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Abstract

Stochastic composite mirror descent (SCMD) is a simple and efficient method able
to capture both geometric and composite structures of optimization problems in
machine learning. Existing strategies require to take either an average or a random
selection of iterates to achieve optimal convergence rates, which, however, can
either destroy the sparsity of solutions or slow down the practical training speed. In
this paper, we propose a theoretically sound strategy to select an individual iterate
of the vanilla SCMD, which is able to achieve optimal rates for both convex and
strongly convex problems in a non-smooth learning setting. This strategy of out-
putting an individual iterate can preserve the sparsity of solutions which is crucial
for a proper interpretation in sparse learning problems. We report experimental
comparisons with several baseline methods to show the effectiveness of our method
in achieving a fast training speed as well as in outputting sparse solutions.

1 Introduction

Gradient-based methods have found wide applications to solve various optimization problems. A
basic and representative method of this type is the gradient descent, which iteratively moves iterates
along the minus gradient direction of the current iterate. However, gradient descent applied to
machine learning problems requires to go through all training examples at each iteration, which is not
efficient when the sample size is large. Stochastic gradient descent (SGD) relieves this computational
burden by approximating the true gradient of the objective function with an unbiased estimation
based on a randomly selected training example. With this strategy, SGD can achieve sample-size
independent computational cost per iteration and therefore can be successfully applied to very large
datasets which are becoming ubiquitous in the big data era [2} 4} 44]].

From different viewpoints, SGD has been extended in various ways. For example, the trick of variance-
reduction has been introduced to exploit the finite summation structure of objective functions for
reducing the inherent variance [16} 3340, |43]]. Adaptive step sizes were proposed to dynamically
incorporate the knowledge of the geometry of the data observed [9]. Decreasing step sizes in a
stagewise manner is used as a common trick in practice [14} 19, 41]]. The trick of momentum is
widely used to accelerate SGD by choosing an appropriate direction to pursue per iteration [[18} 26} 29].
Proximal operators have been introduced to capture a structure of optimization problems [28]], which
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separates the regularizer and data-fitting terms to achieve a desired regularization effect. The concept
of mirror map has been introduced to induce a Bregman distance for reflecting the geometry of the
associated optimization problem [3} 25]]. Empirical studies have shown that these variants can further
improve the practical performance of SGD [4]. In this paper, we consider stochastic composite mirror
descent (SCMD), which combines the technique of mirror map and proximal operator to capture both
the composite and geometry structure of the associated optimization problem.

Theoretical studies of SCMD have attracted much attention since its appearance and many results
have been derived to understand its promising behavior in practice. If the objective function is
convex, then the expected suboptimality of the uniform average of iterates decays with the rate

O(T*%) after T iterations [6H8], 130l 46]. If the objective function is strongly convex, then the
expected suboptimality of the uniform average of iterates decays with the rate O(T~* log T') 17,35,
which is unimprovable if the objective function is not smooth [31]]. Surprisingly, some averaging
schemes have been proposed to achieve the optimal rate O(7 1) [14} 20, 31, 37]. Although taking
averages of previous iterates can achieve theoretically minimax optimal rates [1]], it can have some
practical side effects 311 136, 37ﬂ For example, it can destroy the sparsity of the solution which
is often crucial for a proper interpretation of models in many applications. Moreover, averaging
can affect the practical training speed due to the existence of some possibly poor iterates in the
iterate sequence produced by SCMD [31}136]. The side effect of destroying sparsity can be resolved
by randomly drawing an individual iterate with probabilities proportional to the weights in the
optimal averaging scheme. However, this strategy of selecting a random iterate would introduces
new variances, which may further slow down the training speed due to the possibility of selecting
a poor iterate. Outputting the last SGD iterate is a natural strategy in practice, which would not
affect sparsity and practical training speed. However, the suboptimality for the last SGD iterate
converges with suboptimal rates O (T~ 2 log T') and O(T~* log T') in the convex and strongly convex
cases [37], respectively. Very recently, it was shown that the last SGD iterate can attain at most a rate
O(T~!log T) with high probabilities [13]]. These facts motivate us to ask a natural question: can we
develop an algorithm which can inherit the optimal convergence rate from the averaging strategies as
well as the sparsity-preservation and fast practical training speed from the last SGD iterate?

In this paper, we aim to give an affirmative answer to the above question by proposing a novel strategy
to select an individual iterate able to achieve theoretically optimal rates and fast training speed in
practice. We first consider the case with the number of iterations known to us, which allows us to
divide the implementation into two stages. The first stage produces an output with some averaging
scheme, which is then used in the second stage to select an individual iterate according to the one-step
progress evolution of SCMD. We then extend this algorithm to the online learning setting where
training examples arrive in a sequential way. We show that our algorithm can achieve the optimal
rates O(T*%) and O(T~1') in the convex and strongly convex case, respectively. Rooted on a careful
one-step progress analysis, our selection of iterates is based on the difference of two successive
iterates, which shares some spirits with the common heuristic trick of terminating an algorithm if
the distance of two successive iterates is lower than a threshold. Our analysis also removes bounded
subgradient assumptions in the existing discussions of optimal learning rates [14} 20,31} 37]. We
report experimental results to confirm the effectiveness of the proposed algorithm in both attaining a
fast training speed and producing a sparse solution.

We present algorithms with motivation in Section[2] Theoretical results and discussions are given in
Sections [3]and ] Experimental results and conclusions are presented in Sections [5]and [6]

2 Algorithms with Motivations

2.1 Background

In supervised learning, we aim to infer an unknown relationship between input and output variables
from a sequence of training examples {z; = (x¢, Yt) }ren drawn from a probability measure defined
in a sample space Z = X x ) with an input space X C R? and an output space )) C R, where
d € Nis the dimension. A very elementary and powerful approximation of this relationship is a linear
model of the form z +— (w, z) with w € R?, whose behavior at a single training example (z, ) can

2When mentioning averaging, individual iterates or last iterate, our attention is with respect to the iterate sequence
produced by (2.2) below.



be quantified by a function f(w, 2) = ¢((w, z), ), where the loss function ¢ : R? — R, is convex
with respect to (w.r.t.) the first argument and (w, x) denotes the inner product between w and x. The
learning process can be often formulated as an optimization problem of a composite structure

v{/réiﬂgd o(w) =E.[f(w,2)] +r(w), 2.1

where E_[-] denotes the expectation w.r.t. z and r : R? — R, is a regularizer possibly inducing
sparsity. With specific instantiations of £ and r, Eq. (2.I)) covers many famous learning problems in a
unifying framework, including least squares, SVMs, logistic regression, lasso and elastic-net [8, 39].

SCMD provides an efficient first-order method to exploit the composite and geometry structure of the
problem [I8,124]). It extends SGD by using a strongly convex and differentiable mirror map ¥ to
generate an appropriate Bregman distance [3\25] Dy (w, W) = ¥(w) — ¥ (W) — (w —w, VI (W)),
where V(W) denotes the gradient of ¥ at w. Let w; € R? be an initial point and {7 }sen
be a step size sequence. Up on the arrival of z; at the ¢-th iteration, we calculate a subgradient
(W, z) € O f (W4, 2¢) as an unbiased estimate of F'(w;) € OF (wy), where 0, f (W, z¢) denotes
the subdifferential of f(-, z¢) at w; and F'(w) = E,[f(w, z)]. SCMD updates the model by

Wiyl = arg vflféiﬂgd Dy(w,wy) 4+ n:((Ww — wy, [/ (Wi, 2¢)) +7(W)). (2.2)

Intuitively, SCMD uses f’(wy, z¢) to form a first-order approximation of f(-, z;) at w; and uses the

Bregman distance Dy, (w, w;) to keep w1 not far away from the current iterate. The regularizer r is

kept intact here to preserve a regularization effect. Typical choices of mirror maps include the p-norm
1

divergence ¥, (w) = 3||w||2 (1 < p < 2), which works favorably when the solution of 1) is

sparse by setting p close to 1 [8L39]. Here ||-||,, is the p-norm defined by [|w||, = ( Zle lw(i)[P) e
forw = (w(1),...,w(d))" € R% SCMD recovers the stochastic proximal gradient descent by
taking U = W, [[7]] and stochastic mirror descent by taking r(w) = 0 [14]. It should be mentioned
that p is not necessarily to be an empirical distribution over training examples, and therefore the
setting we consider here is more general than stochastic learning to minimize an empirical risk.

Algorithm 1: SCMDI Algorithm 2: OCMDI
Input: {1}, 04, w1 and T Input: {1}, 04 and w;.
Output: an approximate solution of (2.1)) Output: an approximate solution of (2.1))
if 04 == 0 then 1 if 04 == 0 then
| Sw Wi, s 1 2 | sy wi, s 1
else 3 else
| Sw < 6mwy, s 4 6 4 | sy & 6mwy, s < 61
fort=1,2to T — 1 do S W W, W wy, kel
calculate w1 by (2.2) 6 fort =1,2,--- do
if 0, == 0 then 7 | calculate w11 by 2.2)
| Sw 4 Sw+ W1, s s+1 8 A« Dy(w,w;) — Dy (W, wyiq)
else 9 | if A <2'"%Dy(W,W) then

L Sw Swt+ (E+2)E+3)Mr1Wer1 10 | W wy
s s+ ({t+2)(t+ 31 1 if 05 == 0 then

W 4 Su/s 12 | Sw 4 Sw+ W1, s s+1
fort =T,T + 1to 27T — 1 do 13 | else
calculate w1 by (2.2) 14 L Sw 4 Sw + (t+2)(E+ 3) M1 Wi
A < Dy(Wr,w;) — Dy(Wr, Wii1) 15 s 4= s+ (t+2)(t+ 3)ne
if A <T 'Dg(wr, wr) then 16 if t == 2 — 1 then
LT*%t,WT*%Wt 17 LkekJrl,Wesw/&Wewt
return wp- 18 rgturn w

2.2 Algorithms

We now present our first algorithm (Algorithm[I)) which performs SCMD in two stages. In the first
stage, we simply perform updates according to (2.2)). An output w is then produced by taking some



averages of the previous iterates. It is clear that w is a simple average with uniform weights in the
convex case, while the construction of wr in the strongly convex case is motivated by theoretical
analysis (see Theorem {) [20]. In the second stage, other than updating {w;} with 2.2), we also
search a time index (line 17 of Algorithm|[T) at which the difference between two consecutive Bregman
distance is less than a small number. We refer to AlgorithmT]as Stochastic Composite Mirror Descent
with Individual iterates (SCMDI) since it outputs an individual iterate of the vanilla SCMD.

Remark 1. For any ¢, denote A; := Dy (wWp,w;) — Dy (W, Wiy1). It should be mentioned that
the function ¢ — A, is not monotonically w.r.t. t. Therefore, not all t > T™* can necessarily satisfy
the condition in line 16 of Algorithm [T} which is a requirement to achieve optimal convergence rates
in our analysis.

In Algorithmm we update T* once we find a new t satisfying A; < T~'Dg (W7, wr). Another
feasible strategy is to set 7" = arg minyc {7 r41,...27—1} A+ However, experiments show that this
strategy does not work as well as Algorithm T}

Algorithm [2]is an extension of Algorithm[I|by removing the information on 7. It differs from the
vanilla SCMD in two aspects. Firstly, it computes some average W1 of previous iterates at the (2 —1)-
th iteration, k& € N. Secondly, it searches an index ¢ such that Dy (Wp, w;) — Dy (Wp, wipq) <
21*’“Dq,(v’vT, wy) and outputs this individual iterate. Algorithm [2| with 2k < ¢ < 2K+ recovers
Algorithm [1| with T = 2% or ' = 2¥~1, depending on whether an index ¢ > 2* satisfying A; <
21-kDy (Wr, wr) is found or not. Therefore, Algorithm [2fcan achieve the same convergence rates
as Algorithm T]in both convex and strongly convex cases. It does not need the information on 7" and
therefore applies to the online learning setting. We refer to Algorithm [2]as Online Composite Mirror
Descent with Individual iterates (OCMDI).

2.3 Motivation

Before giving theoretical results, we sketch the key idea underlying the design of Algorithm [T] which
also forms a key foundation of our theoretical analysis. Let w* = argmin,, cgra¢(w). Typically we
can get the following one-step error bounds for {w }+cn produced by (2.2) (LemmalA.1|in Appendix)

mE[¢(wi) ~d(w)] < E[Dy (W, wi)— Dy (w, Wiy1)]+07 C (2.3)

for any w € R? independent of z;. Here C is a constant independent of ¢. If we choose w = w*
and can show E[Dg(w*, w;) — Dg(w*, wy11)] = O(n?), then we would immediately obtain
E[p(w¢)] — ¢(w*) = O(n;). This would immediately imply the rate O(1/+/%) in the convex case
and the rate O(1/t) in the strongly convex case since in these two cases the typical step size choices
are 1, = 1/+/t and 1, = 1/t (ignoring constant factors), respectively [8]. Since w* is unknown, any
algorithm requiring an access to w* is not implementable. A good surrogate wp of w* should satisfy
E[¢(wr)] — ¢(w*) = O(nr) to enjoy a tight rate, for which a natural choice should be some average
of {w; }+<7. Then, we take w = wr in and need to find an index T* € {T, T +1,...,2T — 1}
such that E[Dy(Wr, wrs) — Dy (Wp, wr«11)] = O(n%). By the non-negativity of Bregman
distance, there always existsa 7% € {T, T +1,...,2T — 1} satisfying (see Lemma[A.2]in Appendix)

Dy(Wr,wr+) — Dy(Wr, Wr-41) < T ' Dy (Wr, wr).
This motivates us to search the time index 7* by Algorithm[I](line 17). It is clear from (2.3) that

E[p(wr-) — ¢(wr)] < (Tnr-) "E[Dy(Wr, wr)] + nr-C. 24)
The term E[¢(wr-)] — ¢(w™) then can be estimated by the following error decomposition
Elp(wr-)] = ¢(w") = E[p(wr-) — ¢(wr)] + E[p(Wr) — ¢(w")] (2.5)

< (Tnr-) ElDu(Wr, wr)] + - C+ Elg(wr) — o(w")].
To derive the desired bound E[¢(wr+)] — ¢(w*) = O(nr), it suffices to show
(Tnr-)"'E[Dy(Wr, wr)] = O(nr) and  E[g(Wr) — ¢(w")] = O(nr).
More specifically, we need to show E[Dy (wy, wr)] = O(1), E[¢p(Wr) — ¢(w*)] = O(T~2) in the

convex case with 7, = 1/v/t, and E[Dy (W, wr)] = O(T 1), E[p(Wr) — p(w*)] = O(T~ ') in
the strongly convex case with 7, = 1/¢t. We will show this is possible by choosing 7* in Algorithm



3 Optimal Convergence Rates

We present here optimal convergence rates for SCMDI for both convex and strongly convex objectives.
To this aim, we need to impose some standard assumptions. We assume that the mirror map ¥ is
og-strongly convex w.r.t. anorm || - || in the sense Dy (w, W) > 2~ Loy ||w — W] for all w, w € R?
(og > 0). We always assume the existence of A and B > 0 such that (|| - || is the dual norm of || - ||)

1f'(w, 2)IIF < Af(w,2) + B and ||’ (w)|Z < Ar(w) + B (3.1
forany w € R% z € Z and any f'(w,z) € 0f(w,z),r(w) € Or(w). Many popular learning
methods use loss functions and regularizers satisfying (3:I) [7,44]]. For example, if |¢'(a, y)|? <
Al(a,y) + B for some A, B > 0 and all a,y, then f(w,z) = £((w,z),y) would satisfy the first
inequality of (3.T) if X is bounded. Here ¢'(a,y) denotes a subgradient of ¢ w.r.t. the first argument.
Examples of such / include all smooth functions and all Lipschitz continuous functions widely used
in machine learning 42} 44]. Examples of r satisfying (3.1)) include r(w) = A[|w||} with p € [1,2].
We say U is Ly-smooth w.r.t. || - || if Dy (w, W) < &t ||w — W2 forall w, W € Rd

We always assume the existence of o, o, > 0 such that for all w, w € R4
F(w)—F(w)—(w—w,F'(wW)) > opDg(w,W), r(w)—r(w)—(w—w,r'(W)) > 0,Dy (W, W)

(3.2
For 04 := o + o, the cases 04 = 0 and o, > 0 correspond to convex and strongly convex
objectives, respectively.

3.1 Convex objectives

Our first result is an optimal rate O(T_%) for convex objectives under a boundedness assumption of
iterates. The boundedness assumptions E[Dg(w*, w;)] < D, Vt € N, imposed also in the literature
7118 37], always hold for the regularizer of the form r(w) = Iy, (w) + 7#(w), where W is a convex
and compact domain, Iy, is an indicator function with Iy, (w) = 0 if w € W, and oo otherwise,
and 7 : R? — R, is convex. Proofs of theoretical results in this subsection are given in Appendix @
Theorem 1. Let D > 0. Assume E[Dgy(w*,w,)] < D forallt € N and E[Dg(Wp,wr)] < D.
Let wr~ be deﬁned by Algorithmwith ne = p/ V't satisfying pp < ow(2A) 7L Then, E[¢(wr-) —
p(w*)] < \F, where Cy = (44 2v2)u~ 1D + 10p0g (Ap(w*) + 2B).

Theorem [I] requires to impose a boundedness assumption on iterates, which is removed in the
following theorem on convergence rates. The assumption Dy (w, W) < Lg||w — w||¢ is milder than
assuming a smoothness of W, the latter of which is satisfied if ¥ = Ws.

Theorem 2. Let wr- be produced by Algorithm[I|with a non-increasing step size sequence and 1y <
oy (2A)7L. Assume that there exists a € [0,2] and Ly > 0 such that D\p(w w) < Ly||lw — w|*

forall w, W € R% Let Dy = Dy (w*, w1) + o' (Ad(w*) + 2B) thl n2. Then,

E[p(wr-)] — ¢(w") <

2Ly [dog'aDy +1] + 4Dy 2A¢(w*) + 4B p
4oy - 1 4 240(w) {nT+—Z ](3.3)
2T ow —

t 2
Corollary 3. Suppose the assumptions in Theorem 2| hold. (a) If tlim % = 0, then
—00 t

1

Th_r}r;o E[¢(wr+)] = ¢(w*). (b) If ny = ﬁfort =1,...,2T, then E[p(wp+)| —p(w*) = O(T~2).

3.2 Strongly convex objectives

We now turn to Algorithm [I]for strongly convex objectives, towards which a first step is the following
theorem on the performance of vanilla SCMD. Theorem |4 shows that both the suboptimality of
some weighted averaged iterates and the Bregman distance between the last iterate and w* converge
with the rate O(T~1). Theorem E] is an extension of the results in [20] on the projected SGD
to SCMD. Discussions in [20] require to impose a boundedness assumption on subgradients as
Ez[|lf/(we, Z)||2] < D for some D > 0 and all £ € N. Indeed, an independent section was included
in [20] to show that this boundedness assumption holds for an SVM-like objective. Theorem [4]
shows that we can derive the same convergence rate without this boundedness assumption and



is therefore more applicable. Theorem [5] gives a sufficient condition on step size sequences for
the convergence. Upper and lower bounds on convergence rates are established in Theorem [6]and
Theorem([7] respectively. The proofs of theoretical results in this subsection are given in Appendix|C] If

o, = 0, then W7 defined in Theorem@can be simplified as wr = [ Y/, (t+1)] ST (4 Dwy.
Theorem 4. Assume (3.2) holds with o4 > 0. Let {w, }1en be generated by (2.2) with n, =
Define

2
0’¢t+20‘F °

T
(t+1)(t+ 2)7;4 ' S+ 1)+ 2)mews.
t=1 t=1

W

wr = |
Then, there exists a constant 62 > 0 independent of T' and o 4 (explicitly given in the proof) such that

_ AC, Cy
Elo(wr) — p(Ww*)] < —————— and E[Dg(w",w < .
otwr) -~ 6(w)] < ot =
Theorem 5. Assume (3.2) holds with o4 > 0. Let {w }en be generated by 2.2). If lim;_,oc 1 = 0
and .~ i = 00, then limp_, o E[Dy (w*, wr)| = 0.

(3.4)

With Theorem 4] at hand, we can provide optimal rates for the output produced by Algorithm I}
Theorem 6. Assume (3.2) holds with o4 > 0. Let W+ be generated by Algorithm|[I| with n; =

%H%UF‘ Assume that VU is Ly -strongly smooth (Ly > 0). If T > aiﬁ¢ , then there exists a constiznt
C3 > 0 independent of T and o4 (explicitly given in the proof) such that E [(/)(WT* )— d)(w*)] < TC::’¢ .

Theorem [7] presents lower bounds matching the above upper bounds up to a constant factor, which
shows that the selected iterate has achieved the best possible rate and there are no stronger results. The
matching upper and lower bounds here apply to the specific SGD and specific optimization problems,
while minimax bounds is related to the existence of a problem for any algorithm [1]]. Similar results
were derived in [21] for online mirror descent. Here we give a different and simpler proof.

Theorem 7. Let {w;}; be the sequence produced by 22) with ¥(w) = L||w||3 and r(w) = 0.
Suppose f is differentiable, ¢ is Ly-smooth w.rt. || - ||2 and n, < 1/(2Ly). If for any w € R,
E[|Vf(w,z2) — VF(w)|3] > o2 for some o > 0, then

Ef|lwer — w*|[3] > min{|lwi — w*[3,m0°/(2Lg), ..., m0®/(2Ly)}.

4 Discussions

We discuss related work on stochastic/online learning algorithms with different averaging schemes.

A very common scheme is to output an average of all iterates with uniform weights (UNI-AVE) [44,
46], which is able to attain the optimal rate O(1/+/T') and the suboptimal rate O(T~"' log T) in the
convex and strongly convex case, respectively [8]]. A counterpart is established to show that the rate
O(T~1logT) is the best possible one for this simple averaging scheme [31]].

For strongly convex objectives, the first algorithm able to attain the optimal rate O(7~!) is the
epoch-GD algorithm proposed in [14], which performs stochastic mirror descent in each epoch with
a fixed step size. The step size decreases exponentially in each consecutive epoch and the averaged
iterate of the last epoch is outputted as the solution. Since then, several other averaging schemes
were developed to attain optimal rates, including a suffix-averaging scheme (SUFFIX) returning the
uniform average of the last half of SGD iterates [31]], a weighted averaging scheme (WEI-AVE) with
a weight of £ 4 1 for w; [20] and a polynomial-decay averaging scheme [37].

Motivated by the side effects of averaging in either destroying the sparsity of the solution or slowing
down the training speed [31], the property of the last iterate (LAST) has also received a lot of attention.
For smooth objective functions, SGD with the last iterate can achieve the optimal rate [31]. The
analysis of last iterate for non-smooth objective functions is much more challenging, for which an
interesting technique to relate the last iterate with suffix-average of iterates was developed [37, 44].
Based on this, rates O(T~2 log T') and O(T ' log T') were established in the convex and strongly-
convex cases [23l [37]], respectively. These results motivate a natural question of whether the last
iterate achieves the optimal rate in the non-smooth scenario. This open question was resolved in [13]]



by constructing a problem for which SGD with the last iterate achieves at most the rate (7~ log 7).
An interesting probabilistic rate O(T ! log T') was also developed for SGD with the last iterate [13].

All the above mentioned methods require an averaging scheme to attain the optimal convergence
rates, which, however, may destroy the sparsity of solutions and slow down the practical training
speed. A simple scheme to preserve the sparsity of solutions while still enjoying the optimal rate is
to draw an individual iterate randomly from the iterate sequence by @]) [10, 16]. Indeed, one can
randomly draw the output according to a distribution over the iterate sequence with the probability
mass function determined by any optimal weighted averaging scheme [20} 31}, 137]]. However, this
scheme introduces new variances due to the choice of a random iterate as the output. Moreover, as we
will verify in experiments, this scheme can slow down the practical training speed since the randomly
selected iterate is not necessarily to be a favorable one in the iterate sequence. Furthermore, it requires
to either store all the iterate sequence or determine the number of iterations beforehand, which does
not apply to the online learning scenario. After the acceptance of the paper, we noticed an interesting
step-size modification scheme to get optimal convergence rates [[15]. However, the step-size scheme
there requires to use the information of 7', and therefore is not applicable to the online learning
scenario. Furthermore, the algorithm and optimal convergence rates there are developed for the
particular 7T-th iterate and not for other iterates.

In this paper, we propose a novel stochastic/online learning algorithm able to achieve optimal rates. As
compared to the averaging scheme in [14} 20l |31} 37]], our scheme of outputting an individual iterate is
able to preserve the sparsity structure of solutions. As compared to the scheme of randomly choosing
an individual iterate, our method avoids the added variance as well as the drawback of slowing down
the training speed due to the random iterate index. Our idea is not to output the last iterate but to
select an individual iterate based on a careful analysis on the one-step progress bound sketched in
Section Indeed, by (2.3), the quality of w, depends on A, = Dy (W, w;) — Dg(Wp, Wii1).
The smaller the A, the better the quality. This motivates us to select a 7™ with small Ar~. Intuitively,
Ay is related to the distance between wy and w, 1. Therefore, our selection of the iterate shares some
spirit with the widely used heuristic of terminating the algorithm when the successive iterates are
close. Our analysis also refines existing studies of optimal rates of SGD by removing the boundedness
assumption on subgradients [20} 31, 37]. It should be mentioned that the boundedness assumption
was relaxed as E, [|| f/(wy, 2)||2] < A+ B||F'(w¢)||? in [4] for A, B > 0 and removed in [27], the
latter of which, however, requires the objective function to be smooth.

5 Experimental Results

In this section, we justify the effectiveness of our algorithm by presenting experimental comparisons
with the following averaging strategies: WEI-AVE [20], UNI-AVE, LAST, SUFFIX [31] and RAND
(outputting a random iterate chosen from the uniform distribution over the last half of iterates). We
consider two applications: binary classification and tomography reconstruction in image processing.

5.1 Binary classification

We first consider SVM models with linear kernels. We use 16 real-world datasets whose information
is summarized in Table in Appendix For each dataset, we use 80 percents of the data for
training and reserve the remaining 20 percents for testing. The objective function we consider for a
training dataset {(z1,y1), .., (Tn,yn)} is

1 n
6w = JIwl3+ - > max{0, 1~ yitw, )},
i=1
which is A-strongly convex w.r.t. ||-||2. Analogous to [20], we set A to the reciprocal of training sample
size. For datasets with multiple class labels, we group the first half of labels into the positive label, and
the second half into the negative label. We consider step sizes of the form 1, = p/(A\t) and tune the
parameter / in the set 2812114} by 10-fold cross validation. We repeat the experiment 40 times
and report the average of experimental results. We consider two approaches to optimize the objective
function ¢ by whether to separate the regularizer and the data-fitting term. In the first approach,
we apply 2:2) with ¥(w) = [w|3, f(w,2) = 3[|w||3 + max{0,1 — y(w, z)} and r(w) = 0,

*We display experimental results for 4 datasets here due to space limit. Complete results are in Appendix.



which is just the SGD. In the second approach, we apply 2.2) with ¥(w) = %HWH%7 f(w,2) =
max{0,1 — y(w,z)} and r(w) = 3||w]||3, which is a stochastic proximal gradient descent (SPGD).
In Figure[T]and Figure 2] we plot the objective function values on the testing dataset against iteration
numbers for SGD and SPGD, respectively. It is clear that UNI-AVE is always the worst strategy in
our experiments. WEI-AVE assigns more weights to recent iterates and can improve the performance,
which is further outperformed by SUFFIX. RAND fluctuates a bit since the randomly selected index
at the ¢-th iteration may not be an increasing function of ¢t. LAST is overwritten by OCMDI due
to their similar behavior, which behave best in our experiments especially in the beginning of the
optimization process. The similarity between OCMDI and LAST can be explained as follows. If A;
(defined in SectionE[) is small then it is likely that A, is also small. Therefore, our algorithm is
prone to select the last part of iterates. We also plot the objective function values on training datasets
against 7', which show similar behavior and are deferred to Figures in Appendix.

== WELAVE

== WELAVE
== UNI-AVE
== SUFFIX
== LasT
== OCMDI

R == WEAVE 0] N, == WEAVE
== UNAVE
== SUFFIX

= LasT -
—— ¥

100 100

10 10° 100
Iteration Number Iteration Number Iteration Number

(a) german (b) splice (c) w8a (d) letter
Figure 1: Objective function values on test datasets versus iteration numbers for SGD.

10
Iteration Number

== WELAVE
== UNLAVE
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= LiST w
— ool

.

100 100

10 100 100
Iteration Number Iteration Number Iteration Number

(a) german (b) splice (c) w8a (d) letter
Figure 2: Objective function values on test datasets versus iteration numbers for SPGD.
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5.2 Tomography reconstruction

We now consider tomography reconstruction in image processing. We use AIR toolbox [[12] to create
a CT-measurement matrix A € R”*<, an output vector y' € R™ and a N x N sparse image encoded
by a vector wi € R? with d = N2. Each row of A together with the corresponding row in y indicates
a line integral from a fan bean projection geometry. Therefore, the true image w' satisfies Aw = y 1.
We consider a noisy case by adding Gaussian noise N (0, (0.05|y,:-r )?) to yj and get the noisy output
y. Our aim is to reconstruct the image w' from the matrix A and the noisy measurements y by
finding an approximate solution of the equation Aw = y. Since many components of the true
image w' varnish, we apply randomized sparse Kaczmarz algorithm, which is a simple and efficient
algorithm to generate sparse approximate solutions to linear systems [5,[34]. Let € > 0, A > 0 be two

parameters and consider the mirror map ¥(¢Y) (w) = X 25:1 ge(w(i)) + 3|l wl|3, where g(&) = %
for || < eand |{] — § for |{| > €. At each iteration ¢, we randomly select an index i; from the
uniform distribution over {1, ...,n} and denote x;, = AZ, where AZTt is the transpose of A;,. Given
wi € R%and v; = V(SN (w), the randomized sparse Kaczmarz algorithm updates the model as

Vit1 = Vg — 77t(<Wt,SCz‘,,> - yit)xi” Wil = SA,e(Vt+1), G.D

where Sy . : R? +— R? is defined component-wisely by the soft-thresholding function Sy . : R — R
given as [3]]

_ &) /(A +e), if €] <A +e
Inel8) = {sgn(f) max(|¢| — \,0), otherwise.

Here sgn(a) denotes the sign of a € R. Algorithm (5.1) can be equivalently formulated as [22]

Wil = arg Hélﬂ{{ld (W = Wi, ((We, i, ) = Y3, )i, ) + Dyeon (W, We).
w



It is clear from the above equivalent formulation that (5.1} is an instantiation of Z.2) with f(w, z) =
1((w,z) — y)% r(w) = 0 and ¥(w) = V(Y (w) to minimize F(w) = LIAw — y||3. It was
shown that F'(w) satisfies (3.2) with 07 = omin(AT A/n), w = w* and W = wy, t € N [22]], where
omin(A) denotes the minimal positive eigenvalue of a matrix A. Therefore, our theoretical analysis
in Section appliesﬂ We randomly choose w from the uniform distribution in [0, 1]¢ and set
A =1,e =109 as suggested in [5]. We repeat the experiment 40 times and report the average of
results.

(a) True Image. (b) Reconstructed Image. (c) Errorvs. T'. (d) NNCs vs. T

Figure 3: Tomography reconstruction with N = 64, n = 23040 and 5% relative noise. Panel (a) and
(b) are the true image and the reconstructed image by OCMDI, respectively. Panel (c) and (d) plot
the errors and NNCs versus iteration numbers.

In Figure 3] we present results with N = 64, d = 4096 and n = 23040. Panels (a) and (b) display
the true image and the image output by OCMDI, respectively. In Panels (c) and (d), we plot the
errors and the number of non-zero components (NNCs) for the output of algorithms with different
averaging strategies. According to Figure |3} LAST is overwritten by OCMDI since they behave
analogously, both of which achieve the fastest training speed among all considered methods. RAND
is outperformed by SUFFIX in terms of training speed. Moreover, OCMDI, RAND and LAST
can produce much more sparse solutions than other methods. Indeed, the true image w' has 1686
non-zero components, while UNI-AVE, WEI-AVE, SUFFIX, RAND and OCMDI produce outputs
with 4096, 3727, 1943, 1823 and 1828 non-zero components, respectively. The advantage of OCMDI
over LAST is that OCMDI can theoretically achieve optimal convergence rate. Similar phenomenon
also appears for the case with N = 32 and n = 11520, which we plot in Figure[D.5]in Appendix.

6 Conclusion

We propose a novel variant of SCMD with optimal convergence rates. An advantage of this algorithm
over existing optimal learning algorithms is that it outputs an individual iterate without a random
selection of index, which is able to preserve the sparsity structure without slowing down the training
speed. Experimental results in both the domain of binary classification and tomography reconstruction
demonstrate the ability of our algorithm in getting a fast training speed as well as in producing
sparse solutions. Some interesting work include a theoretical justification on the advantage of
sparsity of our method over other methods [[11}38] and an extension of our analysis to non-convex
problems [10} 32} 45]).
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A Motivation of Algorithms

In this section, we provide rigorous theoretical results on the motivation of algorithms presented in
Section [2.3] The first result (Lemma[A.T) is a standard one-step progress bound which quantifies how
the iterate would move towards w* with a single update. The second result (Lemma[A.2) shows that
the time index 7 in Algorithm|[I]can be always found. Therefore, the algorithm is well defined.

Lemma A.1. Let the sequence {w}icn be generated by (2.2)), then the following inequality holds
for any w € R? independent of z;
E.,[Dy(w,Wi1)] — Dy (w,wi) < [¢(W) — ¢(wi)] + o307 [Ag(wy) + 28]
— 1 {O'FD\I;(W, wi) + 0. E,, [Dy(w, wt_H)]} . (A

Proof. According to the first-order optimality condition in (2.2)), there exists an 7/ (w¢41) € Or(Wiy1)
satisfying

nef' (Wi, 2e) + e’ (Wegr) + VU (W) — VE(wy) =0,
from which and the identity [[1]
D\p(w, Wt+1) + D\Il(WtJrh Wt) - Dy (W, Wt) = <W — Wi, V\I’(Wt) - V\I’(Wt+1)>

we derive

Dy (W, wii1) — Dy(w,wy) = Dy (W, Wii1) + Dy(Wiy1, We) — Dy (W, wi) — Dy (Wiyp1, Wy)

= (W = Wiy1, VI(Wy) = VU(Wip1)) — Do (Wei1, We)

=W — Wey1, [/ (W, 2¢) + 7' (Wig1)) — Dw(Wig1, we)

< (W — wepr, [/ (Wi, 20)) + e [r(w) — r(wig1) — 00 Do (W, Wip1)| — Do (Wipr, we)

= 0(W — Wy, f'(We, 20)) + 0e(We — Wepr, f/(We, 20)) +ne[r(w) —r(wi)]
+nelr(wi) = r(Wig1)] — opm Do (W, Wip1) — Dy (Wig1, Wy). (A.2)

*Corresponding author
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Here, we have used the o,.-strong convexity of » (3.2) in the inequality. From the convexity of , the
definition of dual norm and the strong convexity of W, it follows that

e (Wi — Wopr, f/(We, 20)) +7(We) = 7(Wig1)] — Du(Wigr, wy)

< nellwe = wora |1/ (We, o) [ A me{we — Wepr, 7/ (W) — 27 ow [ wy — Wi ||?

< mellwe = wept 1[I/ (We, z0) s + I (wo)||+] — 27 owllwe — Wi ||

<27 ogllwe — Wit |2 + 27 oy "R [ (we 2 + I (W) )7 = 27 o [we — w1

<oy i [ (we 20) |12 + 1 (wo)ll2] < oy i [Af (Wi, 20) + Ar(wy) + 2B],
where we have used the elementary inequality (a + b)? < 2(a? + b?) and (B.I) in the last two
inequalities. Plugging the above inequality back into (A.2), we get

Dy(w, Wit1) — Dy (w, wi) < (W — W, f'(We, 2¢)) + ne[r(w) — 7(wy)]

+ U\;ln? [Af(wt, zt) + Ar(wy) + QB] — oDy (W, wiy1).

Taking conditional expectations with respect to z; over both sides and using the ¢ r-strong convexity
of F' (3:2) then give (note both w and w; are independent of z;)

E..[Dy (W, Wii1)] — Du(w,wy) + ornilEz, [De (W, Wii1)]

< (W — Wi, F'(wy)) +melr(w) — r(wi)] + og ' nf [AF (wy) + Ar(w,) + 25]

<m[F(w) — F(wy) — opDy(w,we)| + ne[r(w) — r(wi)] + oy 'nf [A¢(we) + 2B].
This gives the stated inequality and completes the proof. O
Lemma A.2. There existsant € {T,T +1,...,2T — 1} such that

Dy (Wr,w;) — Dy (Wr,wit1) < T~ ' Dy (Wr, wr).

Proof. We prove this lemma by contradiction. Suppose that
Dq;(WT, Wt) — Dq;(WT, Wt+1) > T_ID\I;(WT, WT)7 Vit € {T, T+1,...,2T — 1}

Taking a summation of the above inequality from ¢ = T to ¢t = 27 — 1 gives

2T—1
Dy(Wr,wr) — Dy(Wr, Wor) = Y [Dy(Wr, W) — Dy(Wr, Wi 1))
t=T
271
>T7" Y Dy(Wr, wr) = D (Wr, wr),
t=T
which contradicts with the non-negativity of the Bregman distance. The proof is complete. [

B Proofs of Convergence Rates for Convex Objectives

In this section, we give proofs of Theorem [I} Theorem [2]and Corollary [3]on the performance of
Algorithm|[T]for convex objectives.

Proof of Theorem[I] Choosing w = w* in (A.T) and using o, 0 > 0, we derive
E.,[Dy(W*, Wii1)] — Dy (w*, wy) < me[p(W*) — d(wy)] + og "0} [Ad(we) + 2B].
Taking expectations over both sides then gives
E[Dy(w*,Wis1) — Do (w*, wi)] < nE[p(W*) — ¢(wy)] + o3 07 [AE[¢(w,)] + 28]
= mE[p(w") — (wy)] + oy '} [AE[p(we)] — Ap(w*) + Ag(w") + 2B]
= (e — oy NP AE[D(W") — ¢(wWe)] + oy 0} [Ag(w*) + 2B]
<2 'E[p(W") — ¢(wo)] + oy nf [Ap(w”) + 28], (B.1)



where we have used the inequality 7; < o (2A4)~! and ¢(w*) < ¢(w;). The above inequality can
be rewritten as

27'E[¢(w;) — o(W")] < 'E[Dy(w*, wi) — Dy (W*, Wei1)] + o n:(Ag(w™) + 2B).
Taking a summation of the above inequality from ¢ = 1 to ¢t = T gives

T
< Zn{l]E[D\p(w*,wt) — Dy (w™, thﬂ + O'\il(AQS(W*) +2B) Z i

T T
<Y EDo(whwo)lln ' = n ]+ ny  Da(w*, wa) + 0y (Ag(w™) + 2B) Z (B.2)

< Dnpt + 205 u(Ap(w™) + 2B)VT,
where we have used 7; < 7;.—1 and the elementary inequality Zthl t=2 < 2¢/T in the last step. Let
wr = % Zle w; be defined in Algorithmwith 04 = 0. The convexity of ¢ then gives

Elp(wr)] — o(w*) < 2 D+40y %Aww*) +2B)

According to Lemma([A.2]and the definition of 7* in Algorithm|[I] we know
D\I](WT7WT*) —D\p(WT7WT*+1) S T_lD\I/(WT,WT). (B4)

Choosing w = wr in (AJ)) followed with expectations over both sides implies (W is independent
of z; forany t > T

nE[¢(wi) —d(Wr)] < E[Dg(Wr, wi)— Dy (Wr, wip1)]+og 07 [AE[¢(w,)]+2B], vt >T.
Choosing t = T™* in the above inequality and using (B-4) then give
nr-E[p(wr) — ¢(Wr)| < E[Dy(Wr, W) — Dy (Wr, Wr-y1)] + 03 '3 [AE[p(wr-)] + 28]
< T7'E[Dy(Wr, wr)] + 03 17 [AE[¢(wr-)] + 2B]. (B.5)
Plugging the step size 1; = j1/+/1 into the above inequality and using 7 < T* < 2T, we derive
V2E[Dy(Wr, wr)] n p[AE[p(wr-)] + 2B]
H\/T qu\/f ’

(B.3)

E[p(wr) — ¢p(wr)] <
from which and (B:3) it further follows that

E[¢p(wr-) — ¢(wW*)] = E[p(wr-) — ¢(Wr)] + E[p(Wr) — p(w*)] <

V2E[Dy (W, wr)]

/T
HA(E[B(wr.)] — 6(w)) | ulAd(w*) +2B] | 21D + dog u(Ad(w") + 2B)
* - T JT ®6)
_VED | Efplwr)] - 6(w)  plAd(w') +2B] 2D + oy p(Ad(w?) + 2B)
ST 2 - VT 7

where the last inequality is due to p1 < o (2A4) 7! and ¢p(wr+) > ¢(w*). The above inequality can
be written as the stated inequality. The proof is complete.

Proof of Theorem[2] Taking a summation of (B-I) from ¢t = 1 to t = ¢, we derive the following
inequality forany ¢ =0,...,T — 1

E[Dy(w*, wi )] = De(w*,wy) + ZE[D\I/(W*,WH_l) — Dy(w*, wy)]

t=1
7
< Dy(W*,wy) ZmE — ¢(wi)] + oy [Ap(w") +2B] Y
t=1
< Dy, (B.7)



where we have used ¢(w*) < ¢(w;) and Dy is defined in Theorem |2} According to the Young’s
inequality
a® b . .. 11
ab < — + — forall a,b,s,s > 0 satisfying — + = =1,
s 5 s 5
the following inequality holds forall ¢ = 1,2,...,T

D (wiowr) < Lyllw; —wr|* < Ly 2~ aflw, — we ™% +1-271a]
=Ly[27 a|w, —w + W —wr[?+1-2""q]
< Ly [afw, — w2 +allw* — w4+ 1 - 2_1a]

< Ly [QUilaD\p(w*,wt) + QqulaD\p(w*,wT) +1-— 2*104,

which, coupled with the convexity of g(-) := Dy (-, wr) as a function on R? and (B.7)), then implies

T
1 _ _
E[D@(WT,WT)] < T ZE[D\I;(Wt,WT)] <Ly [40’\1110[DT +1-2 1()4]7 (B.8)
t=1

where W is defined in Algorithm [T|with o4 = 0. Analyzing analogously to (B.2Z) excepting using
E[Dg(w*,w;)] < Dr forall t < T (n; is a non-increasing sequence), we derive

2(Ap(w*) +2B) Sy 2Dr

Elp(wr)] = ¢(w") < Tog Tor (B.9)

Eq. (B:3) implies further
E[¢p(wp-) — ¢(Wr)] < (Tnp) " "E[Dy(Wr, wr)] + o - [AE[G(Wr-)] + 2B].
Combining the above inequality, (B-8), (B.9) together and using T' < T™* < 2T, we get

E[p(wr-) — d(w")] = E[p(wr-) — ¢(wr)] + E[p(Fr) — p(w")] < 2w{WT: wr)]

Tnar
n Ang (Elp(wr-)] — ¢(w*)) n nr(Ap(w*) + 2B) n 2(A¢(W*) +2B) Sy my n 2Dt
oy [oaV; TO'\I; TT]T
Ly (405 aDr +1) +2Dr  E[p(wr:)] — p(w*)  Ap(w*) + 2B s
< T + : + R (g > m),

where the last inequality is due to 2Anr < oy. The above inequality can be written as (3.3). The
proof is complete. O

Proof of Corollary[3] (a) Since {n,} is a non-increasing sequence, we know

2
0< limntzlimﬂ<
t—o0

This in turn shows that the sequence of arithmetic mean also converges to 0, i.e.,
limy o0 § 3 7y 77 = 0. Also, limy o 7= > 7y 72 = 0 immediately implies lim o tr, =
oo. Then, all the terms on the right-hand side of (3.3) converges to zero as T tends to co and
therefore limyp_, oo E[¢p(Wr-)] — ¢p(w*) = 0.

(b) For the step size sequence 1; = 1//T, (3.3) translates to

Elg(wr-)] - ¢(w") < % (2007 (405 aDy + 1) + 6oy (Ap(w”) +2) + 45~ Dy ],

which is of the stated form since in this case Dy = Dy (W*, w1) + o3 [Ad(W*) + 2B]u? is a
constant independent of T'.

The proof is complete. O



Remark 1. If we consider polynomially decaying step sizes 7, = % forallt =1,2,...,2T, then

there exists a constant C > 0 independent of 7" such that

Elé(wr-)] — p(w") < ‘”gf;”

Indeed, for the step size sequence 1; = u/+/t, we have 23:1 ne < 2uVT and 23:1 n? <
uz log(eT). Plugging these inequalities back into @) gives

1
VT

which is of the stated form since in this case Dy < Dy (W*, w1) + o [Ad(w*) + 2B]u? log(eT).

E[p(wr+)]—p(w*) < 2V2Lgpu~ (dog aDr+1)+10po g (Ap(w*)+2B)+4v2u ' Dy |,

C Proofs of Convergence Rates for Strongly Convex Objectives

In this section, we present proofs of convergence rates (Theorem ] Theorem [5] Theorem [6] and
Theorem [7) for strongly convex objectives.

Proof of Theoremd] Choosing w = w* in (A.T)) and taking expectation over both sides, we derive
the following inequality for any ¢ € N
(1 +om)E[Dy (W™, wiy1)] <
(1 — opm)E[Dy(w*, wi)] + mE[p(w*) — ¢(wi)] + o' 17 [AE[¢(w;)] +2B].  (C.1)

For any ¢ > t( := max{ [WL 1} (Ja] denotes the smallest integer not less than a), we have

Ny < oy (4A)~! and therefore derive
(14 o) E[Dy (W™, Wiy1)]
< (1= opn)E[Dy (W, we)] + (0 — o3 "7 A)E[p(w") — ¢(wy)] + oy "7 [Ap(w") + 2B]
< (1 —opn)E[Dy(W", wy)] + %EW(W*) — o(wy)] + oy ni [Ag(w*) + 2B], Wt > to.
Combining the above inequality and (C.I) together, we derive

3

1 E[o(w)—o(w)] +72Cy Yt € N,

(C2)

(140 E[Dg (W, wii1)] < (1—orn,)E[De(w", wi)|+

where _
Cy = oy [AmaxE[¢(w,)] + 2B]

t<to

is a constant independent of T". From (C.2), it then follows that

31t L—opm 27
————E[p(w;) — (W) +E[Dg(Ww*, w < —E[Dy(w*, w;)]+n;Cy, Vt € N.
T Bio(we) —olw ) +EIDa W Wes)] < T D wi)] 452

(C.3)

Since 1y = %H%ap’ we know

1*UF77t70¢t+20F*20F7 t

140, a ot +20r + 20, Ct42
and

1 > 1 _ oy + 20 > 1

140 = 140 304 -3

Plugging the above two inequalities into Eq. (C.3)), we derive
— * * t * ~
47 ' Elp(wi) — ¢(W*)] + E[Dy(w*, wyy1)] < mE[D\P(W ,wi)] +n7Cy,  VtEN.



Multiplying both sides by (¢ + 1) (¢ + 2) gives

A7HE+ 1)t + 2)E[p(we) — (W) + (E + 1)(t + 2)E[Dy (W*, Wiy1)]
< t(t+ D)E[Dg(w*, wy)] + (t + 1)(t + 2)n2Cy, Vt € N.

Taking a summation of the above inequality from ¢ = 1 tot = T gives

T
AN [+ )+ 2mE[p(we) — $(w)]] + (T + 1)(T + DE[Dy (w*, wrp1)]

T
§2Dq,(w*,w1)+6'42(t+1)( +2)n? < 2Dy (w* W1)+47042(t+1i#

o2
t=1 ¢ t=1

4C
< 2Dy (W*, w1) + 72‘4 [T + 3log(eT) + 4]
[

< 0,2 [ACA(T + 3¢ 'T + 7) + 2Dy (w*, w1)o3] < Cao,°T,
where we have used the elementary inequality log(7") < e~'T for any T' € N and introduced
52 = 454(36_1 + 8) + 2D\IJ(W*,W1)0'3>.

It then follows that _
E[Dg(w*,wri1)] < C20;2(T +2)7!

and

Sy (t+ 1)t + 2)mE[p(wi) — ¢(w*)]
St 1)+ 2)m,

_ 4C,T _ 4C,

Tyt D+ (T+ 1oy

E[p(wr) — ¢(w™)] <

Here we have used the inequality

T T T
2+ 1)(t+2 2 T(T+1
SO+ 1)+ 2) Z A HE+2) 2 g~y TEHL)
= = oyt o St o
The proof is complete. O

We will use the following lemma to prove sufficient conditions for the convergence of SCMD
established in Theorem@ The following lemma is known in the literature (see, e.g., [3}13]).

Lemma C.1. Let {n;}1en be a sequence of non-negative numbers such that lim;_, . n; = 0 and
Zt 1Me = 00. Leta > 0 and t1 € N such that n; < a~! forany t > t,. Then we have

T
hm Znt H (1 —ang)=0.

t ty k=t+1

Proof of Theorem ] Since lim;_,, = 0, there exists a to € N such that 7; < og(4A4)~! and
ny < o, forall t > to. From (C.2) and 0, < 1 it follows that

1+o.m — Tt
1 —+ O'»,"I’]t

< (1 - 2710'¢7’]t)E[D‘1;(W*,Wt)} + nfé5, Yt > 1o,

E[Dg(W*, wii1)] < [Dy(w*, w,)] +n?Cs

where
Cs = oy [AmaX]E[qS( O] + QB].

t<to



Applying this inequality iteratively for t = T',. ..t yields

T T T
E[Dg(w*, wry1)] < [[(1=2""ogn)E[De(w*, wi )]+C5 > n7 [ (1-27"opm), (C4)
t=tg t=to k=t+1

where we denote ngt (1= 27 1o 4nk) = 1 for t = T'. The first term of the above inequality can
be controlled by the standard inequality 1 — a < exp(—a),a > 0 together with >_,~, 7, = 00

T T
lim (1- 2_10¢nt)E[D\p(W*,Wt‘O)] < Th_r}réo H exp ( — 2_10'¢’I7t)]E[D\p(W*,Wt~O)]

T—oo &4
t=to t=to

= lim exp(—? J¢Zm) [Dy(w*,wz )] = 0.

T—o0
t=tg

Applying Lemma|C.1|with a = 2710, we get

T T
: 2 o1 _
Jim > 2 T (=27 ogm) = 0.

t=to k=t+1

Plugging the above two expressions into (C4) completes the proof. O

Proof of Theoreml6] According to the strong convexity of ¢ given in (3.2) and the optimality condi-
tion 0 € Op(w*), we get

El¢p(wr) — ¢(w)] = E[¢(Wr) — ¢(W") — (Wr — w",0)] > 04E[Dy (Wr, w")],
which, together with the strong convexity of ¥ and the first inequality of (3:4), gives

_ iz 2E[p(Wr) — ¢(w*)] 8C,
Bl | § =SS < e

It then follows from the Lg-strong smoothness of ¥, E[||w* — wr||?] < EE[D‘I,(W*, wr)] and
the second inequality of (3.4) that

E[Dy(Wr,wr)] < 2 'Ly E[||wr — wr|*] = 2’1Lq,IE[Hv’vT —w'+w"— WT||2]
10L\1,(72
Plugging the above inequality back into (B:3) and using T < T* < 2T — 1 give
E[¢(wr-) — ¢(Wr)] < T~ 'np! E[Dy(Wr, wr)] + o nr- [AE[¢(wr- )] + 28]
0o(T* +2) 10LyCy , 2[AE[g(wr-)] +2B]

< LyE[|wr — w*||* + |w* — wr||?] <

- 2T (T + l)aia\p ogoT™
10LyCy, 2[AR )+ 2B

_ 10 wCo n [AE[¢(wr-)] + ] (C.5)
TO'¢0'\11 O\pU¢T

Plugging the first inequality in (3.4) and (C.3)) back into the error decomposition (2.3) gives

0Ly Caoy" +4C,  2A[E[$(wr-)] — o(w)]  2[Ad(w") +2B]
TO'¢ O’\IJO'¢T O’\I/O'¢T

E[¢(wr-) — ¢(w")] <

< 10LyChog' +4C, 4 Elo(wr-)] = o(w?) 2[Ap(w*) + 28]

)

- T0'¢ 2 Jq;J¢T
where we have used the inequality — 2;1 + < 1 and ¢(wp-) — ¢(W*) > 0 in the last step. The above

inequality can be written as stated 1nequahty Wlth
Cs = 4Cy(5Lyoy" +2) + 4oy [Ag(w*) + 2B].
The proof is complete. O



Finally, we give the proof of Theorem[7]on lower bounds of convergence rates under a lower-bound
assumption on the variance of V f(w, z) as an unbiased estimate of VF(w).
Proof of Theorem[]} 1f ¥(w) = i||w||3 and r(w) = 0, then (2:2) becomes
Wip1 = Wy — 0V (Wi, 2¢),
from which we know
(Wi = w3 = Wi — W[5 + 07 [V f (Wi, 20) 13 — 2m(wi — W™,V f(wy, 20)).

Taking expectations over both sides, we get

Efl|wesr — w[3] = Elllwe — w* 3] + 57 E[|[V f(we, 20) 3] — 20 E[{(we — w™, V(w))]. (C.6)
According to the lower bound assumption on variances, we know

E., IV f(we, 2) 3] = Eo, [V f(we, 2¢) = VE(W2)[3] + [VF(we)[[3 > 0.
We can combine the above inequality and (C.6) to derive
E[lwipr —w*|3] > E[[|we — w* 3] + nfo? — 20E[(w; — w*, Vo(wy))]. (€
Since ¢ is Lg-smooth, we know
(W — Wi, V(W) > —Lo|w" — w3,
which, plugged into (C.6) with the assumption 2L 47, < 1, implies the following inequality
Eflwe1 — w|[3] > (1 = 2Lgne)Elllwe — w*[[3] + 2Lgme (0 / (2Ls)),
from which we know
El|werr — w¥[|3] > min{E[we — w3, m0%/(2L)}-
We can apply the above inequality iteratively to show
El|lwer — wl|3] > min{|lwi — w*[3,m0%/(2Ls), ..., m0?/(2Ly)}.

The proof is complete. O

Table C.1: Description of the datasets used in the experiments.

datasets | #inst # feat| datasets | #inst # feat|datasets|# inst # feat | datasets | # inst # feat

diabetes| 768 8 german 1000 24 | splice | 1000 60 usps | 7291 256
mnist | 60000 780 w8a 49749 300 | letter [15000 16 |satimage| 4456 36
ijennl 141691 22 |mushrooms| 8124 112 | a9a |32561 123 | connect |67557 126
cover |286048 10 |webspam_u|350000 254 |real-sim|72309 20958| rcvl |20242 47236

D Additional Experimental Results

In this section, we give the description of datasets used in the experiments and report more experi-
mental results.

D.1 Description of Datasets

In this subsection, we provide in Table [C.1] the information for the datasets used in Section [5.1]
Webspam_u is a subset used in the Pascal Large Scale Learning Challenge [4] to detect malicious
web pages. The remaining datasets can be downloaded from the LIBSVM homepage [2].

D.2 Testing errors versus iteration numbers

In this subsection, we compare the behavior of several variants of SGD and SPGD on testing datasets.
In Figure we plot the objective function values on testing datasets versus iteration numbers for
SPGD (mean=0.5std). In Figure[D.2] we plot the objective function values on testing datasets versus
iteration numbers for SGD applied to different datasets.



- WELAVE

- wELAVE - wELAvE - WELAVE

Objective Value
Objective Valuz
Objective Value
Objective Value

100 100 100 100
Iteration Number Iteration Number Iteration Number Iteration Number

(a) diabetes (b) german (c) splice (d) usps
100 == WE-AVE w B, - WELAVE = WEI-AVE = WELAVE
B w et
10° == LAST = LAST

== oDl == ocMDI

Objective Value
Objective Value
Objective Value

100

107 10 10° plg 107 104 10° 10° 10¢ 107 1 10¢
Rerton Number et umer eraton e eraton b
(e) mnist (f) w8a (g) letter (h) satimage
o == WELAVE 0] N == WELAVE == WELAVE 100 == WEI-AVE
107
g 10 3 ¥ 10
| i [t
8 3 8
0 0 100 10
100 107 10° 104 100 107 107 104 107 100 104 107 1w 10¢ 100
et e erston e eraton e eraton e
(1) ijennl (j) mushroom (k) a9a (1) connect
. - WELAVE B - WELAVE o - WELAVE - WELAVE
100 . == UNLAVE (b - UNLAVE == UNLAVE == UNI-AVE
. “l._. - PP - sUFFIX 100 - sUFFIX
10 Ty, = LAsT = LasT = LasT
3 3 "y, 4~ ocvpi g 10 — ool 3 — oot
g 1 20 > =2 H
] 2 e g0
g Fi g g
i L £ i
8 & & 8
107
0
10t 107 10° 10¢ 10° 100 107 100 10¢ 10% 107 10° 10¢ 10° 17 10° 10¢
(m) cover (n) webspam_u (0) real-sim (p) revl

Figure D.1: Objective function values on test datasets versus iteration numbers for SPGD.

D.3 Training errors versus iteration numbers

In this section, we report more experimental results on training errors. In Figure [D.3]and Figure
we report the objective function values on training examples versus the number of iterations for
SPGD and SGD, which behave analogously to testing errors.

D.4 Additional experimental results for tomography reconstruction

In this section, we report more experimental results for tomography reconstruction. In Figure[D.3] we
compare the behavior of our method with several baseline methods for the tomography reconstruction
problem with N = 32, n = 11520 and 5% relative noise.
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Figure D.2: Objective function values on test datasets versus iteration numbers for SGD.
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Figure D.3: Objective function values on training datasets versus iteration numbers for SPGD.
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Figure D.4: Objective function values on training datasets versus iteration numbers for SGD.

(a) True Image.

(b) Reconstructed Image.
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Figure D.5: Tomography reconstruction with N = 32, n = 11520 and 5% relative noise. Panel (a)
and (b) are the true image and the reconstructed image by OCMDI, respectively. Panel (c) and (d)
plot the errors and NNCs versus iteration numbers.
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