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Abstract

We develop a new primitive for stochastic optimization: a low-bias, low-cost
estimator of the minimizer x, of any Lipschitz strongly-convex function. In
particular, we use a multilevel Monte-Carlo approach due to Blanchet and Glynn
[8] to turn any optimal stochastic gradient method into an estimator of x, with bias
0, variance O(log(1/0)), and an expected sampling cost of O(log(1/6)) stochastic
gradient evaluations. As an immediate consequence, we obtain cheap and nearly
unbiased gradient estimators for the Moreau-Yoshida envelope of any Lipschitz
convex function, allowing us to perform dimension-free randomized smoothing.
We demonstrate the potential of our estimator through four applications. First, we
develop a method for minimizing the maximum of N functions, improving on
recent results and matching a lower bound up to logarithmic factors. Second and
third, we recover state-of-the-art rates for projection-efficient and gradient-efficient
optimization using simple algorithms with a transparent analysis. Finally, we
show that an improved version of our estimator would yield a nearly linear-time,
optimal-utility, differentially-private non-smooth stochastic optimization method.

1 Introduction

Consider the fundamental problem of minimizing a u-strongly convex function F' : X — R given
access to a stochastic (sub-)gradient estimator V F satisfying E VF(x) € OF (x) and E|VF (z)]]? <

G? for every x € X. Is it possible to transform the unbiased estimator V F' into a (nearly) unbiased
estimator of the minimizer x, = argmin,c, F'(z)? In particular, can we improve upon the

O(G/(u\/T)) bias achieved by T iterations of stochastic gradient descent (SGD)?

In this paper, we answer this question in the affirmative, proposing an optimum estimator &, which
(for any fixed § > 0) has

2
bias |[E¢, — x,|| = O(J) and variance E|| 2, — Ei,||? = O<G2 log(i)>,
1 [

and, in expectation, costs O(log(l%)) evaluations of VF.3 Setting § = G/(uu/T), we obtain the

same bias bound as T iterations of SGD, but with expected cost of only O(log T') stochastic gradient
evaluations (the worst-case cost is 1'). Further, the bias can be made arbitrarily small with only
logarithmic increase in the variance and the stochastic gradient evaluations of our estimator, and
therefore—paralleling the term “nearly linear-time” [27]—we call z, nearly unbiased.

Our estimator is an instance of the multilevel Monte Carlo technique for de-biasing estimator
sequences [25] and more specifically the method of Blanchet and Glynn [8]. Our key observation is
that this method is readily applicable to strongly-convex variants of SGD, or indeed any stochastic
optimization method with the same (optimal) rate of convergence.

*Stanford University, {asi, jmblpati,yujiajin,sidford}@stanford.edu
Tel Aviv University, ycarmon@tauex.tau.ac.il
*When X' = Br(zo) C R, F(z) = 1 > icin) F'(x51), and VF'is the subgradient of a uniformly random

F(x;1) we can also get an estimator with bias 0 and expected cost O(log(nd)). See Appendix A.1 for details.
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Objective Expensive operation O Np ENg f

max;e(n) f(i) () (Sec. 4) foy @), fan (@) O 23)  O(e?)
f(x) in domain X (Sec. 3) Projy () O(e™h) "
A(x) + f(x) for L-smooth A (Sec. 5) VA(z) O(\/L/e) "

Table 1. Summary of our applications of accelerated bias-reduced stochastic gradient methods. We use
No and Ng, ; to denote the number of expensive operations and subgradient estimations, respectively.

The O notation hides polylogarithmic factors. See Section 1.2 for additional description.

1.1 Estimating proximal points and Moreau-Yoshida envelope gradients

Given a convex function f and regularization level A, the proximal point of y is Ps\(y) =
argmin,cga{ f(2) + %||z — y[|*}. Since computing P, amounts to solving a A-strongly-convex
problem, our technique provides low-bias and cheap proximal point estimators. Proximal points are
ubiquitous in optimization [43, 19, 52, 38] and estimating them efficiently with low bias opens up new
algorithmic possibilities. One of these possibilities is estimating the gradient of the Moreau- Yoshida
envelope fx(y) = min,cga{ f(x) + 5 |lz — y[|*}, which is a A\-smooth, G?/(2))-accurate approxi-
mation of any G-Lipschitz f (see, e.g., [43, 29] and Appendix B.3). Since V fx(y) = Ay — P (y)),
our optimum estimator provides a low-bias estimator for V f (y) with second moment and expected
cost greater than those of v f by only a logarithmic factor. Thus, for any non-smooth f we can turn

Vfintoa gradient estimator for the smooth surrogate f, whose smoothness is independent of the
problem dimension, allowing us to perform dimension-free randomized smoothing [20].

1.2 Applications via accelerated bias-reduced methods

Our optimum estimator is a new primitive in stochastic convex optimization and we expect it to find
multiple applications. We now describe three such applications: the first improves on previously
known complexity bounds while the latter two recover existing bounds straightforwardly. For

simplicity of presentation we assume (in the introduction only) E||V f[|> < 1 and unit domain size.

In each application, we wish to minimize an objective function given access to a cheap subgradient

estimator V f as well as an expensive application-specific operation O (e.g., a projection to a
complicated set). Direct use of the standard stochastic gradient method finds an e-accurate solution

using O(e~2) computations of both v f and O, and our goal is to improve the O complexity without

hurting the V f complexity.

To that end, we design stochastic accelerated methods consisting of T’ iterations, each one involving
only a constant number of O and proximal point computations, which we approximate by averaging
copies of our optimum estimator.* Its low bias allows us to bound 7' < ¢~2 as though our proximal
points were exact, while maintaining an O(e~2) bound on the total expected number of v f calls.?
Thus, we save expensive operations without substantially increasing the gradient estimation cost.
Table 1 summarizes each application, and we briefly describe them below.

Minimizing the maximal loss (Section 4). Given N convex, 1-Lipschitz functions f(1), ..., f(n)
we would like to find an e-approximate minimizer of their maximum fiax () = max;cn) fe) (2).
This problem naturally arises when optimizing worst-case behavior, as in maximum margin classifi-
cation and robust optimization [53, 15, 45, 6]. We measure complexity by the number of individual
function and subgradient evaluations, so that the expensive operation of evaluating f(1), ..., f(n)
at a single point has complexity O(N) and the subgradient method solves this problem with com-
plexity O(Ne~2). Carmon et al. [13] develop an algorithm for minimizing fi,.x With complexity
O(Ne=2/3 4 ¢=8/3), improving on the subgradient method for sufficiently large N. Using our
bias-reduced Moreau gradient envelope estimator in a Monteiro-Svaiter-type accelerated proximal
point method [12, 11, 38], we obtain improved complexity O(Ne~2/3 + ¢2). This matches (up to
logarithmic factors) a lower bound shown in [13], settling the complexity of minimizing the maximum

“While averaging is parallelizable, our optimum estimator itself is sequential. Consequently, our approach
does not yield improve parallelism; see Appendix A.2 for further discussion
*It is easy to turn expected complexity bounds into deterministic ones; see Appendix A.3.



of N non-smooth functions. Our result reveals a surprising fact: for N < (GR/¢)~*/3, minimizing
the maximum of IV functions is no harder than minimizing their average.

Projection-efficient optimization via dimension-free randomized smoothing (Section 3). Con-
sider the problem of minimizing a convex function f using an unbiased gradient estimator v f over
convex set X for which Euclidean projections are expensive to compute (for example, the cone
of PSD matrices). When f is L-smooth, a stochastic version of Nesterov’s accelerated gradient
descent (AGD) [16] performs only O(+/L/¢) projections. For non-smooth f we instead apply AGD
to the Moreau envelope smoothing of f (with appropriate A = O(e~1)) using our nearly-unbiased
stochastic estimator for V fy. This yields a solution in O(e~ 1) projections and O(¢~2) evaluations of

v f. Our algorithm provides a simple alternative to the recent work of Thekumparampil et al. [51]
whose performance guarantees are identical up to a logarithmic factor.

Gradient-efficient composite optimization (Section 5). We would like to minimize ¥(z) =
A(x) + f(z), where A is convex and L-smooth but we can access it only via computing (ex-
pensive) exact gradients, while f is a non-smooth convex functions for which we have a (cheap)
unbiased subgradient estimator V f. Problems of this type include inverse problems with sparsity
constraints and regularized loss minimization in machine learning [34]. To save VA computa-
tions, it is possible to use composite AGD [41] which solves O(y/L/¢) subproblems of the form
minimize, { (VA(y),z) + f(z) + ng — 2'||?}. Lan [34] designed a specialized method, gradient
sliding, for which the total subproblem solution cost is O(¢~?) evaluations of V f. We show that a sim-
ple alternative—estimating the subproblem solutions via our low-bias optimum estimator—recovers
its guarantees up to logarithmic factors.

1.3 Non-smooth differentially private stochastic convex optimization

We now discuss a potential application of our technique that is conditional on the existence of
an improved optimum estimator. In it, we minimize the population objective function f(z) =
Es~p f (z; S) under the well-known constraint of differential privacy [22]. Given n i.i.d. samples
S; ~ P and assuming that each f is 1-Lipschitz, convex and sufficiently smooth, Feldman et al. [23]
develop algorithms that obtain the optimal error and compute O(n) subgradients of f . The non-
smooth case is more challenging and the best existing bound is O(n''/®) for the high-dimensional
setting d = n [32, 3]. In Section 6 we show that our optimum estimator, combined with recent
localization techniques [23], reduces the problem to private mean estimation. Unfortunately, our
estimator is heavy-tailed, leading to insufficient utility. Nevertheless, assuming a version of our
estimator that has bounded outputs, we give an algorithm that queries O(n) subgradients for non-
smooth functions, solving a longstanding open problem in private optimization [14, 4]. This motivates
the study of improved versions of our estimators that have constant sensitivity.

1.4 Related work

Multilevel Monte-Carlo (MLMC) techniques originate from the literature on parametric integration for
solving integral and differential equations [25]. Our approach is based on an MLMC variant put forth
by Blanchet and Glynn [8] for estimating functionals of expectations. Among several applications,
they propose [8, Section 5.2] an estimator for argmin, Eg.p f(z; S) where f(-; s) is convex for
all s and assuming access to minimizers of empirical objectives of the form ), €[N f (z;s;). The
authors provide a preliminary analysis of the estimator’s variance (later elaborated in [9]) using an
asymptotic Taylor expansion around the population minimizer. In comparison, we study the more
general setting of stochastic gradient estimators and provide a complete algorithm based on SGD,
along with a non-asymptotic analysis and concrete settings where our estimator is beneficial.

A number of works have used the Blanchet-Glynn estimator in the context of optimization and
machine learning. These applications include estimating the ratio of expectations for semisupervised
learning [7], estimating gradients of distributionally robust optimization objectives [35], and estimat-
ing gradients in deep latent variable models [47]. Our estimator is similar to that of Levy et al. [35]
in that we also have to pick a “critical” doubling probability for the (random) computational budget,
which makes the expected cost and variance of our estimators depend logarithmically on the bias.



1.5 Limitations

Our paper demonstrates that our proposed optimum estimator is a useful proof device: it allows us to
easily prove upper bounds on the complexity of structured optimization problems, and at least in one
case (minimizing the maximum loss) improve over previously known bounds. However, our work
does not investigate the practicality of our optimum estimator, as implementation and experiments
are outside its scope.

Nevertheless, let us briefly discuss the practical prospects of the algorithms we propose. On the one
hand, our optimum estimator itself is fairly easy to implement, adding only a few parameters on top
of a basic gradient method. On the other hand, in the settings of Sections 3 and 5, gradient-sliding
based methods [34, 51] are roughly as simple to implement and enjoy slightly stronger convergence
bounds (better by logarithmic factors) than our optimum estimator. Consequently, in these settings
we have no reason to assume that our algorithms are better in practice. In the setting of Section 4
(minimizing the maximum loss) our algorithm does enjoy a stronger guarantee than the previous best
bound [13]. However, both our algorithm and [13] are based on an accelerated proximal point method
that, in its current form, is not practical [13, Sec. 6.2]. Thus, evaluating the benefit of stochastic bias
reduction in the context of minimizing the maximum loss would require us to first develop a practical
accelerated proximal point algorithm, which is an open question under active research [see, e.g., 50].

Another limitation of our optimum estimator is that, while it has a bounded second moment, its
higher moments are unbounded. While this does not matter for most of our results, the lack of higher
moment bounds prevents us from setting the complexity of non-smooth private stochastic convex
optimization in Section 6. Finding an optimum estimator that is bounded with high probability—or
proving that one does not exist—remains an open question for future work.

Finally, our analyses are limited to convex objective functions. However, while outside the scope of
the paper, we believe our results are possibly relevant for non-convex settings as well. In particular,
for smooth non-convex functions (and weakly-convex functions [17] more broadly) the problem of
computing proximal points with sufficiently high regularization is strongly convex and our estimator
applies. Such non-convex proximal points play an important role in non-convex optimization [17]
with applications in deep learning [see, e.g., 49]. Applying the optimum-estimator technique in
non-convex optimization is therefore a viable direction for future work.

1.6 Notation

We let Br(z) = {y € R? : ||y — z|| < R} denote the ball of radius R around z, where ||| is the
Euclidean norm throughout. We write Projg for the Euclidean projection to S. We write 1y 4y for the
indicator of event A, i.e., ]l{ A} = 1 when A holds and 0 otherwise. Throughout the paper, \V/ f denotes

a (stochastic) subgradient estimator for the function f, and X C R denotes the optimization domain,
which we always assume is closed and convex. We use P y to denote the proximal operator (2) and
fx to denote the Moreau envelope (3) associated with function f and regularization parameter .
Finally, we use Ny and N st denote function and subgradient estimator evaluation complexity,

respectively.

2 A multilevel Monte-Carlo optimum estimator

In this section, we construct a low-bias estimator for the minimizer of any strongly convex function
F : X — R. This estimator is the key component of our algorithms in the subsequent sections, which
use it to approximate proximal points and Moreau envelope gradients. We assume that F' is of the
form F' = f + 1, where the function v is “simple” and that f satisfies the following.

Assumption 1. The function f : X — R is convex (with closed and convex domain X) and is
accessible via an unbiased subgradient estimator NV f which satisfies E||V f (x)||2 < G2 for all .

Our applications only use ¢ of the form () = 2|l — ’||? but our estimator applies more broadly
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to cases where argmin, { (v, z) + ¢ (z) + 2%} |z — y||*} is easy to compute for all v and y.

2.1 ODC algorithms

Our estimator can use, in a black-box fashion, any method for minimizing F' with sufficiently fast
convergence to x, = argmin ., F'(x). We highlight the required convergence property as follows.



Algorithm 1: OPTEST(@f, W, 1, 8,02, X) Algorithm 2: MORGRADEST(?f7 Y, \, 6,02, X)

> 6, 02 are required bias and square error > 6, 02 are required bias and square error
> ¢ is the ODC algorithm constant > A is the regularization level
T _ [ 4cG? > y is the point at which to estimate V f (y)
max Zminfo2 Loy
p2 min{é2,502} — A —_ 2
2 a(z) = gllz =y

N — [32&:2 1og(Timax) "

[,4420'2
fori=1,...,Ndo
L 79 = a draw of the estimator (1)

&, = OPTEST(?]’, Ua A, 2, %E,X)

return \(y — I,)

. (4)

1
return 5 >~ (v &

Definition 1. An optimal-distance-convergence algorithm ODC takes as input v f satisfying As-
sumption 1, a simple function 1) and a budget'T' > 1. If ' = f + v is u-strongly convex with
minimizer x, the algorithm’s output x = ODC(V f, 4, T') requires at most T evaluations of V f to
G2
u2T

compute and satisfies E|z — x,||? < ¢-%— for some constant ¢ > 0.

Standard lower bound constructions imply that the O(%) squared distance convergence rate is
indeed optimal; see Appendix A.4 for additional discussion. Conversely, ODC algorithms are readily
available in the literature [44, 28] since any point = satisfying EF(z) — F(z,) = O(;%) (the
optimal rate of convergence in strongly convex, Lipschitz optimization) also satisfies E||z — x,]|? <
O(%) by due to the strong convexity of F'. We provide a concrete ODC algorithm consisting
of a generalization of epoch SGD [28], which allows us to optimize over the composite objective
F = f 4 4 instead of only f as in the prior study of epoch SGD.

Lemma 1. EPOCHSGD (Algorithm 8 in Appendix B.1) is an ODC algorithm with constant ¢ = 32.

2.2 Constructing an optimum estimator

To turn any ODC algorithm into a low-bias, low-cost and near-constant variance optimum estimator,
we use the multilevel Monte Carlo (MLMC) technique of Blanchet and Glynn [8]. Given a problem
instance V f, 1, an algorithm ODC and a cutoff parameter T},,x € N, our estimator . is:

Draw J ~ Geom (3) € N and, writing z; := ODC(Vf,1,27), compute

21](x<] - IJ—l) 21] < Thnax

Ty =m0 + .
e {0 otherwise.

(D

We note that for certain ODC algorithms it is possible to extract xg, x y—1 from the intermediate steps
of computing z ;, so that we only need to invoke ODC once. This is particularly simple to do for
EPOCHSGD, as we explain in Appendix B.1. The key properties of our estimator are as follows.

Proposition 1. Let f and v f satisfy Assumption 1, F = f 4 1 be p-strongly convex with minimizer
2y and Tinax € N. For any ODC algorithm with constant c, the estimator (1) has bias |EZ, — x| <

vV 20#“/% and variance E||#, — EZ,|? < 160%2 logs (Timax ). Moreover, the expected number of

V f evaluations required to compute &, is O(10g Trmax ).

Proof. Let jmax = max{j € N |2/ < Tpax} = |1ogy Timax)|. The expectation of &, is

jmax
E&, =Exo+ Y P(J = j)2/ (Bx; — Baj_1) = By,

J=1

where the second equality follows from P(J = j) = 277 and the sum telescoping. Noting that
Tj. = ODC(Vf, 0, T) for T = 2Jmax > T, /2, we have that

G
Exj, .. — 2| < \/m SVer—m——rpb
” Jmax *” — H Imax *H - f Tmax/2

"



by Definition 1. To bound the variance we use |la + b||? < 2||a||? + 2|/b||* and note that
Elld, — Ed. |2 < Elld — ]2 < 2E]/d. — zoll® + 2Ellzo — 2,
The ODC property implies that E||zg — x,]|? < ¢G?/u?. For the term E||&, — x0||? we have

o o
E|2, — zol® = Y P(J = j)2%Ellz; — 21> = ) 2Ellz; —2;-1]%, and

j=1 j=1
2 2 2 G2 ]
Ellz; — zj-1ll” < 2Ez; — 2| + 2E[jwj 1 — 2.[]” < GCFTJ-

Substituting, we get E||#, — z0/|? < GC%jmax and E||2, — E2,|]? < 160%2 logy(Timax). Finally,
the expected number of V f evaluations is 1 + Z;‘;al" P(J = 7)(27 + 2971 = O(jmax)- O
The function OPTEST in Algorithm 1 computes an estimate of x, with and desired bias § and square

error o2 by averaging independent draws of the MLMC estimator (1). The following guarantees are
immediate from Proposition 1; see Appendix B.2 for a short proof.

Theorem 1. Let f and \Y f satisfy Assumption 1, F' = f 4 1 be u-strongly convex with minimizer
x, € X, and 6,0 > 0. The function OPTEST(V f, 1, i, 8,02, X) outputs &, satisfying

|EZ, — 2] <6 and E|@, — x,|*> < 0?
using N¢, 7 stochastic gradient computations, where

G2 9 G G
s =0 (532 (iiar) (i) )

2.3 Estimating proximal points and Moreau envelope gradients

The proximal point of function f : X — R with regularization level A at point y is

Pyaly) = argmin{ £ () + 3l — yl*}. o

When f satisfies Assumption 1, we may use OPTEST (with ¢(x) = %ch —y||? and 1z = ) to obtain
a reduced-bias proximal point estimator. The proximal point P »(y) is closely related to the Moreau
envelope

Ay) = min{f (@) + 3o - yl*} 3)

via the relationship V fa(y) = A(y — P#x(y)) (see Appendix B.3). Therefore, we can use our

optimum estimator to turn O(1) calls to \Y f into a nearly unbiased estimator for V f). We formulate
this as:

Corollary 2. Let f and v f satisfy Assumption 1, let y € X and let ):, o, >
0. The function MORGRADEST(V f, \,y,8,0%, X) outputs V f\(y) satisfying |EV fr(y) —
VA < 6§ and E[|Vfi(y) — VAW|? < o2 and has complexity ENg, =

G? 2 G G
o (? IOg (min{é,a}) + IOg (Inin{5,0}>)'
3 Projection-efficient convex optimization

In this section, we combine the bias-reduced Moreau envelope gradient estimator with a standard
accelerated gradient method to recover the result of Thekumparampil et al. [5S1]. We consider the
problem of minimizing a function f satisfying Assumption 1 over the domain Bz(0) subject to
the constraint € X, where X C Br(0) is a complicated convex set that we can only access via
(expensive) projections of the form Proj () := argmin, ¢ v |y — . We further assume that an
initial point zy € X satisfies ||xg — 4| < D.

Algorithm 3 applies a variant of Nesterov’s accelerated gradient descent method (related to [2, 1])
on the (A-smooth) Moreau envelope f defined in eq. (3). Since computing the Moreau envelope



Algorithm 3: Stochastic accelerated gradient descent on the Moreau envelope

Input: A gradient estimator v f satisfying Assumption 1 in B (0), projection oracle Proj ,, and
initial point z¢ = v with ||zg — 2. || < D.

Parameters : Iteration budget 7", Moreau regularization \, approximation parameters 0y, o7

fork=1,---,Tdo

Yk—1 = %xk + k%lvkq

gk = MORGRADEST(V f, y_1, A, Ok, 07, Br(0))
z, = Projx (yk—1 — 3x9r)

vk = Projs ;o) (vk-1 = gx0%)

return xp

does not involve projection to X, for sufficiently accurate approximation of V f\ we require only
T = O(1/AD?/e) projections to X for finding an O(e)-suboptimal point of f) constrained to X'
For that point to be also e-suboptimal for f itself, we must choose ) of the order of G? /¢, so that the
number of projections is O(GD/e).

As noted in [51] computing V f) to accuracy O(e/R) is sufficient for the above guarantee to hold, but
doing so using a stochastic gradient method requires O((GD/¢)?) evaluations of V f per iteration,
and O((GD/¢)?) evaluations in total. To improve this, we employ Algorithm 2 to compute nearly-
unbiased estimates for V f) and bound the error incurred by their variance. Our result matches the
gradient sliding-based technique of Thekumparampil et al. [S1] up to polylogarithmic factors while
retaining the conceptual simplicity of directly applying AGD on the Moreau envelope. We formally
state the guarantees of our method below, and provide a self-contained proof in Appendix C.

Theorem 3. Let f : Br(0) — R and NV f satisfy Assumption 1. Let X C Br(0) be a convex set
admitting a projection oracle Proj . Let xo € X be an initial point with ||z — x,|| < D for some

2
T, € X. With A\ = 2(5 , 0 = ﬁ, U,% = sz:‘l, and T = @ Algorithm 3 computes x € X with

E[f(x)] < f(zy) + € with complexity ]EN@JC =0 (G;DQ log? (GR)) and O (GTD) calls to Proj .

€

4 Accelerated proximal methods and minimizing the maximal loss

In this section we apply our estimator in an accelerated proximal point method and use it to obtain an
optimal rate for minimizing the maximum of N convex functions (up to logarithmic factors).

4.1 Accelerated proximal point method via Moreau gradient estimation

Algorithm 4 is an Monteiro-Svaiter-type [38, 12] accelerated proximal point method [36, 24] that
leverages our reduced-bias Moreau envelope gradient estimator. To explain the method, we contrast
it with stochastic AGD on the Moreau envelope (Algorithm 3). First and foremost, Algorithm 3
provides a suboptimality bound on the Moreau envelope f) (which for small A is far from f) while
Algorithm 4 minimizes f itself.

Second, while Algorithm 3 uses a fixed regularization parameter A, Algorithm 4 handles an arbitrary
sequence {)\;} given by a black-box function NEXTLAMBDA. To facilitate our application of
the method to minimizing the maximal loss—where gradient estimation is only tractable in small
Euclidean balls around a reference point—we include an optional parameter 7 such that the proximal
point movement bound ||Py x,_, (yx) — y&|| < r holds for all k. However, most of our analysis of
Algorithm 4 does not require this parameter (i.e., holding for » = o0), making it potentially applicable
to other settings that use accelerated proximal point methods [11, 38, 50].

The third and final notable difference between Algorithms 3 and 4 is the method of updating the xy,
iteration sequence. While a projected stochastic gradient descent step suffices for Algorithm 3, here
we require a more direct approximation of function value decrease attained by the exact proximal
mapping Py \ (see eq. (2)). For a given accuracy ¢, we define the p-approximate proximal mapping

P%\(y) = any z € X' such that EF(v) < F(Py\(y)) + ¢ for F(2) = f(2) + %Hz — |2 @)



-

Algorithm 4: Stochastic accelerated proximal point method

Input: Gradient estimator \Y f, function NEXTLAMBDA, initialization ¢y = vg and Ag > 0.
Parameters : Approximation parameters { ¢y, dx, 0% }, stopping parameters Aoy and Kpax,
optional movement bound 7 > 0.
fork=0,1,...do
Akt1 = NEXTLAMBDA(xk, Vg, Ak ) > guaranteeing that ||Py, ., (yx) — ye|| <7

Ak41 = )\ TV 1+ 4)\k+1Ak and Ak+1 Ap + ag4+1 and Xy = X' N Br(yk)

AL . . )
Yk = Ak+1 B+ A vk and x4 = P?k/\:il (yk) > defined in eq. (4)

Gk+1 = MORGRADEST(Vﬁ Yk Mot 15 0%, 07, Xio) and vy = Projy (v — 3akt19k41)
if Agp1 > Amax Or k + 1 = Kjax then return xj,

Note that IS? » = Py, and that for ¢ > 0 we can compute Igf , with an appropriate SGD variant
(such as EPOCHSGD) using O(G?2/(\y)) evaluations of V f.

With the differences between the algorithms explained, we emphasize their key similarity: both
algorithms update the vy sequence using our bias reduction method MORGRADEST (Algorithm 2),
which holds the key to their efficiency. The following proposition shows that Algorithm 4 has the
same bound on K ,,x as an exact accelerated proximal point method [12], while requiring at most

6(G2 R2¢~2) stochastic gradient evaluations; see proof in Appendix D.1.

Proposition 2. Let f : X — R and V[ satisfy Assumption 1, and let X C Br(zo). For a
target accuracy ¢ < GR let cpkH = m Ok+1 = T U,%_H = 60ak+1 Ao = £, and

Apax = %. If Ak > Amin > A = Q( 5 ) for all k < K., then lines 4 and 5 afAlgorlthm 4
have total complexity ENg, ; = O(KmaX og €8 + Ge—QR log? @) If in addition ||P x, (yx—1) —

yp—1|| = 3r/4 whenever N\, > 2Amin then for Kupax = O(( )2/3 log(%) + 4/ ’\“%“1%2), the
algorithm’s output x i satisfies f(xg) — f(x4) < € with probability at least %

4.2 Minimizing the maximal loss

We now consider objectives of the form fiax(7) = max;cin) f(;)(z) where each function f(; :
X — Ris convex and G-Lipschitz. Our approach to minimizing f,.x largely follows Carmon et al.
[13]; the main difference is that we approximate proximal steps via Algorithm 4 and our reduced-bias
bias estimator. The first step of the approach is to replace fi,.x with the “softmax” function, defined
for a given target accuracy € as

Foman (1) = ¢ 10g<2 exp(f(i) (x)/el)>, where ¢ = 210;]\].

i<N
Since fomax () — fmax(x) € [0, §], any $-accurate solution of fimay is e-accurate for frax.

The second step is to develop an efficient gradient estimator for fy,ax; this is non-trivial because
fsmax 18 not a finite sum or expectation. In [13] this is addressed via an “exponentiated softmax” trick;
we develop an alternative, rejection sampling-based approach that fits Algorithm 4 more directly (see
Algorithm 9). To produce an unbiased estimate for V fsmax () for z in a ball of radius r. = €/ /G
we require a single V f(;) () evaluation (for some ), O(1) evaluations of f(;)(z) in expectation, and
evaluation of the IV functions f(1)(y), ..., f(v)(y) for pre-processing. Plugging this estimator into
Algorithm 4 with r = r, the total pre-processing overhead of lines 4 and 5 is O (K pax V).

The final step is to find a function NEXTLAMBDA such that || Pfsmax,)\t+1 (yr) — yrl| < reforall k

(enabling gradient estimation), and [|Pr. .. x,.. (yx) — Ykl = 37 when Ajj1 > 2Amin (allowing
us to bound K ,,,x with Proposition 2). Here we use the bisection subroutine from [13] as is (see
Algorithm 10). By judiciously choosing A,;,—an improvement over the analysis in [13]—we obtain
the following complexity guarantee on Ay, and Ny, , the total numbers of individual function and
subgradient evaluations, respectively. (See proof Appendix D.2).
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Theorem 4. Let f(1),..., f(n) : & — R be convex and G-Lipschitz and let X C Br(xo). For
any € < %GR/ log N, Algorithm 4 (with P‘}:mx’)\ implemented in Algorithm 8, @fsmax given by

Algorithm 9 and NEXTLAMBDA given by Algorithm 10 with Ay, = 6(6/(T?/3R2/3)) outputs x €
X that with probability at least % is e-suboptimal for fumax(v) = max;c|n) f(i)(x) and has complexity

2/3
ENj,, = O({N(W) + (GER)Q} log? GR) and ENg,, = O((S2)” log? S2).

The rate given by Theorem 4 matches (up to logarithmic factors) the lower bound Q(N(GR/¢€)? +
(GR/€)?) shown in [13] and is therefore near-optimal.

5 Gradient-efficient composite optimization

Consider the problem of finding a minimizer of the following convex composite optimization problem
miniEIEize U(x) = A(x) + f(x) where A is L-smooth and f satisfies Assumption 1,  (5)
T

given x such that ||zg — z,|| < R for some z, € argmin,, ¥(z). Lan [34] developed a method
called “gradient sliding” that finds an e-accurate solution to (5) with complexity Ny = O(y/LR2/¢)
evaluations of VA(z) and Ng , = O((GR/ €)?) evaluations of V f(z), which are optimal even for
each component separately.®

In this section, we provide an alternative algorithm that matches the complexity of gradient up to
logarithmic factors and is conceptually simple. Our approach, Algorithm 5, is essentially composite
AGD [41], where at the kth iteration we compute a proximal point (2) with respect to a partial
linearization of ¥ around yj,. In particular, letting Ax(v) :== A(yy) + (VA(yx),v — yi) and B, = 2E,
we approximate Py ¢ 5 (vi—1). Similar to Algorithm 4, Algorithm 5 computes two types of
approximations: one is an €;-approximate proximal point P%’“ B (vk—1) as per its definition (4),
while the other is our bias-reduced optimum estimator from Algorithm 1. We note, however, that
unlike Algorithm 4 which approximates the x; update, here we approximate vy, the “mirror descent”

update.

Below we state the formal guarantees for Algorithm 5; we defer its proof to Appendix E.

Algorithm 5: Stochastic composite accelerated gradient descent

Input: A problem of the form (5) with A, f, VA, v I
Parameters : Step size parameters (5 = % and vy, =

_2_
k+1°

parameters {e, ), 07 } and zo = vy satisfying ||zg — 2, || < R.
fork=1,2,--- ,Ndo
Yk = (I — ) Tr—1 + vProjy (ve—1)

iteration number N, approximation

Uk = PY 4 5, (0r—1) for Ap(v) = Ayr) + (VA(yr), v — yi)
Vi = OPTEST(Vf, ¢k,ﬁk, 5k7 0']%7133(1)()) n X) for wk(Z) = %HZ — 'Uk71||2 + Ak(Z)
o = (1 — ) Te—1 + Y0k

return x y

Theorem 5. Given problem (5) with solution x,, a point xo such that ||xg — x.|| < R and target
accuracy € > 0, Algorithm 5 with ¢, = LR/2kN, 6, = R/16N, o7 = R?/AN, and N =

O(+/LR?/¢) finds an approximate solution x satisfying EV(x) < ¥(z,) + € and has complexity
Nya=0 (,/Lf”) and ENg, = O <(Gf)21og2 GE 4\ [EE Jog (GER)).

6 Efficient non-smooth private convex optimization

We conclude the paper with a potential application of our optimum estimator for differentially
private stochastic convex optimization (DP-SCO). In this problem we are given n i.i.d. sample

SThe gradient sliding result holds under a relaxed Lipschitz assumption [see 34, eq. (1.2)]. It is straightforward
to extend EPOCHSGD, and hence all of our results, to that assumption as well.
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s; ~ P taking values in a set S, and out objective is to privately minimize the population average
f(x) = Eswp[f(z;S)], where f : X x S — R, is convex in the first argument and X C R is a
convex set, and S is a population of data points. That is, We wish to find Z € X with small excess
loss f(#) — mingex f(x) while preserving differential privacy.

Definition 2 ([22]). A randomized algorithm A is («, B)-differentially private ((«, 3)-DP) if, for all
datasets S, S’ € S™ that differ in a single data element and for every event O in the output space of
A, we have P|A(S) € O] < e*P[A(S’) € O] + 6.

DP-SCO has received increased attention over the past few years. Bassily et al. [5] developed
(inefficient) algorithms that attain the optimal excess loss 1/y/n + /dlog(1/8)/na. When each
function is O(+/n) smooth, Feldman et al. [23] gave algorithms with optimal excess loss and O(n)
gradient query complexity. In the non-smooth setting, however, their algorithms require O(n?)
subgradients. Subsequently, Asi et al. [3] and Kulkarni et al. [32] developed more efficient algorithms
for non-smooth functions which need O (min(n?/v/d, n>/*d"/®,n3/2 /d*/®)) subgradients which is
O(n“/ 8) for the high-dimensional setting d = n. Whether a linear gradient complexity is achievable
for DP-SCO in the non-smooth setting is still open.

In this section, we develop an efficient algorithm for non-smooth DP-SCO that queries 6(71) subgra-
dients conditional on the existence of an optimum estimator with the following properties.

Definition 3. Let F' = f + 1 be u-strongly convex with minimizer x, and f is G-Lipschitz. For
d > 0, we say that Os is efficient bounded low-bias estimator if it returns &, = Os(F) such that
|E[Zx — z.]]|> < 6% ||2x — 24| < C1G? log(G/ud)/1u?, and the expected number of gradient

queries is Ca log(G /o).

Comparing to our MLMC estimator (1) and Proposition 1, we note that the only place our current
estimator falls short of satisfying Definition 3 is the probability 1 bound on ||, — x,||?, which
for (1) holds only in expectation. Indeed, for our estimator, ||, — z,|| can be as large as O(G/(19)),
meaning that it is heavy-tailed.

It is not clear whether an EBBOE as defined above exists. Nevertheless, assuming access to such esti-
mator, Algorithm 6 solves the DP-SCO problem with a near-linear amount of gradient computations.
The algorithm builds on the recent localization-based optimization methods in [23] which iteratively
solve regularized minimization problems.

Algorithm 6: Differentially-private stochastic convex optimization via optimum estimation
Input: (s1,...,8,) € S™, domain X C Br(zo), EBBOE O (satisfying Definition 3).

Set k = [logn], B = 20(10g(%) + Cylog’n),n="1n= £ min{\/lﬁ, Blog(n)adlog(l)}
B

fori=1,2,---  kdo
— 44 kn r _
Letns = 279, fi(@) = £ 4% oy F(@s57). 0i(a) = o — i/ (i)
Letz; = %Z?:l Ogl(Fl) with F; = fz + 5 , (5? = G27712’7L
Set z; = Z; + (; where (; ~ N(0,021,) with o; = 8B(y/C1 logn + 2)n;+/log(2/8) /i

return x;

We average multiple draws of the (hypothetical) bounded optimum estimator to solve the regularized
problems, and apply private mean estimation procedures to preserve privacy. We defer the proof of
the following results Appendix F.

Theorem 6 (conditional). Given an efficient bounded low-bias estimator Oy satisfying Definition 3
Sorany 6 > 0, then for o < log(1/8), X € Br(zo), convex and G-Lipschitz f(x, s), Algorithm 6
is (v, B)-DP, queries O(n) subgradients and has (hiding logarithmic factors in n) E[f (z;) —

mingey f(2)] < GR - 19) (\/1% 4 \/W> _

noa

Theorem 6 provides a strong motivation for constructing bounded optimum estimators that satisfy Def-
inition 3 . In Appendix F.3, we discuss the challenges in making our MLMC estimator bounded, as
well as some directions to overcome them.

10
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Appendix

A Additional results and discussion

Here we provide additional discussion of three topics pertinent to our results: a zero-bias optimum
estimator, the parallel depth of our estimator, turning expected complexity bounds into determin-
istic ones, and a justification for the adjective “optimal” in Definition 1 of the “optimal distance
convergence” property. We recommend reading Sections 1 to 3 before the subsections below.

A.1 Zero-bias optimum estimation given exact gradients

The main tool developed in this paper is an optimum estimator with bias 6 whose expected query
complexity is O(log(G/(ud))). In this section, we show how to obtain a completely unbiased
optimum estimator when, in addition to a stochastic subgradient oracle, we assume access to a
first-order oracle, i.e., one which outputs the functions exact value and subgradient at the query point.

To be concrete, assume that the domain is a ball of radius R in R%, and that the objective F' :
Br(zo) — R is p-strongly-convex and of the form F(z) = & 2 i) F'(x;7), where each F(-;1) is
G-Lipschitz and given by a first-order oracle. In this case, we can compute an unbiased subgradient
estimator with single oracle query by sampling i ~ Unif([n]) and taking VF € & (; ). Further,
value and subgradient evaluations of F' can be implemented at n-times the cost by querying each
each F;. In this setting, we design an unbiased estimator of z, = argmin,cg, (o) F(x) with variance

O((G?/ i) log(nd)), expected query complexity O(log(nd)) and expected runtime O(d log(nd)).

To obtain this result, we leverage that first-order methods can compute the minimizer of a convex
function with a number of queries and runtime that depends polynomially on dimension and logarith-
mically on regularity parameters and the desired accuracy. In fact, any polynomial bound suffices for
our purposes and effect only constants factors in our expected complexity bounds. For concreteness,
we use the classic ellipsoid method [55, 48, 31] whose complexity we describe in the following
lemma. (We remark, however, that improved query complexities and runtimes are achievable; see
[30] for the state-of-the-art).

Lemma 2 (Ellipsoid method). There is an algorithm, ELLIPSOID(xq, f, T), which given o € RY,
a first order oracle for G-Lipschitz, p-strongly-convex f : Br(xo) — R, and query budget T > 0,
runs in O(d*>T) time, makes at most T queries, and outputs &, € Br(zo) with |2, — z,||3 <
(8G?/u?) exp(—T/(2d?)) for x, == argming cg . .0y f ().

Proof. Since f is G-Lipschitz for all x € Bg(zo) we have |f(z) — f(xo)] < GR. Con-
sequently, the ellipsoid method applied to f(z) — f(xo) can compute Z, € Bg(zo) with
f(&) — f(xy) < 2GRexp(—T/(2d?)) with O(T) queries and O(d?T) time [see, e.g., 10,

Theorem 2.4]. Since by strong convexity ||Z, — |3 < %[f(ﬁ*) — f(z4)] this implies that

| % — 2413 < (4GR/ ) exp(—T/(2d?)). Further, since f is G-Lipschitz and p-strongly-convex we
know that for all y € Br(zo) we have G|y — z.|| > f(y) — f(z+) > 4|y — 24]|* and since Br(zo)
O

contain a point y with ||y — 2,|| > R this implies R < 2G/u. Combining yields the result.

Combining the ellipsoid method with an ODC algorithm (see Definition 1) we obtain our unbiased
optimum estimator, which we formally describe in Algorithm 7. The procedure is similar to the

Algorithm 7: Unbiased optimum estimator

Input: Initialization zy € RY, first-order oracles for F'(x:; ) for all i € [n] and ODC algorithm
ODC.
1 Let Jo := [4logy(14(nd? + d*))]
. ODC(VE(-4),0,27) it j < Jo
Forall j > 1letx; == .
2 roraly M { ELLIPSOID (o, F, [27/2]) ifj > Jp

3 Draw J ~ Geom (%)

4 return xo + 2J($J_1 — xj) > Only zo, zs—1, and z s are computed explicitly by the algorithm.
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MLMC estimator (1), with the key difference that when (1) would output x(, we instead apply the
ellipsoid method. The following theorem establishes the performance of our algorithm.

Theorem 7 (Unbiased optimum estimator). Let F' : X — R be p-strongly convex with, X = Br(xg),
F(z) = %Zie[n] F(x;0) forall v € X and B||VF(z;1)||> < G? for all x € X and i ~ Unif([n]).
Algorithm 7 outputs & with EZ, = x, = argmin, e, (4, F'(z) and El|z — T3 = O(%2 log(nd))
with expected O(log(nd)) queries to (F(x;1), VF(x;1)) and expected O(dlog(nd)) time.

Proof. Note that

1

EH.f* - JT*”Q - Z 27 . ||370 — Ty + 2j(37j_1 — Jij)”Q

j=1
9]

< 2Bl|zo — @ |® +4 ) PE [llzjo1 — @l + [loj — 2.)?]
j=1

I\D‘M

E [llwo — @ll* + 2% [lj—1 — 511°]

=10||lzo — z.[* +4) (27 + 27 )El|z; — 2. ]? < 12 2E|a; — .
j=1 Jj=0

Further, by definition of ODC we have that E|z; — /3 < (¢G2?/u?)279/2 for all j <
Jo where c is the constant in Definition 1. Also, by Lemma 2 we have |z; — z,||3
(8G?/?) exp(—[27/2]/(2d?)) for all j > .Jy (since by assumption and Jensen’s inequality for
i ~ Unif([n]) we have |[VF(2)||? = |[EVF(z;i)|* < E|VF(z,4)||> < G? for alll x € X and
therefore F' is G-Lipschitz). Note that j < 5-27/4 forall j > 1 and 5-27/41n2 < 27/2 /(4d?) for all
j > 4log,(14d?). Consequently, (2d2 > 2jIn2and ||z; — x,[|3 < (8G?/u?)2=% for all j > Jp.
Therefore,

2
E|jd, — 2. |* < 122 — + 12 Z ﬁz I <12(edy + 8)G—2 =0 (i log(nd)>
J=0 j=Jo+1

Further,

Ex, = 279w + 2 (2; — 2_1) _x0+z = xjo1) = lim z; =z,
J

— 00
Jj=1

Now, note that when J < .J, the algorithm makes 27 subgradient queries and runs in time O(d2”).
Further, when J > Jy by Lemma 2 the algorithm makes [27/2] < 2'+(//2) first-order oracle queries,
costing O(n2(7/2)) sub-gradient in total, and runs in time O((nd? + d*)27/?). Consequently, the
expected number of subgradient queries is upper bounded by
Z 2J+Z p2 6/ _ gy 2SN L o0~ Olog(nd
0+ i3 D 3375 = Oo) = Ollog(nd))
jE[JU] J>J0 j=1

where in the last step we used that Jy = {2(log(n)) and Z;‘;l 21% = O(1). Similarly, since
Jo > logy(nd? + d*) the expected runtime is at most

1 ; =1 o i/

> 50+ ﬁo((nd +d )21/)
J€[Jo] Ji>Jo

=1

=0(Jy-d) + O (277 (nd® + d*)) Zi/ o -d) = O(dlog(nd)) .
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A.2 The sequential depth of our optimum estimator

Let us discuss the implications of our development—or more precisely, the lack thereof—on the
parallel complexity of non-smooth optimization. Following the standard setting for this problem,
consider the task of minimizing a G-Lipschitz convex function f in a domain of diameter R in R?

given the ability to query a subgradient oracle for f in batches of B parallel queries. That is, at round

t we query points x( ... ,xEB) and observe subgradients gt e of ( ) for i € [B]. In sufficiently

high dimension, the ability to query B points in parallel does not improve worst-case complexity: for
required accuracy e and algorithm with batch size B = poly(1/¢), there exists a problem instance
in dimension d = O(( )4 log 2) for which the algorithm must make 7" = Q(( 2)2) queries in
sequence in order to ﬁnd an e- accurate solution [11].

At first glance, our algorithms—and Algorithm 3 in (;;)arncular—seem to contradict the lower bound
described above. Indeed, the algorithm performs O (=) iterations, where each iterations consists of
averaging O( - ) copies of the optimum estimator (1 ). Since we can compute copies of the estimator
in parallel, the sequential depth of the algorithm appears to be only O(@). To resolve the apparent
contradiction, recall that each evaluation of (1) itself involves a sequential computation. In particular,
while an evaluation of (1) has depth O(1) on average, it also has depth Q( R) with probability
Q&g )- Therefore, for a batch of O( Gy copies of the estimator, one of them would have depth

Q( GR) with constant probability, implying an overall bound of Q(( £)2) on the sequential depth of
Algorlthm 3.

Viewed another way, the parallelism lower bound implies a limitation on the sequential depth distribu-
tion of any lower bias optimum estimator. More specifically, let T be a random variable representing
the sequential depth of a single copy of a low-bias optimum estimator and let Tl, .. TB K beii.d.
copies of that random variable, with B and K denoting batch size and AGD depth respectlvely Then,
when setting B = K = O( GR) we must have

GR\ 2
Z l{g%{Tka 1)3} Q((f) )

ke[K]

with high probability. In particular, it is impossible to create a low-bias optimum estimator whose

depth is 5(1) with high probability. This fact might serve as a useful sanity check when designing
new optimum estimators.

A.3 Obtaining deterministic complexity bounds

This paper measures complexity via Ne ¢» the number of gradient estimator evaluations by the
algorithm. The performance guarantees of our algorithms bound the expected complexity while
guaranteeing correctness with constant probability. In particular our guarantees in Sections 3 to 5
have the following general form: the algorithm outputs x such that f(z) — min.cx f(z) < e with
probability at least p, and ENg F < C(e). To guarantee a probability 1 bound on N 5> We may

terminate the algorithm and output an arbitrary point whenever N¢ f exceeds %C(e). By Markov’s

inequality such termination occurs with probability at most p/2 and therefore by the union bound we
will output a correct = (satisfying f(z) — min,cx f(z) < €) with probability at least p/2.

In Section 6 we describe a differentially-private algorithm with bounded expected error and expected
gradient estimation complexity. Here too, we may terminate the algorithm if the number of gradient
estimations exceeds the bound on the expectation by more than a constant, and maintain a constant
probability bound on the error. Since the random amount of gradient estimations in this algorithm
is independent of the input (and in fact can be computed ahead of the algorithm’s execution), the
termination strategy described above does not affect the algorithm’s privacy guarantee.

A.4 The optimal distance convergence rate

Definition 1 of an optimal-distance-convergence (ODC) algorithm implies a claim on the optimal
rate of convergence (in Euclidean norm) to the minimizer of strongly-convex and Lipschitz functions.
Lemma 1 shows that this rate is achievable, and here we sketch a matching lower bound, showing
that this rate is not improvable and therefore optimal. More precisely, we exhibit a function F' that is
G-Lipschitz, p strongly-convex, has minimizer x, and satisfies the following: for every algorithm
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AW N =

that queries points in the span of previously observed subgradients and outputs z after T' queries,

we have ||z — z,|| > Q(G/(uv/T)). The restriction of queries to the span of previous gradients is
a standard simplifying assumptions [42], and we can extend the claim to any randomized algorithm
by choosing a random coordinate system [54, 11].

Let us describe our hard instance construction for algorithms that execute T steps, which we denote by
F. The function F : R?2T — Risa strongly-convex variant of Nemirovski’s function [40, 39, 18, 11],
defined as follows

2
F(z) = gren[g%]{x }—|— |z

Note that the function is u-strongly-convex, and—when constrained to a ball of radius G/(2p) around
the origin—is G-Lipschitz as required. It is also easy to verify that the minimizer of the function is
G
= —— 1 s
T T
where 1 denotes to the all-ones vector in R?7, since a calculation shows that 0 € OF (z,).
To establish our claimed lower bound, consider a subgradient oracle for max;¢[o77{x[;} which only
outputs 1-sparse subgradients of F' (it is also possible to design differentiable hard instances via
Moreau-Yoshida smoothing, see, e.g., [18]). Then, the query xr at iteration 7" is in the span of T’
1-sparse vectors, which means that at least 7" of its coordinates are zero. Recalling the expression of

T, this implies the claim that
G G
for =l > VT =0(=5=).

B Proofs and additional results from Section 2

B.1 Analysis of EPOCHSGD

Algorithm 8 is a composite variant of the “epoch SGD” algorithm of Hazan and Kale [28]. We note
that when ¢(z) = 4[|z — z||? (as it is in all of our applications), the gradient step in line 5 of the
algorithm is simply

. 1 v
(L‘Z+1 = PI’O_]X (1—|—/J/r}k. |:371]5<; + HNkZ — nkvf(lefc)} )’

where Proj is the Euclidean projection to X'. To analyze Algorithm 8, we first prove the following
standard single-epoch optimization guarantee. Below, we let V, (') = %||z’ — z||3 denote the

Bregman divergence induced by 1 |-||3.

Algorithm 8: EPOCHSGD(V f, v, i, X, T)

Input: A p-strongly-convex function F' = f + 1) : X — R with f satisfying Assumption 1,
iteration budget T'.
Parameters :Initial step size 771 = 1/(4p) and epoch length 77 = 16.
Initialize 20 € arg mingecx ¥(x), and set k = 1
while >, T; < T do
Ty = argmlnzex (et () + gl — 2} ]1?)
fort=1,2,---T; —1do

Lz“—a@mmmxQm@vﬂ%xw+w@0+%m—ww%
Setal | = Tik Y telr x4, update T 11 = 2T, M1 = Ne/2and k <+ k + 1

return z = )

Lemma 3. Let f : X — R and @f satisfy Assumption 1. Forany k > 1, T > 1 andu € X, the
iterates of Algorithm 8 satisfy

Vo (u) n
§ — F(u) < — 2 4+ ZG2.
zh, (u) " 2G
te[T
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Proof. xf, = at, m, = 7, and Ty, = T. We furthermore let 27! = w, and let g* = V f(x*) for
t > 1and g° := 0. By the optimality conditions of the minimization in line 3 and line 5, we have

(g "+ V(") + 2" —2'', 2" —u) < Oforallt € [T],

and consequently
1
(gt + V(ah), 2t —u) < E(thq(u) — Vit (u) = Vyea (2)) for all ¢ € [T

Using the convexity of ¢ and the bound above, we obtain

Dot —u) + D (v(ah) — ()

te(T) te[T)

<> g+ VYt 2t )
te[T]
1

< - (VTt—l(’u) - th (u) V/L.t—l(ﬁt))
n te[T]
1 1 &

< —Vyolu) — — Va, 2.

< SVao(w) = ; (a1

Adding 37,7y (g", 2" — 2™+ to both sides, recalling that 2" ! = wand ¢" = V£ (@) L0y, and
rearranging terms, we have

Yo (VI —uy+ Y (v(a) — ¢(w)

te([T] te([T]
1 1 & )
< —Violu) — = Zth (") + Z (Vf(z"),z" — 2™
N =0 te(T)

1 /I
< V. 20 t\||2
<5 po(u) + ) S IV,
te[T)
where in the last transition we used (g, — y) < %Vy(x) + 2lg||*. Taking expectation, applying
Assumption 1 and using convexity of f, we have

E > (Fa') - F(u) < Woou) + gnGQ.
te[T]

3

Dividing by T and applying Jensen’s inequality to bound F (% e xt) < 7 e Flah)
yields the claimed bound.

We now are ready to prove the main guarantee of Algorithm 8 (see also Lemma 8, Theorem 5
in Hazan and Kale [28]), which implies Lemma 1.

Proposition 3. Let F' : X — R by a u-strongly-convex function of the form F = f + 1, such

that f satisfies Assumption 1 and x, = argmin,cy F(z). Then, for any T > 1, we have that

T = EPOCHSGD(@f, Y, u, X, T) satisfies

16G* 32G?
T w2l

Consequently, EPOCHSGD is an ODC algorithm with constant ¢ = 32.

EF(x) — F(z,) <

and E||z — z,||* <

Proof. First we claim that F'(29) — F(z,) < g—: To see this we have by p-strong-convexity of £
that

F(z.) > F(27) + (Vf(29), 20 — 2%) + (VY (a}), 2x — 21) + S ll2] — 2.])?

> F(af) + (Vf (), 20— af) + Sllaf — .
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where we use the definition that 29 € arg min,ex 1(z) and its first-order optimality condition for
the second inequality. Rearranging terms gives

F(29) — F(z,) < —(Vf(2)), 2, — 20) — ng? — a2

Vi G2
< ma (~(V () = af) - Bt —a?) = L < &2
For z, = argmin, ., F(z), we so define the potential Ay, = F(z2) — F(z,) and use induction
to prove that EA; < QGTTL for all k, with the base case k = 1 established above. Suppose that

EA, < % for a fixed k. Then for k + 1 Lemma 3 yields

M + %GQ %) EAk + %GZ (2) EAk + G2 (2) G2 7
T 2 p Ty 2 4 2k T 2kl
with the transitions above following from (i) strong convexity of F', which implies that ng (xy) =

EAg41 <

Lz — z.|? < I%Ak; (it) the choice of parameters ensures 7T}, = % and 7y, = ﬁ; and (4i7)

. . . 2 . . .
the inductive hypothesis EA; < 2(,27 This completes the induction.

Let K be such that the algorithm outputs z = x%, and note that T < 16 - (25 — 1) — 1. Therefore,
we have ) )

G 16G
and

2 32G?

—(EF(x) — F(z4)) < )

“(EF(@) - Flr) < S

Recalling Definition 1, we conclude that EPOCHSGD is an ODC algorithm with constant ¢ = 32. [

Elz - a.]* <

Remark 1 (Using EPOCHSGD for optimum estimation). When using EPOCHSGD as the ODC
algorithm in our MLMC optimum estimator (1), we need only call once with T = 27 and take
To,2j—1 and Ty to be the iterates 9, 1%, and % of EPOCHSGD, for K the last value of k that
EPOCHSGD reaches.

B.2 Proof of Theorem 1

Theorem 1. Let f and v [ satisfy Assumption 1, F = f + 1 be p-strongly convex with minimizer
x. € X, and 6,0 > 0. The function OPTEST(V f, v, u, 8,02, X) outputs 2. satisfying

|Eé, —2,]| <6 and E|d, — x| < o>

using N, 7 stochastic gradient computations, where

G2 9 G G
2o =0 (% (misan) * s misar))

Proof. Write the algorithm’s output as &, = % Zi\; iii) where :E&l), . ,:%iN) are independent
draws of the estimator (1), with
(2¢)2G? 2(4¢)*G?
T'm x = . and N = | ———1o Tmax
: h%mwgﬂ} R

as in Algorithm 1. Then, Proposition 1 implies that
1 N
IE&Y — 2,|| < mind 6, —0 + and E[|2$) — B2V |2 < =02
V2 2
Noting that Ez, = E¢\" and

. 1. . .
E|l¢, —o.|* = TEa —Ea|? + B¢ — .,

we obtain the claimed bias and error bounds. Finally, Proposition 1 guarantees that EN, ;=
O(N -log(Tmax)), giving the claimed bound on the number of evaluations.
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B.3 Properties of the proximal operator and Moreau envelope
For a convex function f : X — R we recall the definitions of
the proximal operator P, (z) == argmin{ f(y) + 5 ||y — z||*}
yeXx

and the Moreau envelope f)(z) = mi}(l{f(y) + 2y — =|*}.
ye

Below, we collect several well-known properties that we use throughout the paper.

Fact 1. Given a convex function f : X — R, and X\ > 0 defined on a closed convex set X, the
following properties of the Moreau envelope f : R¢ — R and the proximal operator P At X =X
hold for all x € X

1. Convexity: f is convex.
2. Differentiablility: fy is A-smooth and V fx(z) = Az — Py a(z)).
3. Approximation: If f is G-Lipschitz then f(x) — g—; < falx) < f(z).

4. Subgradient: V fx(x) € 0f (P a(x)),

|9

. Three point inequality: for allu € X:
A 2 A 2 A 2
(V@) Pra(z) —w) < Sllu =2l = Sllu = Pra(@)|” = Sl = Pra(@)l”

See [29, Section 4.1] as well as [13, Lemma 1] and [51, Lemma 1] for proofs and additional
background and properties.

C Proofs from Section 3

In this section, we give a proof of Theorem 3. Before we give the technical details, we briefly comment
on our algorithm and its analysis. Algorithm 3 is at its core an instantiation of Nesterov’s accelerated
gradient method applied to the Moreau envelope fx(z) = minyep, () {f(¥) + 3y — ||*}. We
compute stochastic gradient estimates of f via Algorithm 2, and apply techniques from [1, 2] to
bound the accumulated error.

Based on the iterates {z, vy, } of Algorithm 3, we define
1
E, = f,\(x;c) — f>\(u), Ry = §Hvk — uH27 and P, = k(k + 1)Ek + 12)\Ry,
for any fixed u € Br(0). We first prove that (conditioned on the iterates x_1, vi_1) the potential

Py, cannot increase significantly in expectation.

Lemma 4. Consider an execution of Algorithm 3 with parameters given by Theorem 3. Fix any
u € Bg(0). Forany k > 1 we have y_1 € Br(0) and

E [Py|og—1,v6—1] < Pp_1 +€k.

Proof. We first remark that 25,1 € X C Br(0) and v,—; € Br(0) by construction. As a result,
Yr—1 € Br(0) as well. Following [1, 2], we define the function

— . 3A 2
Prog(y; g9) = min {QIIx =yl + (g, v — y>} :
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‘We observe

. [3A
Prog(yc-vigi) = min { e~y + {gw,2 - ) | ©
=)7||Ik — yralI” + (g, Tr — Y1)

= (;\ka = yr—1|l* + (VA1) o0 — yk—1>)

+ A2k — g1l +

{9k = VIix(r-1), Tk — Yr-1)
D fa(@n) = Sr@e-1) + Mk = gl + (ge = VIaGeo1), 0 — yio)
WO fa(w) = Falyn-1) — 7Hgk — Vi(ye-1)]?
Here, we use (i) the definition of x, (i¢) smoothness of f (Item 2 of Fact 1), and (4i7) Young’s
inequality (a, b) + 3 [|b]|2 > —1|lal|* witha = 55 (gx — V fx(yk—1)) and b = 2X\(x, — yj—1). Define
the point
N
Yk—1 = k+1517k—1 k+1vk-
We observe that
o (k-1 2 kol o2 _ 2 )
Ye—1 = Yk—1 = k+1$k71 kJrlkal k+1$k71 k+1vk “rrl V-1 — Vk) -
Consequently, we have
k k k
I3 (Ghy V-1 — ) = i (ks Vk—1 — VE) + i (s v — u)
k 1
(Z)j\ (s vn—1 = o) + 5 (loer = ull® = floe = ull* = flogr = ve]?)
k(k + - k+1
(_(T/\)@k,yk—ykfﬂ ( i Iy — Ur—1l* + Re—1 — Ry
iy k(k +1)
<

12X (<9kvyk—1 — Yk-1) — 7”% - 27k—1||2> + Rg—1 — R
wy  k(k+1
(g) - %Prog(yk—ngk) + Rip—1 — Ry,
ok(k+1 1

(5)7(12)\ ) (fA(ykl) — falzr) + ﬁHgk - Vf,\(yk1)2) + Rg—1 — Ry.
(k+1)? o 3)

(N
Here we use () the proximal three-point inequality (Item 5 of Fact 1), (i) the definition of g1, (¢i)
k(k+1)
> 3A
8 -

2 = and [lyk—1 — Jr—1]|* > 0, (iv) the definition of Prog, and (v) Equation (6)
Thus,
k

S (alunr) = Fa(@) < o (F Fa(r) v — )
6% (VIWr=1) Yr—1 — vr—1) + ﬁ <vf/\(yk 1), Uk—1 — )
(QIC(I;T)\) (VIix(Yk-1),The1 — Yr—1) + a (VIix(Yr—1), -1 — u)
< % (fa(@r-1) = fa(ye-1)) + % (Vx(yr-1), v6—1 — u)
(Z)% (fa(@r—1) = fa(yr—1)) + Rx—1 — Ry,
n k(k+1)

o (f,\(yk1) fA(xk)-i-*Hgk—Vf)\(yk 1)l )
+ g (Vr(Yr-1)

— 9k, Vk—1 — U> ,
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where we use (i) yp—1 — Vg—1 = %(mk,l — yx—1) and (i7) Equation (7). Rearranging, we obtain

1 k(k+1) k(k—1)
— (P, — P, 1) = —"F ————Fy 1 — R
12)\( % — Pr-1) Tox k + B oy k=1 Ry
k(k+1 k
<M VAW + (T g —w) ®
Applying Corollary 2, we observe

2eA
E [llgr = Vi) P lz—1,v0-1] < 0f = P

and
E[(Vi(Wr-1) — grsv—1 — ) |zp—1,v%—-1] < ||E[gr] — Vi (yr—1)Ilve—1 — u|| < 2Réy = i

by the Cauchy-Schwarz inequality, the constraint that u, vy, € Br(0), and the choice of parameters
ok, 0. Taking expectations and applying these to Equation (8), we obtain

1 ek ek ek
— (E[Pyzpy.vp] — Poq) < —0 4 &
1oy BBk, o] = Per) < o+ 5= o3

Multiplying both sides by 12 yields the claim. [

With Lemma 4 in hand, we complete the proof of Theorem 3.

Theorem 3. Let f : Br(0) — R and V f satisfy Assumption 1. Let X C Bg(0) be a convex set
admitting a projection oracle Proj . Let xo € X be an initial point with ||z — x,|| < D for some

2
T, € X. With A = % 0 = ﬁ, ai = ,3:\1 and T = mTD Algorithm 3 computes x € X with

E[f(x)] < f(zs) + € with complexity ENg , = O <G262Dz log® (GR)) and O (¥2) calls to Proj .

€

Proof of Theorem 3. Applying the law of total probability and inductively applying Lemma 4, we

obtain
T

€
E[Pr] < Pﬁeék =Py + 5T(T +1).
We choose u = x4 and observe Pr = T(T' + 1)Er + 12ARr > T(T + 1) (fa(x1) — fa(x)) and
Py = 12ARy < 6AD?2. Plugging these in, we have

E — < —
As f is G-Lipschitz, we apply Item 1 of Fact 1 and our choices of A and T": this gives
G? 6AD? € 12G?D?
E — < 422 - =

6AD? €

€ €
< = e
4 €T? 2
as desired.

To finish, we bound the number of oracle queries. The bound on the number of projection oracle
calls is immediate since we only call it once per iteration of the algorithm. To bound the number of
stochastic gradients needed, we apply Corollary 2 together with the fact that y;, € Br(0) at all times.
Thus, we need

T-1 T-1

G* L[(G G*(k+1), 5 (GR G’D?*  , (GR

— 1 — = —=1 — = 1 —

O<Zai ° (a)) O<Z e (5F)) =0 (T (7))
k=0 k=0

subgradient computations as desired. O

D Proofs from Section 4

D.1 Analysis of the stochastic accelerated proximal method

In this section we provide a complete analysis of the stochastic accelerated proximal method. We
first prove Lemma 5, which shows potential decrease in (conditional) expectation for the iterates of
Algorithm 4. Then we give Lemma 6 which provides an in-expectation bound on the potential when
the algorithm terminates. In Lemma 7 we give a deterministic error bound resulting from the growth
of the A sequence. We then combine these ingredients to prove Proposition 2.
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Notation. Define the filtration
Fr = o(w1,v1, 41,1 -+, T, Vi, A, Cr)
where (; is the internal randomness in NEXTLAMBDA (x;, v;, A;). Throughout, we let
Tk =P (Yk-1)

denote the exact proximal mapping which iteration xj, of the algorithm approximate. We note that
Akt1, Yk, Thy1, € Fk, 1.€., they are deterministic when conditioned on xy, vk, Ay, (k.

For each iteration of Algorithm 4, we obtain the following bound on potential decrease.
Lemma 5. Let f : X — R satisfy Assumption 1. If X C Bg(xq), we have

E[Ap1(f(@rr1) = F@0) + e — z]l* | Fi]
1 .
< A(f(xr) = f0) + lop — 2.]” = g 1Ak [Er — yrll?
+ Mo 101 Pha1 + 10741 + 2Rag 10541

Proof. We let
gk = Vi Wre—1) = M (Yr—1 — @)
and bound from both sides the quantity axy1 (g1, v — X ). First, note that

. N A R
Vi — Tie = L1 — T + (Tpg1 — ox) — 2 (Ths1 — Yr) -
Qg1 Ak+1
Since gr+1 € Of (&r+1) (see Item 4 in Fact 1), f is convex and (Gr+1, Tr+1 — Yk) = —Met1 | Tt1—
yr||?, we have that
R . L A1, .
(Gr+1, V% — o) = (Ght1, Thp1 — Tx) + (Grr1, Tryr — k) — (Gh+15 Tht1 — Yk)
k41 k41
> £ (3 Ay, . Apyr . .
> [ (@kt1) — [ (24) + (f@r+1) — fl2r)) — (Or+1> Tho1 — Yi)
Ak41 Qf41
Ak41 . Ay, Aet1Ak41 .
= (f (@rp1) = f(20) = —=(f(2r) = f(22) + = |Zr11 — wr]*.
Q41 Gk41 Ak41

Moreover, by definition of x4 ; we have that

A . A R
E[f (vp41) | Fr] S E|f (zr41) + 5 [P ‘ ]'—k] < F @)+ 22 @ — il P onta-

+
2
Substituting back, we have
k1 (Gt 15 V6 — Tw) ZAps1 (E[f (@pg1) | Fi] = f (20)) = Ai (f (z) — f (24))
Ao+1Ak+1
2

To upper bound a1 (Jx+1, vk — T4), note that, since z, € X,

+ [&k1 — Uk ll® — Arg10h41 9)

2 2
a
= ||Uk—$*\|2—ak+1 <9k+1avk - x*>+ k4+1 ||gk+1||2-

lorsr = z.|* <

1
Vg — §ak+19k+1 — Ty

Our Moreau Envelope gradient estimtor (see Corollary 2) guarantees that

E[(gr+1, v — 24) | Fi] > (Grr1, vk — Tx) = 1E[grt1 | Fr] = Grall loe — o]
> (G+1, Vk — Tx) — 2RO 1,

and moreover
Bllowal® | 7] = (1+3) Bl + 0+ 3B [lown - den | 7]

4
g H9k+1H + 407,
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Combining the last three displays and rearranging, we obtain

)‘%-&-lai-kl
3
+aj 1 0hg + 2Rak110k41 (10)

Qi1 (Gt v = 22 < o = @ull® = B[ forss =l | 7] + lsr — ol

Combining (9) and (10) and simplifying using Ag1 = /\k+1a2 11> We obtain the claimed bound. [

Combining Lemma 5 with the optional stopping theorem, one obtains the following bound on the
potential at the final iteration K of the algorithm.

Lemma 6. Let K < K.« be the iteration in which Algorithm 4 returns and let

g2 kgl}?ﬂ)j{ax{/\kakwk + akai + 2R5k}

with probability 1. Then, under the assumptions of Lemma 5, we have

ElAk(f(zk) — flz) — &) + é DN — g | < Ao(f (o) — f(=4) + R
i<K

Proof. Define My, = Ap(f(xr) — f(ax) — &) + ézigk NeAil| & — yio1||? + vk — 24| for all
k € [K]. We argue that it is a supermartingale adapted to filtration Fj,. Clearly, E[|M}|] < oo for
each k due to boundedness of f, K, \; and A;. It therefore suffices to show that E[ M}, 1|F}] < Mj,
forall k + 1 € [K]. By Lemma 5 we have

1 .
E [Mys1|Fr) < Ap(f (@) — f(@0)) + [Jo — z])* = éAkJrlAkHkaH — il

_ 1 .
+ et 10F 41 Pk +1 + 03110041 + 2Rk 110841 — Appr€ + 6 Z Xidil| &1 =yl
i<k+1

_ 1 X
< Ap(f(zg) — fze) — &) + [low — 96*||2 + 6 Z)\iAi”xi+1 - y7,||2 = M,
i<k

where the second inequality used the definition of £ and Ay = Ay + a1 for the second inequality.
This completes the proof that M}, being a supermartingale adapted to filtration F.

Now note K is a stopping time adapted to Fy, as it only depends on Ax1. Also, K as a random
variable is finitely bounded by K,,x with probability 1. Thus, by optional stopping theorem for
supermartingale [26], we have

EMy < Mo = Ao(f(x0) — f(2s) — &) + [Jvo — 2 ]|? < Ao(f(z0) — f(z,)) + R
O

Further, following a similar argument to Carmon et al. [12, 13], we obtain a deterministic growth
bound on the coefficients Ay.

Lemma 7. Fix k > 0 and let
Ty =) Tinconm) a1d Tr = Ljs_y | 230/a)
i<k i<k

count the number of times \; < 2Amin and ||Z; — y;—1|| > 3r/4, respectively. Then, the following
holds with probability 1,

1 , 1 . ) . [ AminR? R? r2/3
. 9R 5 E NAill & —yioal]” ] < O(mm{ T 4 exp| —Q(1) 373 T,

i<k

Proof. When 9R? — >, <k NiAil|Zi — yia | < 0, the inequality holds true trivially. Thus, we
only consider the case when £ >_, <k MiAil|Zi —yi—1||> < 9R?. Consider the following iterate index

subsets
I, = {’L <k:\N< 2/\min}
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and, fort < k
Loy ={i <t:||& —yi—1| > 3r/4}.

We first show that
1 , 1 . ) R? r2/3
T | 9B —E;AiAillwi—yHll <O<AOexp —Q(1) g5 T ) ) (11)
To see this, observe that for any ¢ < £ by definition of Z,. 4,
1 9 1
= Ndi - [ =) < = NA & — yiea|® < 9R?
§ 3 A (fpr") < g Al il <R

which by rearranging terms implies

96 R?
> Aid < — (12)
1€, ¢ "

Note the reverse Holder’s inequality with p = 2/3 states that for any u, v € Rio,

3/2 —1/2
ooy > [ S| Y
i€[d] i€ld]
We have
3/2 o\ "2
() 1 1 @)1 2/3 1 -
VRZL Y 25 X (va) > (vax)
2 ieIr,t \/)\71 2 iEIr,t ieIr,t AZ)\Z
3/2

(éi) 8J6R' 2 (m)Q/S ’

€L, ¢

where we used (i) Lemma 23 of [12] and Z,.; C [t], (ii) the reverse Holder’s inequality with
u; = v/ A;, and v; = 1/+/A;\;, and (i44) the bound (12). Rearranging, we have

2/3
AV s T A3 , forall t <k, 13
" T 4Y6RYs EXI: ‘ = (13)

which by applying Lemma 32 of [12] and noting that T, = |Z, | gives

2/3
Ai/S > exp ( ! Tr> A(l)/g7

4\3/6R2/3
and thus
1 , 1 . ) 9R? R? r2/3
—_— - = AlAi i — Yi— < —X —_ —Q(1)—=1T, .
ae (97 = g N vl | < S <0 e (-0 T
Next, we show that
1 5 1 . 9 Amin R2
- == D NAil# — g < : 14
ol G SIS Rl G (14
Using Lemma 23 of [12] again, along with Z C [k] and |Z,| = T, we have
1 1 T
AL > = _— >
b= 274;:,\ \/A»Z - 2V2Amin
Rearranging the terms, we see that 1/Ay < O(Amin/T3) as desired.
Combining Equations (11) and (14) we obtain the claimed bound. O
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Putting these pieces together gives Proposition 2, which we prove below.

Proposition 2. Let f : X — R and V[ satisfy Assumption 1, and let X C Bgr(zo). For a
target accuracy € < GR let cpkH = m Ok+1 = Toom 01%-5—1 = 60%“ Ay = R , and

Apax = %. If A\ > Amin > Amx = Q(5z) for all k < Ky, then lines 4 and 5 ofAlgorlthm 4
have total complexity E./\f@f = O(Kmax og % + GE—QR log? @). If in addition ||Py », (yk—1) —

Yk—1|| = 3r/4 whenever N\, > 2\ then for Kyax = O(( )2/31 g(@) + )“%“Rz), the
algorithm’s output x i satisfies f(x k) — f(x,) < € with probability at least %

Proof. First, let us prove correctness of the algorithm. The settings of ¢y, §x and oy, in the proposition
guarantee that

9 _ &
kgl}gicax{)\kakapk + apoj + 2R6y, | = 0

Therefore, Lemma 6 with & = ¢/20 < R?/(2.2A,,.x) yields

B Ax(f (o) = (@) + 5 30 NAllts —via?| < B + 2 B+ Ao(f (o) — f(2),
i<K

Note that Ax 1 < Apax by definition. Therefore, Ay, > % implies that

1 1 4Ap_
g = =4/ —= + Kléﬁ
2 A%( AK 2

AII’IEIX )

and therefore Ax < 224, < R? /& with probability 1. Moreover the choice of Ay =
R/G and the fact that f is G Lipschitz imply that Ag(f(xo) — f(z+)) < RZ2 Therefore,

IE[AK(f(:EK) — f(@) + & dicr NidillE — yl-_1||2] is at most 3R2. Since the term in the expec-

tation is non-negative, we conclude that with probability at least 2/3 it is bounded by 9R?, which
implies
Flaw) — fa) < 5 [ 9R = 30 N - i
* — AK 6 4 T T 1 11—
i<K
If Ax > Anax = 9R?/e we are done. Otherwise, K = K., and by the assumption on
NEXTLAMBDA we have T + 71, > K., for T\ and T;. defined in Lemma 7. Therefore, either 7} >

Kmax/2 or Ty > Kpax/2, and in either case taking K. = O(( )2/3 log (<) + /\m'mR"’>

and applying Lemma 7 yields f(zx) — f(z«) < € and establishing correctness.

Next, let us prove the stated complexity bound. We note each step of computing x, in Line 4 requires
O(G? /\.ip1) queries via Proposition 3 and the definition (4) of the approximate proximal mapping.
Moreover, by Corollary 2 computing g, in Line 5 requires

Ol 1o L _|_G7210 2 L
& min{ék,ok} O’% & min{ék,ak}

queries in expectation. Summing over k € [K] and substituting o, 0k, ok, we obtain

G2 & G? G

ENg , = 1 [ — 1 - -

Nop= 2 O(Am) 2 O("g(mm{ak,ak}) oz o8 <min{ak7ak}))
ke[K] ke[K]

2 A 2
Z O(log(GR) + G log2 (GR)> O(l g(GR> - K+ kG log2 <GR>)
€ € € € € €
ke[K]
2 2
ofsre(8) (),
€

where we have used Ay = O(Apax) = O(R?/¢) once more. O
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D.2 Minimizing the maximum of N functions

In this section, we first revisit the problem setup of minimizing the maximum of N functions and
reintroduce key notation. Then we provide the procedure of estimating the gradient of the softmax
using rejection sampling in Algorithm 9 and prove its guarantees in Lemma 8. Next, we bound the
query complexity of lines 4 and 5 of Algorithm 4 in Lemmas 9 and 10 respectively. Citing [13], we
provide a bisection procedure in Algorithm 10 and state its guarantee in Lemma 4. For this procedure
we use the Ball Regularization Optimization Oracle (BROO) implementation of [13]; see Definition 4
and Lemma 11. Combining these components with the developments of the previous subsection, we
prove Theorem 4.

Notation. Consider the problem of approximately minimizing the maximum of N convex functions:
given f(;) such that for every i € [N] the function f; : R? — R is convex, G-Lipschitz, with a
subgradient oracle V f(;) and a target accuracy € we wish to

find a point = such that fra.x(z) — inﬂfw fmax(z+) < € where fiax(z) = m[%(] foy(x) . (15
T, € i€

A common approach to solving this problem is to consider the following “softmax” approximation of

maxs

€
2log N’

fsmaX(x) = 6/ IOg Z ef(f,)(w)/e' 5 where 6/ =
i€[N]
It is straightforward to show that 0 < finax(2) — fmax(z) < § forall 2 € R<, and that the
subgradients of fs,.x are of the form

(16)

V fomax(2) = Y pi2)V fiay () wh (z) fot
smax\L) = pilT i)\x) where p;(r) = fon ()] €

iE[N] E JEIN] e @)/
for V f;)(z) € Of¢(x) for all i € [N]. The small radius

€ €

G 2G log N
plays a key role in our analysis, since—as we now discuss in detail—this is a domain size where we
can efficiently minimize fqax Using stochastic gradient methods.

A7)

Te =

D.2.1 Gradient estimation via rejection sampling

We first construct the gradient estimator of fy,.x () using rejection sampling. The high-level idea of
the technique is as follows. Given a ball B, (Z) where 7. = ¢’ /G, Lipschitz continuity of f;) implies

|y (@) — foy(Z)] < Gre
€ €

As a result, we can perform a full data pass once to compute p(Z), and use it to sample from p(x) at
nearby points = € B,_(Z) via rejection sampling. In particular, we draw ¢ from p(Z) and accept it
with probability gaccept = exp(f(i)(x)/€" — fei)(Z) /€’ — 1), and otherwise repeat the process. The
the bound (18) guarantees that g,ccept < 1 (so it is indeed a probably), and therefore the output ¢ has
distribution p. The bound (18) also guarantees that gaccept = §2(1) and consequently that the query
complexity of the procedure is O(1). We sate the procedure formally in Algorithm 9 and give its
guarantees in Lemma 8.

=1. (18)

Lemma 8 (Rejection sampling). Given G-Lipschitz functions f;y and p = p(Z), Vi € [N], the
procedure SOFTMAXGRADEST with input = € B, (Z) returns a vector V fsmax(z) such that

E@fsmax(x) € O fsmax(x) and H@fsmax(x)H < G. The procedure has complexity ENf(i) =0(1)
and Nafm =1

Proof. We first prove correctness. Note that G-Lipschitz continuity of the f;)’s along with ||z —Z|| <
re = € /G guarantees that, f(;)(z)e’ — f(;)(Z)/€' < 1 and therefore gaccept < 11s a valid probability
of every value of <. Therefore, the probability of sample and accepting 7 is proportional to

poxp( 1) S0 gy (1) o )

€ €

bi -
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Algorithm 9: SOFTMAXGRADEST({ f(;)}, {P:}, T, x)

Input: Functions f(;), pre-computed f(;)(Z) and p; = p;(¥) for i € [N], query point
x € B, (Z).
Output: An unbiased estimator for V fgn.x with norm at most G.
Loop
Sample ¢ from p
Let aceept = exp(f5) (2)/€' — f)(%) /€ = 1)
Draw A ~ Bernoulli(gaccept)
if A =1 then return V f; ()

which proves the correctness of the sampling distribution for the output ¢ and, via eq. (17), the
unbiasedness of the gradient estimator. The norm bound on the output of the procedure is immediate
from Lipschitzness of f;).

Next, we prove the complexity bound. Clearly, the algorithm only queries a single subgradient at
termination. To bound the number of function value queries, note that Lipschitz continuity and
the ball radius imply f;)(z)e’ — f;)(Z)/€¢’ > —1, and therefore the probability of acceptance is at

least e~ 2. Consequently, the expected number of iterations before accepting a sample is at most
2
e? = 0(1). O

D.2.2 Estimating the proximal mapping and Moreau envelope gradient

Using gradient estimator for v fsmax developed above, we can implement lines 4 and 5 in Algorithm 4,
provided that the true proximal bound & = P 5, (y) satisfies || £ — y|| < r = r.. We begin the
implementation of the approximate proximal step in line 4, which we obtain by directly applying
EpPOCHSGD. The following is an immediate consequence of Lemma 8 and Proposition 3.

Lemma 9. Let f(;) be convex and G-Lipschitz for all i € [N], let ,¢0 > 0 and r. = €¢/(2log GN).
For any T € R* and X\ > 0, if Ps, (%) € B, (Z) then EPOCHSGD(V fumax, 2 -
I, \, X N B, (Z), [16G%/(Ap)]) (With V fomax implemented with Algorithm 9) outputs a valid
point Pimx’A(a’:), and has complexity

2

G G?
ENf(i) =0 (N—‘r )\90) and Naf(i) =0 (MO) .

Similarly combining Lemma 1 with Corollary 2, one can also obtain the following expected oracle
complexity guarantee for estimating the Moreau envelope gradient .

Lemma 10. Let f;y be convex and G-Lipschitz for all i € [N], let 0,¢,6 > 0 and
re = ¢/(2logN - G). Foranyz € RYand A\ > 0, if Py, . (%) € B, (%) then § =

MORGRADEST(@fsmax7 \Z,0,0% X N B, (%)) (with V fomax implemented with Algorithm 9)
is an estimator of the Moreau envelope gradient stmax’k(:f) with bias at most § and expected

square error at most o2, Its complexity is

G G G
ENf(i) =0 (N + Flog <mln{5,o}) + log (mln{(S,U}))
G G G
E./\/af(i) =0 (0_2 log (mln{&a}) + log <H111’1{570'})> :

D.2.3 Implementing NEXTLAMBDA via bisection

The third and final component in our algorithm is an implementation of the subroutine NEXTLAMBDA
in line 2 of Algorithm 4 that guarantees the following things on Ay11 and 241 = Py A (yr): (2)
that ||Zx11 — yx|| < r and (7) either ||@x11 — yr|| > 3r/4 or A < 2\ nin; we later set r = r, and

Amin = O(¢/ (r?/ % R2/3)) but for the development of the bisection procedure we keep them general.
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Our implementation of NEXTLAMBDA is identical to the one in [13], and we reproduce it here for
completeness.

We start by introducing the notion of a Ball Regularization Optimization Oracle (BROO).

Definition 4 ([13, Definition 11). We say that a mapping Oy ,(-) : X — X is a Ball Regularized
Optimization Oracle of radius v (r-BROO) for f, if for every query point &, regularization parameter
X and desired accuracy p, it return & = O ,(Z) satisfying

A A
{f(:c)+ 2||x—x||2} + Zp% (19)

£(@) + 2 -7l <

\V]

min
z€B,(Z)NX

While a BROO is quite similar to the approximate proximal mapping P¥, there are two important
differences. First, in the BROO definition we constrain the minimization to B, (Z) where the
approximate proximal mapping is defined for the all domain—this allows us to efficiently compute a
BROO via stochastic methods even for values of A where the true (unconstrained) proximal point is far
from Z. Second, we require the sub-optimality guarantee to hold deterministically (a requirement that
we will satisfy with high probability), as opposed the requirement (4) of an expected suboptimality
bound. In addition, note that the accuracy parameter ¢ and p are related via ¢ = \p?/2 and that
p has units of distance. Strong convexity of the BROO optimization objective then implies that
|Ox,p(x) — Pga(2)]| < p whenever Py x(x) € B,.(z).

We have the following high-probability complexity guarantee for implementing a BROO.

Lemma 11 ([13, Corollary 1]). Let f(;y be convex and G-Lipschitz for all i € [N], let p; € (0, 1),
e&p>0andr. = ¢/(2log N - G). For any z € R% and X\ < O(G/r.), with probability at least

1 — ps, EPOCH-SGD-PROJ [13, Algorithm 2] that outputs a valid r.-BROO response for fsmax to
query T with regularization A and accuracy p, and has complexity

G? log(G/(Ap)) G? log(G/(Ap))
Niw =0 <N Tz tog ( pr )) and Nogi, =0 (Azpz o ( pr ))
(20)

Given a BROO implementation Algorithm 10 outputs values of A\ meeting the requirements of Propo-
sition 2. The algorithm and the formal guarantee below are reproduced from [13] for completeness,
and we refer the reader to Appendix B.3 of that paper for additional description and discussion.

Algorithm 10: A-BISECTION(z, v, A)

Input: Points z,v € X, scalar A > 0.

Parameters : BROO O, ;(-) (see Definition 4), bisection bounds Amin, Amax» Lipschitz bound
G, distance bounds R and 7.

For all X, let yn = agax - + (1 — g4 ) - v, Where o, == m

Define A(A) = [|Ox = (yx) — yall > approximation of ball optimizer to yx
Let A = A\nax
while A > A\, and A()\) < % do A+ \/2 > terminates in O(log i““‘l‘]": ) steps
if A < A then return 2 > happens only if ball optimizer is O(¢€)-optimal
Let Ay, = 2\, A¢ = X and A\, = VAN
if A(\) < 11‘% then return )\, > happens only if A(A¢) € [£2F, 2]
while A(\,,)) ¢ [5, 1] and log, 3+ > sarany do

L if A(An) < L3 then A\, = ), else \p = Ay,

Am = \/m

return )\, > the while loop terminates in O (log (£ + A(y)) steps

Proposition 4 ([13, Proposition 2]). Let f : R? — R be G-Lipschitz and convex, and let ., v € RY,
e,7, R € Ry satisfye < GR, r < Rand ||x — v|| < 2R. Given Apax > % and Amin € (0, Amax),
A-BISECTION(z, v, A) outputs A\ € [Amin, Amax] such that

IPra(ya) —yall <7
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The subroutine uses O(log( rr‘5‘") + log(%)) calls to Oy, = () with \' € [AX, Amax]. More-

over, for aoya = 224

oA /oo and yy = asxax + (1 — agxa)v one of the following outcomes
must occur:

1. X € [2Amin; Amax] and [Py a(yxn) — yall > %{, or
2. A< 2\nin-

When taking Amax = % and Apin = Q(%), the number of calls to O)\f’ﬁ () is O( fo ).

D.2.4 Proof of Theorem 4

Finally, we combine the guarantees collected above to prove our near-optimal rate for minimizing the
maximum-loss.

Theorem 4. Let f(y),..., fin) : X — R be convex and G-Lipschitz and let X C Br(zo). For
any € < GR/ log N, Algorithm 4 (with me o) implemented in Algorithm 8, @fsmax given by

Algorithm 9 and NEXTLAMBDA given by Algorithm 10 with Apin = 5(6/(7"?/3]%2/3)) outputs © €
X that with probability at least % is e-suboptimal for fuax(x) = max;e(n) f(;) (@) and has complexity

e, = 0 [w (2™ 4 (92)? 0g? &) and B, = 0((52)" 10?1

Proof. We first prove correctness. Since ¢’ = ﬁ, we have 0 < funax () — fmax(z) < €/2 [see,
e.g., 12, Lemma 45]. Therefore, it suffices to find an ¢/2-approximate solution of fg,ax Over the
domain X C Bg(xo). Let pgroo be the probability that all the BROO calls within Algorithm 10
(implemented as described in Lemma 11) result in a valid output. Then, noting that y, defined in
Proposition 4 is precisely y; defined in Algorithm 4, the guarantees of Proposition 4 imply that, for
Zrp+1 = Proooa (), we have |21 — yi|| < rand either ||Zx41 — yx|| > 3r/4 or A < 2Amin
with probability at least pgroo. Consequently, Proposition 2 (with € — €/2 and K. as required by
the proposition), the output x of Algorithm 4 satisfies fsmax(Z) — fsmax(2*) < €/2 with probability
at least 1 — (1 — %) — (1 — pBROO) = PBROO — %

To finish the proof of correctness, it remains to verify that pgroo > 5/6. To that end, let K Ef;fft
O(log (i—R:) to be the total number of BROO calls in a single execution of \-BISECTION, as per
Proposition 4. Then, if the probability of failure of a single BROO implementation is p; and we
perform at most K, calls to A-BISECTION, we have pgroo > 1 — KmaxKEf;‘fft . Therefore,
taking

pf — 6Kmabe1€ect

max
guarantees correctness.

We now proceed to bound the algorithm’s complexity. To that end, we set

>\min = 4/3; 10g2 (CTYR> .
e R2/3 €

Recalling that r, = the total number of iterations in Algorithm 4 is at most

€
2G log N°

2/3 o loo N 2/3
Kmax:()((f%) 1ng%+1/AmlnR>:O((GR<>g) logGR) on
Te € € € €

Setting the approximation parameters to be ¢, = O(5.5-), 0x = O(5;) and o = O(-) as required
in Proposition 2, the complexity of lines 4 and 5 in the kth iteration of Algorithm 4 is bounded by
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Lemma 9 and Lemma 10 as
G? G? G G
EN(k)’le(N—i— + =5 1lo 2(. >+lo ( ))
YO Aok OF & min{dx, oy } & min{dg, oy}
2
o) (N+ GTak g2 (GR> + log (GR>>
€ €
G? G? G G
ENS =0 Zlog? () +log [
Naf(t) Ak Pk + o? i min{dy, o } +og min{dy, 0%}
G? GR GR
—O< aklg( >+log< ))
€ €
To bound the complexity of the bisection procedure at the kth iteration of Algorithm 4, note that
it makes a total of KPisect = O GRQ) = O(log M) = O(log €£) BROO calls, r. =

2Glog ~ and log N < GR. Applying Lemma 11 with pf and A, as determmed above, the
complexity is bounded by

G2 log(G/()\minre)) bisect
me =0 (( A2, r2 3 log ( Dt )) Foma )
GH2PRYS  /GR GR
_ N ST e (C) )1
O(( Jr6210g (€£) og(e) og<6) ’

A2 O< G? 10g<log<a/<xmmre>>>Kblsect>:O<G22/3R4/3 )

o0 = O\, - 2 log? ()

min 6

Summing the bounds above over iterations 1 to K < K., and noting that > p<i Ok = Ag <
2Amax = O(R?/¢) (see proof of Proposition 2) we obtain the total complexity bounds

ENfu) = Z <ENJE(I€2 N}(k? 2)

k<K

€

GR G?A GR G223 RA/3 GR
=0 | KnaxV logi + K 2 — + KmaxiGR : 10g2 ()
€ 2log* (€£)

loc N 2/3 2 p2
:O<<GR o8 ) N-10g2@+G5 10g2GR>,
€ € €

€

and
2 P2
_ ().1 2\ _ (G R, 2GR
ENor, = 3 (BN +BNGD?) = (62 log” == | .
k<K
where we have used formula (21) for K,,,.x. This concludes the proof. O

E Proofs from Section 5

In the section we prove Theorem 5, the convergence guarantee for Algorithm 5, our gradient-efficient
composite optimization method. We first provide a lemma (Lemma 12) that helps us analyze the
behavior of the §), and 7, sequences in the algorithm. Then we combine it with the approximation
guarantees of our estimator to show the convergence rate of Algorithm 5 in Proposition 5. Finally
we apply this proposition and bound the expected number of gradient queries complete the proof of
Theorem 5.

The following helper lemma is also used in Lan [33, 34]; we provide it here for completeness of
analysis.

Lemma 12 (Convergence of geometric sequence, cf. Lemma 2 of Lan [34]). Given -y, € (0, 1), for
allk € N, and 'y > 0, define the sequence

Fk = (1 — 'Yk)Fk—la vk > 2.
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If a sequence FEy, satisfies Ey, < (1 — ) Ex—1 + By, for all k > 1, then we have for any k > 1,

1-— B;
Ep <T}y F171E0+ZF .
k] "

Using the helper lemma, we can show the following convergence rate for Algorithm 5.

Proposition 5 (Convergence rate). Given problem (5) with optimizer x* and initial point ||xo—x*|| <

2 2
R, let 02 = f—N, 5;? = wLN’ € = %, and let parameters B, = %, Vi = /%H Then, the iterates
of Algorithm 5 satisfy

LR?
U(ry) —U(z,) <O ( ) .
Proof. We first observe that

(7) L
Azr) <A(yx) + (VA(yx), o1 — yr) + 5\\% — yel?

(i)
= (1 =) [A(yr) + (VA(Yx), T—1 — yr)]
L~? .
+ Yk [Aye) + (VA(y), 0% — yi)] + %H@k — Projy (vk—1)
(idi) i 1
< (=) AM@r—1) + v [ Alye) + (VA(Yr), 06 — yi) + %HPFOJX(UICA) — O |?
N N ]
- 2 T g ) —

(iv) § . 7]
< (=) A(wr—1) + v | Alyr) + (VA(YR), Ok — yr) + %I\Prou(kal) — o2,

| 2

where we use (i) L smoothness of function A, (i) expanding x;, = (1 — vg)xg—1 + YxUx and
replacing yr — xx = Vi (Projy (vg—1) — Ug), (#i¢) convexity of A, and (év) that 8 > L.

Similarly using convexity of the non-smooth component f and the definition of ) and Ty, we obtain

k) < (1 =) f(@r—1) + v f(Or).

Thus, summing the two inequalities and recalling the definition Ay (v) = A(yx) + (VA(yx), v — y),
this is equivalent to

Axg)+f(zr) < (A=) (A@p—1) + f(@r—1))+ve | Ae(0r) + f(0r) + %projx(ﬂk—l) — ok )?

Now we recall the definition of composite objectives ¥(x) = A(z) + f(z) and define

Ok 2 — Proj ()%

Py (x) = Ap(z) + f(z) + o5

By convexity of W one has the recursion

W) ~0(0) < (1-90) (Vo) = )40 (Ba(0) - ) + FIProiavn0) —l?).

Let v} be the exact minimizer of ®, restricted to X =B r(vo) N X. We have, for any u € X, that
O (u) > p(vf) + 2||vf — ul|?, and consequently

() = V() <(1 =) (¥(zp-1) — ¥(u))

90 (200) = 0u(07) + 2 (IProle(onms) =l = o~ ul?) )
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Conditioning on past events and taking expectation over randomness of vy, and ¥y, this gives for any
u e X,

EW(zx) — W(u) < (1 =) (P(wr-1) = U(u) + i (E@x(0k) — Pr(vf))

Bk . N " "
+ 77 (IIProjx (ve—1) — ull® = Ellvx — ull® + Ellvk — vi||* + E2(vj — u, vx — v3))

=
.
=

< (T =) (U(zp-1) — ¥(w) + vk (EPr(v) — ¥ (v}))
Vi B

+ =5 (IProjx (ve-1) = ull> = Ellvi — ull* + Eflog — vg|* + 4R[Evx, — vg]))

C (1= ) (U(nr) — U(w)) + e (BDu(3) — Be(u)
’ykﬂk

(IProjx (vk—1) — ul|* — E[[Projy (vk) — ull® + Ellve — vi||* +4R|Evi — vl|)

where we use (i) the triangle inequality and v; € X to conclude ||vj; —ul| < [Jvf — 20|+ [lzo — ul| <

2R, and (i7) the projection property that ||Proj (vi) — ul|? < ||vg — u|? for any u € X.

Note that E®y,(05,) — @i (v}) < € by the definition of 7, = PA S B (Vk—1)-

guarantees that E|vx, — v}|| < x and that E|jvy, — v}||? < o7. Therefore, writing
Ek = E\I/(l‘k) — \If(u)

Moreover, Theorem 1

and
_ Vi Bk . 2 . 2
B, = N (E||PrOJX(vk_1) — u||® — E||Projy (vi) — ul] ) + Y& Bk 5 + 7 4+ 2R6;,

we conclude that By, < (1 — v;)FEx—1 + Bg. Applying Lemma 12, we obtain

W) — U(u)]

EW(zy) — (u) <y

+Iy Z DT () Proje (o) — il ~ ElIProy (1) — ul?)

+Ty > Bk“(ﬁk + 2k +2R6k)

kE[N]
(1) Bk’yk <€k 0'2 (@) 4LR2
<I'nL|vo—u|>+T L4k 49oRs, ) < —
<TLijeo = v k \Br 2 *) = NON+1)
ke[N]
where (i) follows from telescoping and v, = 1, and (i) is due to I'y = [[;5o(1 — ) = ﬁ, SO
that Bl’i—;”“ = 2L, and %4—%4—2}25;@ < ﬁ by the choices 07 = f—N, 0 = % and ¢, = % O

We are now ready to prove the main theorem of the section.

Theorem 5. Given problem (5) with solution x., a point xo such that ||zg — z,|| < R and target
accuracy € > 0, Algorithm 5 with ¢, = LR/2kN, ¢, = R/16N, ai = R?/4N, and N =

©(+/LR?/e¢) finds an approximate solution x satisfying EV(x) < ¥(xz,) + € and has complexity
Nyar =0 (ﬁ) and ENg , = O ((GER)zlog2 iy LTRzlog (GER))

Proof. By Proposition 5, it suffices to run Algorithm 5 for N = O(y/LR?/e) iterations, which
immediately implies the stated bound on Ny 4.

Now we consider the cost of attaining the requiring accuracy €, when computing v. Using the
EPOCHSGD and Proposition 3 we can do so with

W G2 G?K2N
N = = _
e =0 <5k6k> X ( L*R?
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queries to Vf.

Applying Theorem 1, the expected cost of attaining bias d;, = 16% and variance 07 = R

2 GNEk NG? GNEk
EN]i ) =0 <1og (LR) + R log? (LR)>

_ofi GNk n GQk:QN1 5 (GNE
— O\ %\ IR ’r? % LR
queries to v f

Summing these over all k < N = O(y/LR?/¢), we obtain the the required complexity bound

GN?\  G2N* GN?
ENg, =Y (N,g” +END + 1) ) (Nlog () + 5= log? ( ))
k

2 .
mls

LR L2R? LR
2 2 p2
o (V/E e () + E e (41)).
€ € € €

F Proofs and additional remarks from Section 6

In this section we prove Theorem 6 which gives an optimal complexity and generalization bound for
differentially private stochastic convex optimization, conditional on the existence of an improved
optimum estimator (Definition 3). We begin by stating a standard privacy guarantee for the Gaussian
mechanism applied on mappings with bounded ¢, sensitivity, and a lemma that helps us bound
the sensitivity of the conjunctured bounded estimator. With these results in hand, we prove Theo-
rem 6. Finally, we discuss some challenges and prospects for constructing bounded estimators that
satisfy Definition 3.

F.1 Helper lemmas

Privacy of the Gaussian mechanism. In this section, we present the privacy guarantees of the
Gaussian mechanism which will be useful for the proof of Theorem 6. First, for an estima-
tor (or a function) h : S” — R?, the fy-sensitivity of the estimator is upper bounded by A if
SUDs 57 e8m dpan (5,5/)<1 1(S) — H(S")|| < A, where dham is the hamming distance between the two
samples (i.e., S, S’ with hamming distance dpam(S,S’) < 1 have at most a single different element).
We can now state the privacy guarantees of the Gaussian mechanism.

Lemma 13 (Gaussian mechanism [21, Theorem A.1]). Let h : S™ — R? have lo-sensitivity A. Then
the Gaussian mechanism A(S) = h(S) + N(0,0%1,) with o0 = 2Alog(2/83)/a is (o, B)-DP.

Bounding the number of estimator copies that use a particular sample. To prove Theorem 6,
we begin with a lemma which bounds the number of optimum estimator copies that each sample can
participate in. To this end, let S; ; denote the set of samples used in iteration ¢ of Algorithm 6 during
the computation of the ¢’th optimum estimator copy. For a sample s;, we let K; , denote the number
of sets S, ; such that zy € S; ;. Recalling that the number of iterations k = [logn] and that 7 = n/k,
we have the following lemma.

Lemma 14. Let p1; = —L-. Assume we use an optimum oracle O satisfying Definition 3 with constant
nin
2
Co and 6% = MGQﬁ Then, for any 3 < 1/n,

P < max  K;, > 20log(1/8) + 6Cs log? n) < B/2.

1<i<k,1<f<n

Proof. We first prove the claim for a fixed 7 and £ and then we apply a union bound. Fix 1 <i <k
and 1 < £ < n and define Y; = 1;,¢g, ,;- Now we upper bound p = P(Y; = 1). Let the random
variable /V; denote the number of subgradients the ¢’th query to Oj at iteration ¢ uses. First, note that
whenever N, = j, we have

P(Y; = 1| Ny = j) <j/n,
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by the union bound. Thus, Definition 3 now implies

B(Y, = 1) = 3 B(Y, = 1| N, = j)B(N; = j)
k=1
1 & EN] C. G
< — = 1 _ =z
< ﬁ;IP’(M Ni=— o log

We can now use a Chernoff bound to prove the claim. Indeed, as K;, = Z?zl Y, and Y; ~
Bernoulli(p) are i.i.d., Lemma 15 below implies that for ¢ > 6,

P(K; > cE[K; ) = P(ZYt > Cnp> <9 e,

t=1
As p < Cylog(n) log(G/uid;)/n, we take ¢ > 6 such that cnp > 201log(1/3), hence we have
P(K;,¢ > 20log(1/B) + 6C log(n) log(G/pid;))) < B*.
Applying a union bound over all n samples and all k = [log n] iterations, we have that

]P’( max K, ;> 20log(1/5) + 6C3log(n) log(G/uiéi))> < g/2.

1<i<k,1<f<n

The claim now follows by noting that % < /n using our choice of §; in Algorithm 6.

Lemma 15 ([37], Ch. 4.2.1). Let X =" | X, for X; d Bernoulli(p). Then for ¢ > 6,

P(X > enp) <27,

F.2 Proof of Theorem 6

Theorem 6 (conditional). Given an efficient bounded low-bias estimator Qs satisfying Definition 3
Sorany § > 0, then for o < log(1/8), X € Br(xg), convex and G-Lipschitz f(x;s), Algorithm 6
is (o, B)-DP, queries O(n) subgradients and has (hiding logarithmic factors in n) E[f(xr) —

mingcx f(z)] < GR - O (} . m) |

no

Proof. We begin by proving the privacy claim. We show that each iterate is («, 3)-DP which
completes the proof by post-processing as each sample is used in exactly one iterate. To this end, first
we show that, with high probability, each sample z; is used in at most B = 20(log(%) + Cy log® n)

different optimum-estimator queries; we let € denote this event. More precisely, let S; ; denote the
set of samples used in iteration ¢ during the application of the ¢’th oracle. Then for every ¢ and
sample zy, letting K; ¢ be the number of sets S; ; such that z, € S; ;. Using this notation, the event

we only have to prove (o, 3%/2)-differential privacy assuming event € happens as we have using
e® < 1/p that

P[A(S) € O] < P[A(S") € O | €]P[€] + (1 — P[€])
< e*PlA(S') € O | €|P[€] + /2

< e*P[A(S') € O] + B.
We therefore assume € holds and proceed to bound the /2-sensitivity of Z;. To this end, let p; =
1/(m;n) and &; = argmin, ., F;(x). First, note that each optimum estimation oracle output satisfies

105, (Fi) — zi—1l| < |06, (F) — 4| + |2 — @i—1]]

(%)
< VO1GVlogn/p; + G/
= (VCilogn +1)G/pi,
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where the first term in inequality (%) above holds since the estimator Oy, satisfies Definition 3 and
F; = f; + 1; where f; is G-Lipschitz and 1); is p;-strongly convex with G/(11;6;) < y/n. The
second term of the inequality holds since 1;(x) = p;||x — x;_1||?, thus as f; is G-Lipschitz we have

pill & — zic1||? < filzia) — fi(@:) < G| — zi-a])-

As event € holds, each sample participates in at most B of the optimum estimator computations
queries, hence we have that the /o-sensitivity of Z; is at most 2= (1/C1logn + 2)G/p;. Privacy
properties of the Gaussian mechanism (Lemma 13) and our choice of ¢; now imply that each iterate
is (o, 3% /2)-DP whenever event € holds, which proves the claim about privacy.

Let us now prove utility following steps similar to the proof of Theorem 4.4 in [23]. We define the
non-private minimizers, &; = argmin, ¢ y F;(x) and &y = x,. We have

k
flan) — flz.) = Z[f(izi) — f(@i0)] + flz) — f@n). (22)

Using the definitions of ¢; and 7; in Algorithm 6, we also have that for every ¢ > 1

Ell|&; — @i||?] < 2E[||&; — &|%] + 2E[||&; — x:?]
G?B?n?dlog(n) log(l/ﬁ))

a2

G2 B22d log(n) log(l/ﬁ)) .

o298t

< 2E[4: — &) +0<

< 2E[4: — )] +0<

Moreover, using properties of the bounded-optimum estimator from Definition 3, that is,
|05, (F;, xi_1)— ]| < C1G? log(n)/u? and ||E[Os, (F;, xi—1) —2:]||* < 62, we have by choosing
07 = G*/pin = G*n}n,

2
E|&; —&))> =E

1 & X
- Zoai (Fy wim1) — &5
Jj=1

< C1G?log(n)

27
Hym

+p? < (CL+ 1)G*nfnlog(n).

We can now bound the terms in (22). For the second term, the choice of 7 gives
E[f(zx) = f(@1)] < GE[||lzg — @]
- RB
<G-0 (Gnk nlog(n) + 2%)
<G.0 (2Gnn10g(n) . RB)
94k 96k
<0 (RG) ,
n
For the first term in (22), as F; is G-Lipschitz over X; = {x € X' : || —x;_1|| < 2Gn;7}, Theorems
6 and 7 in [46] imply that for all y € X;

Ellly — zi-1ll’]

- + 2G%n;,
;1

E[f(2:) = f(y)] <
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hence we now have
k

k
ZE[f(i'i) — f@)] <D i B[l #io1 — x|+ 2G%n

i=1

— + i —
o = ’ Wi a?

<0 (RQ k (GQ log(n) n G?B?n2dlog(n) log(l/ﬁ)) N sz>

2 k 232
B*n;dl log(1
<0 (R_ +3° G log(n) + B midlos(n) log( /6))
= azn
R? " G2B%*jdlog(n)log(1/B)
<O | — +Glog(n) +y 27" 2
nn s N
<GR.O logn N Blog(n)/dlog(1/5) ’
Vn no
where the last inequality follows since 7 = n/[log(n)], and 7 =
& min(1/v/n, a/Blog(n)/dlog(1/5)). O

F.3 The challenges of obtaining a bounded optimum estimator

To highlight the challenge of finding bounded estimators that satisfy Definition 3, let us explain why
our MLMC optimum estimator (1) fails to do so. For this estimator, we have (when 27 < Trax)

2 = 2l < [l = o]l + 27 Jzg — @5,

where z; is the output of an ODC algorithm with query budget 27. The ODC property and the
triangle inequality then roughly imply that ||z; — z;_1|| = O(277/2G// ;1) and consequently (since
llz. — zo|| = O(G/)) we have ||, — || = O(27/2G/ 1) = O(V/Timax G/ 1) which clearly is not
enough to guarantee an O(G/y) bound on ||2, — /. Indeed, to guarantee such bound with a similar

analysis we would have needed ||z; — z;_1|| = O(277G/u). However, this would imply that, by
the triangle inequality,

|y =2l = llzj = zacl < Y lax —arall = Y OQR7FG/p) = 0277G/u),

k=j+1 k=j+1
which contradicts the lower bound on the optimal distance convergence rate in Appendix A.4.

Having explained why the analysis strategy underlying our estimator (1) cannot directly yield a
bounded optimum estimator, we discuss two approaches with a potential to solve the problem. The
first approach is to apply ODC algorithms on a smooth surrogate of the true objective F', for which
the faster convergence to the optimum is possible, e.g., using randomized smoothing [20, 32].

The second approach is try to directly bound the /5 sensitivity of our MLMC-based approach. In
particular, it might be possible to leverage the structure of our estimator (or an improved version
thereof) in order to control the /5 sensitivity without relying on the boundedness of the estimator as
we currently do in the proof of Theorem 6.
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