where the expectation is taken over drawing a permutation o : [n] — [n] uniformly at random, and
the big O tilde notation hides a universal constant and factors poly-logarithmic in n and k.

For SGD with random reshuffling, we present the following theorem:

Theorem 10 Let F(z) == 322 — bz = L3 | fi(z), where f;(z) = Sa;x% — bx satisfy As-

sumption 2, and assume that % < Then random shuffling SGD with a fixed step size of

n= lof(lk) satisfies

__k
2log(nk)"

_ /A we  GAL? (1 1
5 [ —inf )] < 0 g (o =2+ 55 (G + ) )

where the expectation is taken over drawing k permutations o; : [n] — [n] uniformly at random,
and the big O tilde notation hides a universal constant and factors poly-logarithmic in n and k.

The formal proofs appear in Appendix A.

It is easy to verify that these upper bounds match our lower bounds in Theorems 5 and 7 in
terms of the dependence on 7, k. Moreover, our requirement of k > Q(x) (recall that == L/\)
for random reshuffling is also made in HaoChen and Sra (2018). As to the other parameters, it is
important to note that our lower bound constructions (which also utilize univariate quadratics) are in
a regime where both L/ and xg — x* are constants and they match the upper bounds in this case.

Tzt Ansz , which is (9(/\ k2)
G > 6 which we make in the lower bound. Similarly, Thm. 10 reduces to

o2 LG (L L LN _a(@( L 1
n2k2 A \n2k2  nkd - A \n2k2  nkd

4. Letting x := L/ denote the condition number, the second term in the right hand side can equivalently be written as
G?%k?
Ank? - . . . . .

5. Similarly to the above footnote, the second term in the right hand side can equivalently be written as

G (e + i)

In particular, Thm. 9 then reduces to O ( under the assumption
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if G > 6A. We leave the problem of getting matching upper and lower bounds in all parameter
regimes of G, L, X to future work.

While the assumption of univariate quadratics is restrictive, our main purpose here is to indi-
cate the potential tightness of our lower bounds, and elucidate how without-replacement sampling
can lead to faster convergence in a simple setting. Our proof is based on evaluating a closed-form
expression for the iterate at the k-th epoch, splitting deteministic and stochastic terms, and then care-
fully bounding the stochastic terms using a Hoeffding-Serfling type inequality and the deterministic
term using the AM-GM inequality.

We conjecture that our upper bounds can be generalized to general quadratic functions, and
perhaps even to general smooth and strongly convex functions. The main technical barrier is that
our proof crucially uses the commutativity of the scalar-valued a;’s. Once we deal with matrices, we
essentially require (a special case of) a matrix-valued arithmetic-geometric mean inequality studied
in Recht and Ré (2012) (See Eq. (20) for the part of the proof where we require this inequality).
Unfortunately, as of today this conjectured inequality is not known to hold except in extremely
special cases.
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Appendix A. Proofs
A.1. Proof of Thm. 5

For simplicity, we will prove the theorem assuming the number of components n in our func-
tion is an even number. This is without loss of generality, since if n > 1 is odd, let F},_;(x) =
ﬁ Z;:ll (x) be the function achieving the lower bound using an even number n — 1 of compo-

nents, and define F'(x) = % (Z:‘;l i(x) + fn(x)) where f,,(x) := 0. F'() has the same Lipschitz

n

n_
n+1
factor which is always in [%, 1]. Moreover, it is easy to see that for a fixed step size, the distribution

of the iterates after k epochs is the same over F'() and F,,_; (), since SGD does not move on any
iteration where f;, is chosen. Therefore, the lower bound on F,,_ translates to a lower bound on
F() up to a small factor which can be absorbed into the numerical constants. Thus, in what follows,
we will assume that n is even and that G > 4\, whereas in the theorem statement we make the
slightly stronger assumption G > 6\ so that the reduction described above will be valid.

The proof of the theorem is based on the following three propositions, each using a somewhat
different construction and analysis:

parameter GG as F),_1(), and a strong convexity parameter A smaller than that of F},_1() by a

Proposition 11 For any even n and any positive G, A such that G > 2, there exists a function F
on R satisfying Assumption 1, such that for any step size n > 0,

E[F(l‘k)—lrxlfF(iL')} > c-min{)\, )\S”L;Z?’}

11
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where ¢ > 0 is a universal constant.

Proposition 12 Suppose that k > n and that n is even. For any positive G, \ such that G > 2,

there exists a function F on R satisfying Assumption 1, such that for any step size n > W,
G2
E[Fx —inf F(x)| > c¢-

where ¢ > 0 is a numerical constant.

Proposition 13 Suppose k > 1 and that n is even. For any positive G, A such that G > 4), there

. . . . . . 1
exists a function F' on R satisfying Assumption I, such that for any step size 1 < 155525

E F(J;k)_jng(a:)] > c.min{)\, A((i)Q}

where ¢ > 0 is a numerical constant.

The proof of each proposition appears below, but let us first show how combining these implies
our theorem. We consider two cases:

o If k < n,then # > (n%)g, so by Proposition 11,

: : G? _ G2 (1 1
E F(xk)—lrxlfF(:U)} > c-mln{)\, /\nk3} > c-mln{)\, 2/\<(nk‘)2+nk3)} .

e If £ > n (which implies k£ > 1 since n is even), we have ﬁ < W, and by combining
Proposition 12 and Proposition 13 (which together cover any positive step size),

E F(xk)—igfp(x)} > c~min{)\, A(iz)Q} > c-min{A, gj(mz)zﬂ;@)}

Thus, in any case we get E [F'(x) — inf, F'(z)] > ¢ - min {)\ , %? (ﬁ + ﬁ) }, from which

the result follows.
A.1.1. PROOF OF PROPOSITION 11

We will need the following key technical lemma, whose proof (which is rather long and technical)
appears in Appendix B:

Lemma 14 Let oy, ..., 0,1 (for evenn) be a random permutationof (1,1,...,1,—-1,—1....,—1)
(where both 1 and —1 appear exactly n/2 times). Then there is a numerical constant ¢ > 0, such
that for any o > 0,

n—1 2
, . 1
E (Zm(l—a}’) > c.mm{l—l— o n3a2}

1=0

12
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Let G, A, n be fixed (assuming G > 2\ and n is even). We will use the following function:

1< A
R = 3 ) = o°,
where inf, F'(z) = 0, and
A2 G n
e+ 35 1< 35
x 2
fil@) {é\xz—gm i> 5 @)

Also, we assume that the algorithm is initialized at g = 1. On this function, we have that during
any single epoch, we perform n iterations of the form

G
Tnew = (1 - n)\)xold + %Uia

where 0g,...,0,-1 are a random permutation of § 1’s and 5 —1’s. Repeatedly applying this
inequality, we get that after n iterations, the relationship between the first and last iterates in the
epoch satisfy

n—1

G .
Tip1 = (1 —nA) "z + % > ol =nA)" !
i=0
7]G n—1 )
= (1 —77)\>nmt+720i(1 —77)\)1 . 3)
i=0
(in the last equality, we used the fact that o1, . . . , 0,, are exchangeable). Using this and the fact that
E[o;] = 0, we get that
2 2 2 nG 2
Blctia] = (= oV Blal] + () B @

where
2

n—1 2 n—1
Brmr = E (Z oi(l — An)”‘i‘l) = E (Z oi(1 —/\n)i> . 5)
=0

1=0

Note that if A > 1, then by Lemma 14, 3,, ;, > c for some positive constant ¢, and we get that

G\? G\?
Elaf,] 2 (Z) = <m> e

for all £, and therefore E[F(z4)] = 5E[z7] > cg—j > c%, so the proposition we wish to prove

holds. Thus, we will assume from now on that A\n < 1.
With this assumption, repeatedly applying Eq. (4) and recalling that x¢y = 1, we have

G 2 k—1
Ele?] > (1— A 4 (”) B S (1= )
t=0

2
vk, (MGN 1= (1—pp)k
= (1) 4 (2> N (®)

We now consider a few cases (recalling that the case n\ > 1 was already treated earlier):

13
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o IfnA < ﬁ then we have

1

E[z2] > (1—npA)*F > (1 - — " > !
- - 2nk — 4

for all n, k.

o Ifn\ € (ﬁ, ﬁ) then by Bernoulli’s inequality, we have 1 > (1 —nA)?" > 1 — 2nnA > 0,

and therefore, by Eq. (6)

PG Bupa(L— (1= 1/20k)™) _ 9G?By (1~ exp(—1)

Efri] > A(1— (1— 2nm\)) = 8An

Plugging in Lemma 14 and simplifying a bit, this is at least

enG?
An

2
-min{nl/\,n?’(n)\)Z} = Cz\i n3(mA)? = enPIn2G?

for some numerical constant ¢ > 0. Using the assumption that n\ > ﬁ (which implies
n> ﬁ), this is at least

c G?
8 Ankd

1 1—(1—npA)2nk . .
o If n)\ € [%, 1), then Tz 18 at least some numerical constant ¢ > 0, so Eq. (6)

implies
G 2
E@ﬂZc(g) Buna

By Lemma 14, this is at least

2 2 / 2
, (MG . 1 3 9 , (MG 1 dnG

. 14— (=) (1+4=) >
c<2> mm{ —i—n)\,n(n/\)} c<2 +77)\ z
1
2\n’

Since n > this is at least
dG? dG?

> .
8A2n — 8A\2nk3

Combining all the cases, we get overall that
2
E[z7] > c-min {1, G}

for some numerical constant ¢ > 0. Noting that E[F(zy)] = E [32?] = 3E [2?] and combining
with the above, the result follows.

14
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A.1.2. PROOF OF PROPOSITION 12

We use the same construction as in the proof of Proposition 11, where F'(x) = 222, and leading to

Eq. (6), namely

2 2nk nG ? 1— (1 —nA)>t
Blet] > (1= 02 4 () B T )

N2
where 3, ., = E [(Z?ol oi(1— )\n)z> }, 00, ...,0p are a random permutation of 5 1’s and &

—1’s.
As in the proof of Proposition 11, we consider several regimes of . In the same manner as in

that proof, it is easy to verify that when nA > 1 ornA < Wlk’ then E[xz] is at least a positive constant

(hence E[F(z;)] > Q())), and when A € [5-,1), E[z?] > % for a numerical constant ¢ > 0
(hence E[F(z1)] > Q(G?/An)). In both these cases, the statement in our proposition follows, so it
is enough to consider the regime N\ € (5iz, 5 )-

In this regime, by Bernoulli’s inequality, we have 0 < 1—(1—n)\)?" < 1—(1—2nn)) = 2nnA,

so we can lower bound Eq. (7) by

E 2 . B 1 — (1 _ 77)\)2nk _ HGQBn,n,A(l _ (1 _ 77)\)27114)
2 e 2nn 8\n ’

Since we assume nA > 5L it follows that 1 — (1 — pA)*™* > 1 — (1 — 1/2nk)?"* > c for some

positive ¢ > 0. Plugging this and the bound for 3,,, \ from Lemma 14, the displayed equation
above is at least

anG® 13 2_C7IG23 2 _ C2y 3 2
Y. mln{n)\,n(n)\) = m n’(mA)* = 8G An°n® .

1

1005z this is at least

Since we assume 1 >

2
R
A2n4

. . .. 2 .
for some numerical ¢ > 0. Since we assume that k& > n, this is at least ¢’ - % Noting that

E[F(zr)] =E [%xi] = %E [#7] and combining with the above, the result follows.

A.1.3. PROOF OF PROPOSITION 13

To simplify some of the notation, we will prove the result for a function which is A/2-strongly
convex (rather than A-strongly convex), assuming G > 2), and notice that this only affects the
universal constant ¢ in the bound. Specifically, we use the following function:

1 A
R = 3 A = 3.
where inf, F'(z) = 0, and
2o i
filx) = Iel . n
-5 1> 5
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Also, we assume that the algorithm is initialized at xy = —1. On this function, we have that during
any single epoch, we perform n iterations of the form

G
Tpew = (1 = NAG3)Torq + %(1 — 20;),

where 0y, ..., 0,1 are a random permutation of § 1’s and 5 0’s. Repeatedly applying this equa-
tion, we get that after n iterations, the relationship between the iterates z; and x;y1 is

n—1 n—1 n—1
nG
Tip1 = Ty - H(l —nAoj) + 5 Z(l — 20y) H (1 —nXoy) (8)
=0 =0 Jj=i+1
As aresult, and using the fact that oy, . . ., o, are independent of z; and in {0, 1}, we have
n—1 n—1 n—1 n—1
Elz},,] > E |z} - H(l — o) | +nG-E |z (H(l - n)\ai)> Z(l — 20;) H (1 —nAoj)
=0 1=0 1=0 Jj=i+1
n—1 n—1 n—1
> (1 =9\ - E[z?] +nG - Elzy] - E (Hu — mm) > (1-205) [] @—niroy)
i=0 i=0 j=i+1

€))

We now wish to use Lemma 19 from Appendix C, in order to replace the products in the expression
above by sums. To that end, and in order to simplify the notation, define

n—1 n—1 _ n n _ n
A= 1-nXo;) , B; := 1-nXo;) , A:=1-m) O'l‘Zl—L, B; :=1-n\ o,
Hmed, B Il omen, Amtom o =15 "
(10)
and note that by Lemma 19,
n—1 n—1 2 n—1 n—1 n—1 2
AY (1-20)B; < |A+2 (mzai> d(1-200)Bi£2> | oA Y oy ,
i=0 i=0 i=0 i=0 j=i+1
)

where =+ is taken to be either plus or minus depending on the sign of A and Yo 1(1 — 201)BZ
to make the inequality valid (we note that eventually we will show that these terms are relatively
negligible). Opening the product, and using the deterministic upper bounds

2
Al <1, (nAZaz) (nAn)? (12)

and )
n—1 n—1 n—1 1
; 2
2 (=200B<n, Y (nA D oj| < nin)? < o (13)
=0 =0 J=i+1

16
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(which follow from the assumption that n < m), we can upper bound Eq. (11) by

n—1 n—l
- . 2 () 301
N\B. 2, e 2
A ;:0(1 — 20;)B; + 2(nAn) (n + 100m > +n(nin)® < A E —20;)B; 100 ~——(n\)*n

1=

where in (x) we used the fact that n > 2 and therefore n + &~ < n+ 155 < (1 + 5z5)n.
Substituting back the definitions of A, B and plugging back into Eq. (11), we get that

n—1 n—1 n—1
E (H(l—nm)) > (1 -20) [ @=nhroy)
1=0

i=0 j=i+1

n—1 n
nAn 301 9 3
< (1-2) g 1—203)(1 = nA - 2 (A
< (-1 Y0200 3 o) | |+ gl

(+) mAn\ n+1 301
< (- (1-10) 2T
—””< < 2)4(n—1)+100>\ )

where (*) is by Lemma 17. Using the assumptions that n < W (hence nAn < nAn? < ﬁ)
and n > 2, this is at most —cnAn for a numerical constant ¢ > 0.2. Summarizing this part of the
proof, we have shown that

n—1 n—1 n—1
E (H(l - W\%)) Z(l — 20;) H (1 —nAoj) < —enAn. (14)
=0

i=0 j=i+1

Next, we turn to analyze the E[x;] term in Eq. (9). By Eq. (8), and the fact that o; is independent
of x;, we have

n—1 n—1 n—1
G
Elees1] = Elze] - E | [[(1 —nAo) +%E S (1203 J[ (1 -nroy)
=0 =0 Jj=t+1

Again using the notation from Eq. (10), Lemma 19, and the deterministic upper bounds in Eq. (12)
and Eq. (13), this can be written as

-1

Z(l — QUZ)BZ

1=0

Elz1] = Elz,] - E[A] + EE

2
1

n—1 2 n—
~ 77G
E[z:] - | E[A] +2 <17)\Zoi> + 5 E | > (1-20)B; iQZ A Z o;
=0 =0 Jj=i+1
< Efz]- ((1 - ’7;”> + 2(77)\n)2> + %E

Recalling that E [ZZ o (1— 201)32} =K [Z;:Ol(l —20;)(1=nA Y0y O’j)] and using Lemma 17,
the above is at most

1 MG [ n+1 5
E [x¢] - <1—77)\n (2:|:277)\n>) - (4(n_1):t2n nA) .

17

IN

n—1
Z(l —20;)B; + 2n(17)\n)2] .

1=0
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Using the assumption 1 < m and that n > 2, it follows that

12 G (3 2
sl (1 (32 55) ) -5 (1% 100)
1 2 n’AnG

This inequality implies that if E[z;] < 0, then E[z;41] < 0. Since the algorithm is initialized at
xo = —1, it follows by induction that E[z;] < 0 for all ¢, so the inequality above implies that

IN

E[rt41]

IN

An 2\nG

Elze1] < Bz (1-222) -2 .
3 2
Opening the recursion, and using the fact that xg = —1, it follows that
t 2 t—1 i

nan n°anG nAn
E < —[|1- — 1——

N (S e SO BB

- (-3 i (- 0-5)
_ (;)36((;))

Plugging this and Eq. (14) into Eq. (9), we get that

t t
Ela?,) > (1—n>\)2”-E[w?]+nG'<<1—n;n> #2081 (1-1) >>.cmn

¢ t
i oo (12 (- (122 ).

where in the last step we used Bernoulli’s inequality. Applying this inequality recursively and
recalling that g = —1, it follows that

k—1 t t
E[z7] > (1-2pAn)*+en’Gan Y <<1 - ’@”) + % <1 - <1 - ’2“) >>-(1—277)\n)k_1_t

t=0
(15)
‘We now consider two cases:

e If 2nAn < o, then Eq. (15) implies

E[zf] > (1—2nn)* > <1—>k > %

2k

for all k.

18
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o If 2nin > i then Eq. (15) implies

k-1 .
Elz7] > en®Gany_ (3772G (1 _ <1 _ 77?“) )) (1 — 2mAn)1t

V

2 — 3
3ePG2An 2 an !
> cn > n (1 _ <1 _ 773“) (11— 277)\n)k—1—t
t=k/2]
32\, An ) LE/2]
> 3arGan > (1 - (1 - 7’3”) (1= 2man)F1t
t=|k/2]
Since we assume 2nAn > i, this is at least
32\, Ll 1\ Lk/2]
w 3 (1 - (1 - 121<:> (1= 2pan)
t=k/2]

Since we assume in the proposition k& > 1, (1 — (1 — ﬁ) LK/ 2J> can be verified to be at least

some positive constant ¢ > 0.16. Thus, we can lower bound the above by

k—1—|k/2]

3cd PG An = b1 3cd 3G n
S G S (1= gt = BGOSR
t=[k/2] =0
Since >°I_,a' = 1—1‘fa+1 for any a € (0, 1) (and moreover, 2nAn € (0, 1) by the assumption

that n < W), the above equals

3cd G2 n 1-(1- 2nAn)k—Lk/2] - 3cdn?G? . <1 B < 1 >k_Lk/2J>
2k ’

1 —
2 2nAn - 4

where again we used the assumption 2nAn > i It is easily verified that 1 — (1 — i R/
is lower bounded by a positive constant > 0.2, so we can lower bound the above by ¢ (nG)?
for some numerical constant ¢ > 0. Recalling that this is a lower bound on E[z%], and once
again using the assumption 2nAn > i, it follows that

G 2
2 > 2 > )
Blst] > 6P = ¢ ()

Combining the two cases above, we get that there exist some positive numerical constant ¢’ so that

2 i G2
E[xk] Z Cc 'mln{l, )\2(nk)2} .
Noting that E[F(z,)] = E[{27] = 4E[22] and combining with the above, the result follows.

19
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A.2. Proof of Thm. 7

We will assume without loss of generality that n is even (see the argument at the beginning of the
proof of Thm. 5).

Using the same construction as in the proof of Proposition 11 (see Eq. (2)), we begin by ob-
serving that our analysis in the first epoch is identical to the random reshuffling case. Therefore, by
recursively applying the relation in Eq. (3) (which in our case makes use of the same permutation in
each epoch), we obtain the following relation between the initialization point xg and the k-th epoch
Tp

k—1 n

G , .

2 = (L =\ o + T2 D (1 =A™ > oill =
3=0 j

n—1
nG 1— (1 —n\)™*
—(1—n\ = :
(L =nN)" a0 + 5 1—1—77)\ ZU

From the above, the fact that E[o;] = 0, and the assumption z¢p = 1 we have

where 3, ,  is as defined in Eq. (5).
The remainder of the proof now follows along a similar line as the proof of Proposition 11,
where we consider different cases based on the value of nA.

e If nA > 1, then by Lemma 14, 3, , \ is at least some positive constant ¢ > 0, and also

kY 2
<%> > 1 since it is the square of the geometric series Z (1 —nA)™ with the

first element being equal 1, and the other terms being positive (recall that n is even). Overall,
we get for some constant ¢ > 0 that

nG c G _ ¢ G?
> > .2 >° T
Efz) C(2> 4732 =1 Nnk?
oIfn)\<—then

) ok 1 2nk 1 2 1
Bled) > (- > (1- ) 2 (3) = 1

o If ) € ( L ) then by Bernoulli’s inequality we have exp(—1/k) > (1 —npA\)" > 1 —

nk’n

nnA > 0, implying that

(1) s (5 - (550

Using Lemma 14 and recalling that A > -, we have 3, ,, » > c-min{1+1/n\, n3(nA)?} >
en®n? A2, Plugging this yields the above is at least
,774G2n3)\2

122
77127]2/\2 = cn“nG=,

20
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for some constant ¢’. Since n\ > nlk <= 1 > 5,5 this is lower bounded by

, nG? , G2

N2k T S enke

o IfnA € [%, 1) then recalling (%) > 1 as the square of the sum of a geometric

series with first element 1 and positive ratio, we have

G 2
E[xi] > (772> 'Bn,n,)w

By the assumption on A, we have that n3(n\)2 > 1/n\, therefore from Lemma 14 the above

is at least
nG\? 1 9 nG\? 1 9
c(2> .min{l—}—n)\, n3(n\) } > c<2> -min{n)\,ng(n)\) }
nG 29 enG?
=c|l— || — > .

2 nA T 4

Since n > Tln’ this is at least

cG? cG?

> .
AX2n T AN2nk2

Combining all previous cases, we have that
2
E[z] > c-min {1, G}
n

for some numerical constant ¢ > 0. Noting that E[F'(z})] = E [%mz] = %E [#7] and combining
with the above, the result follows.

A.3. Proof of Thm. 8

We will assume without loss of generality that n is even (see the argument at the beginning of the
proof of Thm. 5).
First, we wish to argue that it is enough to consider the case where 7 is such that nA € (0,1):

e If )\ > 2, it is easy to see that the algorithm may not converge. For example, consider the
function F(z) = 1 377 | fi(z) where f;(x) = %22 for all i. Then the algorithm performs
iterations of the form z,e,, = (1— n)\):vold, hence |Zpew| > |Zo1q]- Assuming the initialization

xo = 1, we have F(zy) = 1'2 > 2 sl = 2, and the theorem statement holds.

e If n\ € [1,2), consider the function F(z) = L 3" | f;(z) = 322 where f;(z) = 322 - $x
for odd i, and f;(z) = %xQ + %x for even 7, initializing at zy = 1. Recalling that n is even,
it is easy to verify that

n/2—1

PNV

1=0

G\

Tep1 = (1 —nN) "z +

21
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Since zg = 1 and all terms above are non-negative, it follows that x; > 0 for all k£ > 1.
2

Moreover, since 7 > 1/, it follows that xj > % > % Therefore, F'(x) = %xi >

g—i > 85\'%, and the theorem statement holds.

Assuming from now on that A € (0,1), we turn to our main construction. Consider the
following function on R:

F) = =3 fil) = 507
=1

where

Go 7
fi<a:>={2 RS

/\a:2—§x 7>

SIS

Also, we assume that the initialization point xg is 1.
On this function, we have that during any single epoch, we perform n /2 iterations of the form

nG
Tnew = Lold — —7 >

2

followed by n/2 iterations of the form

G
Tnew = (1= n\)Zola + % .

Thus, after n iterations, we get the following update for a single epoch:

n/2—1

Gn G »
w1 = (1—n\)"? (iﬁt - 774> + % ; (1 —=mn)\)
nG n/2—1 n
_ o n/2 Ml o i Y n/2
= (1=n\)"Pw + = ; (L=nA) = (=)™ ) (16)
Recalling that n\ € (0, 1), we now consider two cases:
e If n)\ € (1/n,1), we have 2”% < §. Therefore,
n/2—1 n n/2—1
D= == = 3 (L =an) = (- n)
=0 =0
[1/4nx]—1 [1/4nX]—1
> > (A== a=am?) = 3T @) (1= (=)
i=0 1=0
[1/4nA]—1 [1/4nA]—1
= DR i SR RV e B SN SV (R IRV
i=0 i=0
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Since 1/nA > 1,and (1 —1/2)*/* < exp(—1/4) for any z > 1, the displayed equation above
is at least

[1/4nA]-1 ' o 1]
(—ep(-1/4) S (1-n) = (1—exp(~1/4))- - nT)
=0
(1 — ) 1/47A
> (1 —exp(—1/4))- 1-a 77)7\])\) !

(1 —exp(—1/4))°

>
= )

Denoting ¢ := (1 — exp(—1/4))* > 0.04 and plugging this lower bound on Zn/Q -
nA)f — (1 — nA)™/2 into Eq. (16), we get that

G ¢
T > (1—nN)" 22 + L —,
nA
and hence 2411 > 5. This holds for any ¢, and in particular 7, > <5, hence F(z)) =
;‘x = 2G2 > g )\% , which satisfies the theorem statement.

e Ifn\ € (0,1/n], we have

n/2—1 n/2
ﬁ _ Z_ﬁ _ n/2 _ E 1_(1_77)\) / _E _ n/2
5 g (=)' = 5 (1= =5 ( - 5 (1=1))

G An
_ 7 _ _ n/Z_L _ n/2
o (1= @mmy = Ry
G nAn n/2
—2)\<1 <1+ 2>(1 A) >
*® G nin nin  (nAn/2)
(- () (e )
G nin\? nAn\ (nAn)
S (T 14 2
(i (o () ()
_ G(nan)? (1 nAin\ 1 G(nwn)? (1 1\ 1
s i Ute)s) 2 s iUt s
B GA(nn)?
32
where (*) is by Lemma 18. Plugging this back into Eq. (16), we get
2
Tpyy 2> (1—77)\)n/2575t+G)\§;2]m

Recalling that ¢y = 1, this implies that z; remains positive for all ¢. Also, by Bernoulli’s
inequality, 1 > (1 — n\)™/?) > 1 — nAn/2 > 0. Therefore, the above displayed equation
implies that

2
n/\n> o+ G(nn)

> (1-
Tl = < 2 32
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Recurseively applying this inequality, and recalling that zg = 1, it follows that

k 9 k—1 t
_nAn GA(nn) _ nAn
(1 2 > T tz:; L=

_ (- nan\* n GA(nn)? 1-(1- nin/2)k
N 2 32 nAn/2

k k
_ (1mn> +Gnn<1(1nAn)),
2 16 2

We now consider two sub-cases:

v

Tk

k
- If n\ € (0,1/nk), the above is at least (1 - ”’\T”) > (1 — ﬁ)k > %for all k > 1,

so we have F'(zy) = %x% > %, satisfying the theorem statement.

k
- If nA € [1/nk,1/n], we have <1 - 7”\Tn> <(1- i)k < exp (—1), so the displayed

equation above is at least Gl—%” (1 — exp (—%)), which by the assumption nA > %, is

1—exp(=1/2)

G
= oV Therefore,

A, 1 [1—exp(=1/2)\* G2
F(x) < 16 NER

at least

9%k = o7

which satisfies the theorem statement.

A.4. Proof of Thm. 9

We begin by assuming w.l.o.g. that b = 0. This is justified as seen by the transformation f;(x) —
fi(x — b/\) which shifts each f; to the right by a distance of b/, and consequentially shifting the
initialization point xg to the right by the same distance to zg + % The derivative in the initialization
point after transforming remains the same, and a simple inductive argument shows this persists
throughout all the iterations of SGD where all the iterates are also shifted by b/\. Additionally, this
also entails |b;| < G for all i since by the gradient boundedness assumption we have |a;z* — b;| < G
for all 7.

Next, we evaluate an expression for the iterate on the k-th epoch z. First, for a selected per-
mutation o; : [n] — [n] we have that the gradient update at iteration j in epoch 7 is given by

Tnew = (1 - 77%,~(j)) Told + nbo'i(j)'

Repeatedly applying the above relation, we have that in the end of each epoch the relation between
the iterates x; and x;4 is given by

n n

Li+1 = H (1 - naUtJrl(j)) Tt + ”Z H (1 - 77(10,5“(@')) boy11(j)-
7j=1

7=1 = i=j+1

Letting S =[]}, (1 —nag,;) = [[j=1 (1 —naj) and X, =377, (H?:j—&—l (1- ”aot(i))) bo(j)>
this can be rewritten equivalently as

Ti41 = Sﬂ?t + nXO'H-l' (17)
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Iteratively applying the above, we have after k£ epochs that

k
zp = S*zo + 1 Z Silx, (18)
i=1

Squaring and taking expectation on both sides yields

2

k
Z Si—lXUi

k 2
E[z}] =E (5%0 +n) si—lxgi) <2 | S*af +n?
=1

=1

< 25%42 + 2k Z E[X2] =25%23 + 2n*k’E [X2 ], (19)
=1

where the first and second inequalities are application of Jensen’s inequality on the function z — z2
and the last equality is due to the fact that in single shuffling we have o; = o for all <.

Slnce < W implies that nL < 1, we have 1 — na; € (0,1] forany i € {1,...,n}.
Using the AM GM inequality on 1 — nay,...,1 — na, we have

VS = LS ey =1 - 1EE (20)
n < ! n ’
implying
S<(1—nA)" @1
log(n0'5k) . . . .
Recall that n = — =, we combine the above with Lemma 20 which together with the
inequality (1 — z/y)Y < exp(—=x) for all x,y > 0 yields that Eq. (19) is upper bounded by
1 G*L?
2(1 — nA)*"™*af + 20'n’K*G?L* < O < 30+ 31 kQ)

and since E [F(v) — F(2*)] < 3E[22], the theorem follows.

A.5. Proof of Thm. 10

Similarly to the single shuffling case, we assume w.l.o.g. that b = 0 and |b;| < G for all i € [n] (see
the argument in the beginning of the proof of Thm. 9 for justification). Continuing from Eq. (17),
we square and take expectation on both sides to obtain

E[22,,] =E [(S:ct n nXUM)z} = S$?E[22] + 2nSE [2:X,,,,] + 7°E [XQ ] .

Ot+1
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Since in random reshuffling the random component at iteration ¢ + 1, X,
iterate at iteration ¢, x¢, and by plugging Eq. (18), the above equals

+.1» 18 independent of the

E [22,,] = S?E[22] + 2nSE [21] E [X,,.,] + 7°E [ X [

Ut+1i|

= S?E[27] + 2SE | Slag + 1 Z S1X,

=1

E[X,,,,] +n°E [XQ ]

Ot+1

t
= S?E[2?] + 205" 0ok [Xo,,, ] + 207 SE[X,,] E [Xo,,,] +7°E [XQ }

Ot+1
i=1

t
= S®E[af] + 298" woE [Xo, | + 207 > S'E (X, )* + 9°E [X2,]
=1

where the last equality is due to X, being i.i.d for all 7. Recursively applying the above relation
and taking absolute value, we obtain

k j &
1) = 7 2 D 0+ B35 S4B 3 1
J=1 j=1 i=1 —

which entails an upper bound of

k k J k
E [27] < S%af + 2n]xoE [Xo, ]| D S + 2B (XL, )2 0S¥ SR [X2] ) 5¥
Jj=1 Jj=1 i=1 J=1

< 8%k 4 2nkS* |xo| - |E [ X0, ]| + 20°K°E [X,,]* + n?kE [X2 ] .
Since 25* |zo| - 7k |E [Xo,]| < S%F23 + n?k*E [X,,]?, the above is at most
25% 23 + 30°k°E [ X, )* + n?kE [X2 ],

and by virtue of Eq. (21), the inequality (1 — z/y)¥ < exp(—x) for all ,y > 0 and Lemmas 20
and 22, we conclude

E [7] < 25% a3 + 480" n k2 G2L? + 5y*n kG L2 log(2n)
N < 1, GL? G2L2)

SO ot e T s

and since E [F(z) — F(z*)] < 3E[z2], the theorem follows.
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Appendix B. Proof of Lemma 14

Using Lemma 15 from Appendix C, we have that

n—1 2 n—1n—1
E (Z oi(1— a)l> =E Z ZO’Z‘O']‘(l — Oz)iJrj

i=0 i=0 j=0

= iE[O’?](l —a)® + Z E[o;o;](1 — )"t
=0

n—1 n—1 2 p
DL (Zu - ay') ~Y (-

=0 1=0 =0

1 n—1 0 1 n—1 . 2
— <1+n_1>2(1—a) —n_1<Z(1—a)> X))

=0

Using the fact that Z;:ol st = 11__3; for any a # 1, the above can also be written as

1 \1-(1-—a)™ (1—(1—a)")?
<”n—1) —(-a? (m-D0-(1-a)p
n 1-(1-a) (1-(1-an)’

n—1 «a2-a) a?(n—1)

R G )

- 1 a((;_o‘;;)n . <1 _ 2;@“ N <1 v zm‘)‘) (1- a)"> . 23)

We now lower bound either Eq. (22) or (equivalently) Eq. (23), on a case-by-case basis, depend-
ing on the size of a.

B.1. The case o > 1

We will show that in this case, our equations are lower bounded by a positive numerical constant,
which satisfies the lemma statement. We split this case into a few sub-cases:

o If o =1, then Eq. 22) equals 1 + 15 — L. = 1.

oIfaE(l,Q),then%:%—%S%—%:%. Using this fact, Eq. (23) can be lower
bounded as
_ _ n _ _ _ n
2_1 (1 a).1_2a Zl(l a).l_l
22— «a) no 2—« n
1-(1—-a)”
22— )
(*) 1—1]1—af" < 1—11—¢f _ 1

91-1—-a) = 20—[1—af) 2
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where in (%) we used the facts that n is even and that since o € (1,2), we have 2 — o =
l+l—-a=1-|1-q|.

o If a = 2, then using the assumption that n is even, Eq. (22) reduces to

<1+ni1>7§(—1)2"—ni1 (S(—ni)Q = <1+ni1>n_nil.o>n.

=0 1=0

o Ifa>2, thennotingthatl—l—%zl—%%—%>(), Eq. (23) is lower bounded as
l—a)"—1 - 1—a)?-1 1
2.%. 1_2 @ 22.(6“7). 1_1_}*
ala —2) no ala —2) noa  n

1 1
> 2-(1—+) =2.
n n

B.2. The case o € [1/13n,1)

In this case, we will show a lower bound of ¢/« for some positive numerical constant ¢, which
implies the lemma statement in this case. To show this, we first focus on the term

1—2_0‘+<1+2_0‘>(1—a)”, (24)

no no

in Eq. (23), and argue that it is monotonically increasing in «. For that, it is enough to show that its
derivative with respect to « is non-negative. With some straightforward computations, the derivative

equals
2 2 2 2
ot (1-2 e 2 2) 0 2
this can also be written as

ag—n ((1 —a)! (a;” —oan— 0‘22”2 —1 +a> + 1>
-z (1— (1—a)" ! (1—|—a(n— 1)+a2"("_1)>> : (25)

a?n 2

It is easy to verify that 1 + a(n — 1) + azw is the third-order Taylor expansion of the function

g(a) := (1 — a)!=™ around & = 0, and moreover, it is a lower bound on the function (for a €

[1/13n, 1)) since the Taylor remainder term (in Lagrange form) equals %0&3 = %oﬁ

for some £ € [0, ], which is strictly positive for any « in our range. Overall, we can lower bound

Eq. (25) by
2 (1-(1-a) - (1—a)) =0,

a?n

This implies that Eq. (24) is monotonically increasing.
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Using this monotonicity property, we get that Eq. (24) is minimized over the interval a &€
[1/13n,1) when a = 1/13n, in which case it takes the value

1 26 l + ({1426 l 1 i ! = (27 l 1 L n+l 25

n n 13n N n 13n n

1 \" 1 1 \"
27(1 — — —1—-({1-—— —25.
7< 13n> +n< ( 13n>> g

A numerical computation reveals that this expression is strictly positive (lower bounded by 7-10~%)
for all 2 < n < 78. For n > 78, noting that (1 — 1/13n)™ is monotonically increasing in n, this
expression can be lower bounded by

1 n 1 78 .
o7(1——) —25>0271(1———) —25>2.107".
( 13n> = ( 13.78> ”

In any case, we get that Eq. (24) is lower bounded by some positive numerical constant c. Plugging
back into Eq. (23), and using that fact that (1 — 1/13n)™ is upper bounded by exp(—1/13), we can
lower bound that equation by

n  1-(1-0a) o> e 1—-(1-1/13n) > .. 1 —exp(—1/13) ’
n—1 «a2-a) 2 2

which equals ¢/ /« for some numerical constant ¢ > 0.

B.3. The case o € (0,1/13n)

In this case, we have na? < 1, so itis enough to prove a lower bound of ¢-n®a? in order to satisfy

the lemma statement. We analyze seperately the cases n = 2 and n > 2. If n = 2, then Eq. (23)

equals
2.1. (1—22‘a“+(1+22‘aa><1_a>2>
(e (Y
_ 2<2—2a<;+i>+a2<;+;>> _ - %rﬁ’oﬁ,

which satisfies the lower bound in the lemma statement. If n > 2, by Lemma 18, Eq. (23) equals

e (2 (12 (e () (5) 0t ean))

where |cq.n| < (an)?/24. Simplifying a bit, this equals
n 1—(1-a)" 2—« n\ o n\ s
. 2 1 — _
e () o ()5 v
n 1—-(1-ao)" 12 n\ o n\ s
- : (o (1242 (= -~ .
T G () G O (e
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Opening the inner product and collecting terms according to powers of «, this equals
n 1—-(1-a)" T4 2(n N
: . —n — «
n—1 «a2-a) n\2
1 2 1 1 2
R I R O A+ (1-= na3+ l——+—)can| -
n 2 n\3 n 3 nooan '

(26)

It is easily verified that

()0 ()06 () 6)=

Plugging this into Eq. (26), and recalling that |c, | < (an)*/24, we can lower bound Eq. (26) by
n - <<n1>2 ) <an>3_‘1_1+ 2 <a211>4> |

n—1 «a2-a) 6
Invoking again Lemma 18, and noting thatn/(n — 1) > 1 and an € (0, 1/13), we can lower bound
the above by

n an

1—(1—an+(an)?/2) <(n—1)2 9 3 3 (om)4>
— (an)

1- o -2
a2 —a) 6 an 24
_an(l—an/2) ((n—1)> 9
 a2-a) ( 6 o - 8(an)3>

2 2(2?i a) <(n 3 Lo 2<0‘")3>

Lol (o LF 9 N et (17 1Y
- 4 6n2 8 4 6 n 8 '

Since we can assume n > 4 (as n is even and the case n = 2 was treated earlier), and an < 1/13,
it can be easily verified that this is at least cn3a? for some positive constant ¢ > 1073,

Appendix C. Technical Lemmas

Lemma 15 Let 0y, ...,0,-1 be a random permutation of (1,...,1,—1,...,—1) (where there are
n/2 1’sand n/2 —1’s). Then for any indices i, j,

Eloio;] = {1 vi=J .

ik i)
Proof Note that each o; is uniformly distributed on {—1, +1}. Therefore, E[U?] = 1, and for any
P F ]
1 1
E[Uiaj] = Q]E[O”O-] = ]_] — §}E{UZ|O'] — _1]
1
= 5 (Pr(oi =1]oy =1) = Pr(o; = ~1|oj = 1) = Pr(0; = l|oj = ~1) + Pr(0; = ~1o; = ~1))
_1(n/2-1 n/2 n/2+n/2_1 1
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|
Lemma 16 Let 0y, ...,0,_1 be a random permutation of (1, ...,1,0,...,0) (where there are n/2
1’s and n/2 0’s). Then for any indices i, j,
1 oo .
] ifi=j
Eloio;] = ? e
1(1—ﬁﬁ> fi#j
Proof This follows from applying Lemma 15 on the random variables pq, . . ., ftn—1, Where p; 1=
1 — 20; for all 4, and noting that E[p;1;] = E[(1 — 20;)(1 — 20;)] = 4E[o;0;] — 1 (using the fact
that each o; is uniform on {0, 1}). [ |
Lemma 17 Under the conditions of Lemma 16, we have that
n—1 n
n(n+1)
EN2L0-2000-m D o) || = —mgr—g
=0 Jj=i+1
Proof Using Lemma 16, and the fact that each o; is uniform on {0, 1}, we have
n—1 n
E (DY (1—20)1-n)x ) o)
i=0 j=i+1
SHIED I 3D SRR ) oL
1=0 j=i+1 1=0 j=i+1
n(n+1) 1 n(n+1) 1 1
nene 5 2 2 1\ n-1
n(n+1) n(n+1) 1
A — AT
M ATy n—1
B n(n+1)
N 4n—1)"°
|

Lemma 18 Let r be a positive integer and x € [0, 1]. Then for any positive integer j < r,

(1—a)" = zj:(—l)i<:>xi +aj.

where G) , (g) etc. refer to binomial coefficients, and a; ,, has the same sign as (—1)7*! and satisfies

|a4 | - (m)jﬂ
PG+
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Proof The proof follows by a Taylor expansion of the function g(z) = (1 — x)" around z = 0:
It is easily verified that the first j terms are Zgzo(—l)i (7;) x'. Moreover, by Taylor’s theorem, the

remainder term o, (in Lagrange form) is %aﬂ' *+1 for some ¢ € [0, x]. Moreover, gU+1) (¢) =
(=177 (1 = €)"771, whose sign is (—1)7"! and absolute value at most

J+1
j+1
r —j—1_j+1 it i+1
sup | . (1= "7 /™ < — o I
¢e0,a] (J + 1) (J+1)!
|
Lemma 19 Let ay,...,ay, be a sequence of elements in [0, Ton } Then
n n 2
[]a—a)- (1—2%)‘ < 2<Zai>
i=1 =1

Proof We have []" (1 — a;) = exp (>, log(1 —a;)). By a standard Taylor expansion of
log(1 — ) around = = 0, we have for any a; € [0,1/10n]
a? 1 9 9 o

log(1 — a; il < : < ;< ca;.
log(1 —ai) +ail < 5770 < 5o < g%

In particular, this implies that

n n
Zlog(l —a;) + Zai
i=1 i=1

Since a; € [0,1/10n], this means that

" ° 5 1 5 1
log(1 —a;)| < i+ = 2 < = < —.
;Og( @) < ;aﬁs;az = 10781000 S 9

Using the above two inequalities, and a Taylor expansion of exp(z) around x = 0, we have

n n 2
exp
exp <; log(1 — ai)> — (1 + ;log(l — ai)> ‘ S glg()f ) (Z log(1 — a; )
1 [& 5 5
e 82>

n 2
1 (13
< Z 75 )
- 2<8i:1az>

Combining this with Eq. (27), and using the fact that exp(}_, log(1 — a;)) = [[;(1 — a;), we get

5= o
ggi;ai. 27)

A

IN

that )
n n n
) 1 (13
110 =) - (1‘2‘1@)‘ <52 “?+2<8Z )
=1 =1 =1
Simplifying, the result follows. n
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Lemma 20 Let X, = Z?Zl (H?:jﬂ (1 — nao(i))> by(j) Where each fi(x) = %:ﬂ2 + b, satis-
fies Assumption 2, " | b; = 0 and nL < 1. Then

E., [Xg] < 5*n3L2G? log(2n),
where the expectation is over sampling a permutation o : [n] — [n] uniformly at random.

Proof Using summation by parts on cj = [[i;,; (1 — 1ao(;)) and Bj = by(;), we have

2
X2={>_| II (t=naow) | bois)
j=1 \i=j+1
n n—1 n n 7 2
= (D boih =D | II (1 =naoiy) = TI (0 =nawi) | D boci
j=1 =1 \i=j+2 i=j+1 i=1
n—1 n J 2
= 1> oy [T (1=na56) D bots
j=1 i=j+2 i=1
. 2 . 2
n—1| j n—1 1 J
< (nL Z Z ba(i) < 772712L2 Z 5 Z ba(i) ) (28)
j=1 |i=1 j=117 i=1

where the first inequality is due to 0 < a; < L forall i and nL < 1 which implies 1 —nay; € [0, 1]
for all . Next, without any assumptions on o we derive a worst-case bound. Since |b;| < G for all
1, we have

X2 <p?n*G?L2 (29)

The above worst-case bound can be used to show a O(1/k2) upper bound on the sub-optimality
of the incremental gradient method which accords with known results (see Table 1). However, a
more careful examination of the random sum reveals that when choosing o uniformly at random,
a concentration of measure phenomenon occurs which allows us to establish the stronger bound in
the lemma (with linear dependence rather than quadratic in n), and improve the sub-optimality. We
use the following version of the Hoeffding-Serfling inequality (Bardenet et al., 2015, Corollary 2.5),
stated here for completeness.

Theorem 21 (Hoeffding-Serfling inequality) Suppose n > 2, x1,...,z, € |a,b] with mean &
and o : [n] — [n] is a permutation sampled uniformly at random. Then for all j < n, for all
d € [0,1], w.p. at least 1 — ¢ it holds that

J 1o )
;Z (2o — ) < (b—a) pjgj(.l/),

where
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Since p; < 1 forall j € [n] and by applying the inequality on —z1, ..., —z;, and using the union
bound, we have w.p. at least 1 — § that

1< log(2/5)

- To(:) — T S b —a —_—.

; ; (o)) —7)| < (b= a)y [ =
Using the union bound again for the n events where each of the n partial sums do not deviate, we
have

"1 . log(2n/8) <~ 1 log(2n /) noq
3|53 o 0| < o[PS o [ (1 [ L
j=1 i=1 Jj=1
log(2n/d
= (b—a) Og(;/)(%/n “1-1) <2(b—a)\/nlog(2n/o).

Using the above to bound Eq. (28) w.h.p. we have that w.p. at least 1 — §
X2 <9?n’L? - 2G?nlog(2n/6) = 2n*n®G*L? log(2n/).

Letting 6 = %, we denote the event where X2 < 47?n3G2L?log(2n) as E, and we have that the
1

complement of E satisfies Pr [E] < 1 and
E [X2|E] < 4n°n*G?L? log(2n).
Finally, from the above, the law of total expectation and Eq. (29) we have
B [XZ] — E [X2|E] Pr[E) + E [X2|E] Pr [E]
< 4n*n3G?L%log(2n) - 1 + n*n*G*L? - %
< 5n?n3G2L% log(2n).
|

Lemma 22 Let Xy = 1, (H?:jﬂ (1- nao(i))> by(j) where each fi(x) = %a* + bjx satis-
fies Assumption 2, """ | by = 0 and nmnL < 0.5. Then

|Ey [Xo]| < 4nnGL,
where the expectation is over sampling a permutation o : [n] — [n| uniformly at random.
Proof Letting Y; := <H?:j (1= naa(i))) by(j)» we expand Y; to obtain
n—

E[Y)] =E [bo] + 2 (=m)" <n%j>E ) ( %(m> bo (i)
=1

m=1 J+1<i1,...,im <n distinct

n—j o m
= (=m)™ <nm j) E Z <H aa(il)> bo(j) (30)
=1

7+1<%1,...,im <n distinct
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Repeatedly using the law of total expectation, the expectation term in the right hand side above
equals

> E > (H ag(il)> bo(j)
=1

O'(il) = tl Pr [O‘(il) = tl]

t1€[n] J+1<i1,...,im <n distinct
m
- Z a, E Z Hag(il) by O—(il) =t
t1€ [n] J+1<ia,...,im <n distinct =
m
Z Z a ap, B Z Hag(m bo(jy|o(i1) = t1,0(iz) = t2
t1€['rL] tae[n]\{t1} J+1<i3,...,im <n distinct =3

_(n;'m)! Z Z Z at at, . . . at,, K

tle[n] ta€ln\{t1}  tm€R\{t1, st 1}

Z Z Z Aty Gty - - . At,, n_l Z btm+1

bo;

7) 0—<i1) =11,... 70—(im) =1im

t16[n] tae[n\{t1}  tmE[n\{t1,tmo1} M it €Nt st}
— ! 1
:—T Z Z Z atlatQ...atmn_m Z btm+1'
t1€[n] t2€\{t1}  tm€[n]\{t1,...tm—-1} tm4+1E{t1,.tm}

Recalling that |a;| < L and |b;| < G, the above is upper bounded in absolute value by.

om0y Y e "

m
ti€[n] t2€n\{t1}  tm€R\{t1,tm-1} tm1€{t1,..tm}

Plugging this back in Eq. (30) we obtain

() manel = S ()i

n
_ Z,,m< n 1>7H7%+1LmG§2Gannm—1Lm
m — n—m

m=1

L
< 2G777 < 4GL.
—nnL

Where the last two inequalities are by the assumption nnL < 0.5 which guarantees that the sum
converges. Finally, we conclude

|<Z\IE ]| < 4nnGL.
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