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Abstract

In many stochastic optimization problems, the learner is provided
with random functions, and the common practice has been to dif-
ferentiate the said functions and perform stochastic gradient descent
(SGD). However, to use just the gradient and not the entire func-
tion seems suboptimal. To address this issue, we present an algorithm
which we call stochastic proximal iteration (SPI). Each iterate of SP1is
obtained by applying the proximal mapping with respect to the given
random function to the previous iterate. This makes SPI an online
algorithm with a computational cost comparable to that of SGD in
certain interesting settings. Using machinery from monotone operator
theory, we show that SPI has an asymptotic performance equivalent
to SGD but does better in the non-asymptotic regime.
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1 Introduction

In many machine learning and statistics problems the learner is given a se-
quence of i.i.d. random functions, fi(x),..., fr(x), and is asked to find iter-
ates x1, ...z, that minimize F'(r) = Efy(x) approximately.

There are two simple and standard methods: The first is to report x; =
argmin,, Zle fr(x), the empirical risk minimizer. While this approach may
produce good iterates x’s, the computation of each x, requires a numeri-
cal solve of a convex optimization problem, and this may be prohibitively
expensive when £k and the dimension of x is large.

The second approach is to compute a subgradient g € 0 f(xx) (so g =
V fi(xy) if fr is differentiable) and perform stochastic gradient descent (SGD).
Indeed, this is computationally tractable. However, at each iteration we only
use a subgradient, which is just part of the provided information. Could we
design a better algorithm by using the entire function f; at each iteration?

In this paper, we present an algorithm that does this: stochastic proximal
iteration (SPI). At each iteration of SPI, we apply the proximal mapping with
respect to fi, the random function, to the current iterate, x;_1, to obtain the
next iterate, x;. In Section 2 we set up notation and define the algorithm
precisely.

To analyze SPI, we use tools from monotone operator theory and a weaker
notion of strong convexity, which we introduce and discuss in Section 3.

Because SPI is applied to the problem setting where SGD is commonly
used (and because it was conceived as an improvement upon SGD), we ana-
lyze the algorithm’s performance with a focus on the comparison with SGD.
It turns out that SPI has essentially the same asymptotic performance as
SGD but does much better in the non-asymptotic regime. This is discussed
in detail in Section 4 and Section 5, respectively.

However, SPI would be meaningless unless it is computationally tractable
because of the computationally expensive but well-performing alternative,
the empirical risk minimizer. In Section 6 we discuss the computational cost
and show that for many interesting examples SPI is tractable and in fact has
computational cost comparable to SGD.

Finally, we conclude the paper by exhibiting examples in Section 7 and
providing a summary and possible extentions in Section 8.

Note. Most proofs of the presented results are deferred to the appendix
in which sections are labeled by alphabets.



2 Problem Setup and Algorithms

2.1 Notation and Terminology

Throughout this paper, all functions will be closed, proper, and convex, and
we will often not bother to state this. We do so because a convex function
that is not closed or proper may not have a well-defined proximal mapping
and because such functions are mere pathologies that do not arise in practice.

Unless stated otherwise, f denotes a function, x denotes the optimization
variable in R"™, and w denotes a random variable in (2, a sample space. We
write Jf(z) to denote the subdifferential, the set of subgradients. If f is
differentiable at x then Of(z) = {Vf(x)}. For the definition relating to
convex functions, we refer interested readers to Rockafellar’s book [Roc70].

Finally, we define the proximal mapping with respect to a function f with
step size a as

) 1

7o) = angain {a () + gl — oI}
yeR™

(The arg min exists and is unique [PB13].) We will often drop the subscript

and write Tz = T, rx when the meaning is clear from context.

2.2 Random Function Oracle Model

The goal is to minimize the convex function defined as
F(z) = B, f(z;w),

where w €  is a random variable and f(z;w) is convex in x for every w. We
denote an optimal point x*.

We assume that at the kth iteration we are given a random function
fr(x). Equivalently, we are given a sample wy and we can evaluate the
random function f(z;wg) = fr(z).

Under certain regularity conditions that allow us to change the order of
differentiation and expectation, we have

VE(z) = E, [Vof (z;w)] = By [Va fi(2)] -

Therefore we can view V,fp(xr) as a noise corrupted version of VF(xy).
(The same holds for subgradients.)

Finally, we assume F'(z) < oo somewhere, and, to avoid pathologies where
F(x) = —oo for some x, we assume E, inf, f(z;w) > —o0.

>



2.3 Stochastic Gradient Descent

First developed by Robbins and Monro [RM51] and extended to non-differentiable
functions by Shor [Sho62], stochastic gradient descent (SGD) is a very widely
used algorithm that has the following extremely simple form:

T = Tp—1 — OG- (1)

where Eg, € 0F (xp_1), i.e., g, is a noisy subgradient, and zo € R™ is an
arbitrary starting point. In our setting, we can take any g € 0fy(xp_1).
Standard references of SGD include [NY83, SKR85, Pol87, KY03|.

The nonnegative parameter a4, called the step size, represents the extent
to which we trust our current iterate; if «y is small we do not deviate much
from z; as we have much confidence in it and vice versa. There are many
possible choices of ay,, but in this paper we only consider two types: ap = C/k
and o = «.

In a model where one is given noisy subgradients, perhaps SGD is the
best one can do. In our setting, however, we are given random functions,
which contain more information than just subgradients.

An interpretation of SGD via the proximal mapping is

we =10, 7, (Tr-1), (2)

where f,. (1) = fi(xy) +gf 7 is a linear model of fi,. The equivalence between
(1) and (2) is readily verified by taking derivatives.

So SGD is the proximal mapping applied to a linear model of the random
function f;. However, why not use the original function instead?

2.4 Stochastic Proximal Iteration

The formulation of Equation (2) suggests the fix

1= Tougonor) = engmin { o ule) + 3o — a3}
We call this algorithm stochastic proximal iteration (SPI). Like the counter-
part in SGD, the step size aj encodes our trust in the current iterate and
xp € R™ is an arbitrary starting point.

SPI has the following interpretation: At the kth iteration, we are given
fx, which measures, say, the discomfort of the kth experience. We would
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like to choose the next iterate z; to accomodate the current experience f,
but, at the same time, we do not want to deviate too much from our current
iterate xj,_; which we trust by 1/ay. Therefore, we let x; minimize f; with
a penalty, proportional to 1/ay, for deviating from xj_;.

This algorithm is not new. First of all, proximal iteration has been an-
alyzed in the deterministic setting in great detail under the name proximal
minimization or proximal-point algorithm [Roc76, BC11]. We will discuss
some of these results in Section 3.1.

In the field of online convex optimization, algorithms of this spirit are
generically referred to as implicit updates and convergence results are proved
in certain special cases [KB10, McM11, KL11].

Also, Bertsekas studied this algorithm under the name incremental prox-
imal algorithms to minimize a finite sum of functions [Berl1l]. However, his
convergence bounds depend on the number of terms in the finite sum and
therefore is limited to the finite sum setting.

So to the best of our knowledge, there have not been any convergence
results for SPI that are comparable to that of SGD.

3 Analysis preliminaries

It turns out that standard approaches used to analyze SGD do not easily
apply to SPI, and this is probably due to the implicit definition of iterates.
So rather, our approach in this work has been to use tools from monotone
operator theory. In this section, we introduce some standard concepts from
monotone operator theory and then provide and explain some new defitions
we use later.

3.1 Proxiaml mapping as a Contraction Maping

In this section we analyze the proximal iteration in the non-stochastic setting
since understanding of the deterministic setting is important for understand-
ing the stochastic counterpart.

The key observation is that the proximal iteration is a series of contraction
mappings. To begin with, the proximal mapping is always non-expansive
[Mor65], i.e.,

1Ty — Tyyll < 1z — yll.



If f is p-strongly convex then

1 Tye = Tryll <

€T — )
< lle -l

i.e., Ty is a strict contraction [BMMW12]. Moreover, if z* is minimizes f,
then z* is a fixed-point of T}, i.e., Tfz* = z* [PB13].

The strong convexity parameter p represents the curvature of the func-
tion. Intuitively speaking, stronger the curvature, stronger the contraction
is, and stronger the contraction, faster the convergence is. As the worst-case,
the proximal mapping with respect to a linear function offers no contraction.

Finally, with a standard contraction argument we conclude

* — T _ T * < _ *
|z — & = | fTk—1 fx | < 1 ,u”xk 1 — 2|
i T
- (14 p)k 0

So x, converges exponentially (linearly) to x*. The idea is that every appli-
cation of the proximal mapping shrinks our iterate towards the fixed point,
x*.

This simple analysis, however, doesn’t immediately apply to the stochas-
tic setting: Even when the random mapping 7', provides a strict contraction,

x* is no longer a fixed-point.

3.2 M-Rectricted Strong Convexity

In the deterministic setting, we assumed strong convexity, which, intuitively
speaking, requires the function to have curvature in all directions. In the
stochastic setting, however, this is too strong of an assumption. As a quick
example, a random function of the form f(w!z) only varies along the one
dimension parallel to w; and therefore can have curvature only along that
one direction. Therefore, we introduce a weaker notion to replace strong
convexity.

A convex function is p-strongly convex if for any x,x9 € domf and
g € 0f(x) we have

f(@) 2 flao) + g" (@ = w0) + Sl = ol



On the other hand, we say f satisfies M-restricted strong convexity if for any
x,z9 € domf and g € Of(zo)

(&) 2 F(a0) + 6" (@~ 20) + 3 (& — 20) M(z — x0)

holds, where M is a symmetric positive semidefinite matrix. Equivalently, f
satisfies M-restricted strong convexity if f(z) — %xTM x is a convex function
(c.f. Section B). If M > pl then f is p-strongly convex.

For each given random function f, there is an associated strong convexity
matrix M, where M could simply equal the 0 matrix in the worst case. (M
is not unique, c.f. Section E.)

To prove convergence of SPI, we assume that EM > 0, i.e., Ay (EM) >
0, instead of p-strong convexity. Intuitively, this assumption requires that
the random proximal mapping 7' has positive probability to contract in any
direction, although not in all directions simultaneously.

Finally, we will note that the assumption Ay, (EM) > 0 implies F(z) is
Amin(EM)-strongly convex and therefore has a unique minimum, which we
denote as z* (c.f. Section B).

3.3 Contraction in Expectation

For our convergence results, we need the proximal mapping T, to be a
contraction in expectation, i.e.,

E|Tosz — Topyll* < v(a)||z —ylI* (3)

for all z,y € R", where v(a) < 1 for & > 0. We also need to know the
behavior of the contraction factor, y(«), as a — 0.

However, directly analyzing the contraction factor of 7, is hard. So
instead we analyze the contraction factor of a quadratic model of f.

Given f with restricted strong convexity matrix M and a subgradient g
at xg, we define a quadratic model as

Fla) = Fa0) + 0" (@ — 20) + 5 (& — 1) Mz — x0).

Since f is the sum of two convex functions,

f(x) = f(a) + (f(z) = f(2),



f has “stronger curvature” than f (Since f — f =f- %ITMI + affine, it
is convex.) Therefore, it seems intuitively reasonable to expect T, to be a
stronger contraction than 7T, ;. This assertion turns out to be somewhat true.

Theorem 1. Assume f is a random convex quadratic, for which
eIl — 2
I — yll2
holds for any x,y € R", and r is random closed proper convex function.
Then we have

2

H Fer® Tf+ryH2
lz =yl

Note that absense of the square in the second equation; this is saddening
since 42 < v < 1. However, the theorem would not be true with the square
(c.f. Section E).

Theorem 1, which is the backbone of the theoretical analysis of this paper,
tells us that although 75, is not necessarily a stronger contraction than T s,
we can still bound the contraction factor of T,y with that of T 7

With straightforward calculations we get

T 5(x) = T, p(y) = (I + aM) ™ (z — y).

(Although the function f depends on the choice of g and ¢, this choice
ultimately does not matter as the above equation does not depend on it.)
This in turn gives us

E| T, (x) = T,;W)|* = (x — y) "B + aM)*(z — y)
E(T, ¢ (x) =T,y
|z — yl?
Now we define the function
V(@) = Amax (B( + aM)7?).

Combining this with Theorem 1, we arrive at Equation (3).
Finally, the following theorem characterizes the contraction factor v(«).

< Amax (E(I +aM)7?).

Theorem 2. IfEM is well-defined (i.e., finite-valued) and satisfies Ayin(EM) >

0, the contraction factor y(«) (defined for a > 0) is a strictly decreasing

function with
v(a) =1 — adpin(EM) + o(«)
as o — 0.
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3.4 Quantifying Randomness

Since SPI operates on random data, its convergence will depend on the ran-
domness, or noise level, of the setting. As we will see in Sections 4.3 and 5.4,
this dependence is only through ||T'z* —z*||, a quantity that is zero in the de-
terministic setting as discussed in Section 3.1 and bounded by the following
lemma.

Lemma 1. Given any convex function f and a point x in domf, where
f (z) # 0, we have
[T — xf| < [lg(x)],

where g is the minimum-norm subgradient, i.e.,

g(x) = argmin [[v]|.
vedf(x)
(g(x) is unique, c.f. Section B.) Therefore E||T, jz* —2*||* < o*E||g(z*)|].
Since EV f(2*) = 0 in the differentiable case, E|g(z*)||* can be thought of
as a noise level.

4 Asymptotic Analysis

In this section, we analyze the asymptotic behavior of SPI and compare it
to SGD. As we will see, the asymptotic performances of the two algorithms
are the same (in the big O sense).

4.1 Asymptotic Behavior of the Proximal Mapping

The limiting behavior of T,,¢(x) as v — 0 is crucial to the asymptotic analysis
and intuitively justifies why SPI behaves like SGD, asymptotically. When f
is twice continuously differentiable, the asymptotic behavior is

Ty(z) = x — aVf(z) + *(V*f(2))V f(2) + o(a?),

which is readily obtained by applying a basic Neumann series argument to
Parikh’s characterization [PB13].

However, as we wish to deal with non-differentiable convex functions as
well, a more general result is necessary. The following result is, to the best
of our knowledge, novel.

11



Theorem 3. Let f be any closed proper convex function and x a point in
domf, where Of (x) # 0. Then

Ty(zx) =z — ag(z) + o(a),
where g is the minimum-norm subgradient.

The theorem states that, for small «, the proximal mapping is, to first
order, a subgradient step with respect to the subgradient of smallest magni-
tude.

4.2 Asymptotic Rate of Convergence

Because of Theorem 12, we expect the asymptotic performance of SGD and
SPI to be equivalent. The following theorem affirms this intuition.

Theorem 4. Assume that:

e the random functions fi are almost surely twice continuously differen-
tiable at any given point, have a common closed domain, and associated
restricted strong convexity matrices My,

o EM s well defined,

e \nin(EM) >0,

o |Vf(z) = VI <L|z—yl| for all z,y € domf, where EL? < oo,
o o =E|g(a")|* < oo,

e x* is in the relative interior of the domain.

Using step sizes a, = C/k, we get

O(1/k) if CAmin(EM) > 1
E|z; — 2*[|* = { O(logk/k) if CAmin(EM) =1
O(1/kCAmnEM)Y it O\ i (EM) < 1

These asymptotic results are exactly the same as that of SGD [BM11].
One may be concerned that the rate can be arbitrarily slow if C' is too small.
However, since this exact phenomenon happens with SGD and already has
been studied in detail, we shall not [NY78, NJLS09].

12



4.3 Proof Outline and Remarks

The proof of Theorem 12 (and of Theorem 14) is based on the decomposition
xp —a* = (Trg_y — Ta*) — (a* — Ta*).

E|z,—2*||* = E|To_1 — To*|* + E||T2* — 2*|?
+ E(Tzyy —Ta*, Ta* — x¥)
<y(o)||rpe1 — 2*[|* + aio?
+E(zo1 — 2" + Oay), ap V f(2*) + O(a}))
=(1 = O(aw))lJzg—1 — 2" + O(af)

*||2

The first term is contracted as discussed in Section 3.3, the second term is
bounded by noise as discussed in Section 3.4, and the third term is analyzed
with the results of Section 4.1. Finally, with a recursive application of the
above inequality we get Theorem 12.

We conclude this section with several remarks. Theorem 15 does not hold
for non-differentiable random functions, and we presume that the optimal
rate for the non-differentiable setting is O(1/v/k), as it is with other SGD
methods [Ber99, DS09, LLZ09]. However, Theorems 1, 2, and 12 hold for
non-differentiable functions and we will utilize this generality in Section 5.

5 Non-Asymptotic Analysis

One can argue that SGD is a reckless algorithm as it blindly moves in the
direction of the noisy gradient with no regard to how the step is in fact
affecting the objective. On the other hand, SPI is more deliberate as each
iterate at least never increases the value on the given function fy.

As we have already discussed, these differences disappear in the asymp-
totic regime. Rather, the real merit of SPI comes from its non-asymptotic
performance.

In this section, we first discuss how SGD is unstable even with all the
standard regularity conditions. We then show that SPI is stable under es-
sentially no assumptions at all. Finally, we show that given the appropriate
assumptions, SPI exhibits an exponential rate of convergence into a noise
dominated region.

13



5.1 Instability of SGD

SGD is unstable if initial stepsizes are chosen to be too large. Precisely
speaking, E||x; — 2*||3 can grow exponentially until the step sizes become
sufficiently small [BM11].

Theorem 5. [BM11]. Under certain reqularity assumptions, the iterates of
SGD with step sizes oy, = C'/k satisfy

o _ exp(D;C?) 1

for C > 2/u, where Dy, Dy and p are certain constants.

This bound (although it has the asymptotic rate O(1/k)) grows exponen-
tially for a given n if we use too large of a C.

This is not merely an artifact of their bound. Consider the following
counter example: f(x) = x?/2, no noise, constant step-size ap = 3, and
starting point zo = 1. With simple algebra, we can see that z = (—1)*2*
and that ||zy — x*|| grows exponentially. If we were to use a decreasing step
size, the iterates would eventually converge but the gradient step does harm
until the step size reduces to below 2. On the other hand, the SPI iterates
with oy = 3 are z;, = 1/4F.

5.2 Stability of SPI

In contrast to SGD, whose iterates may exponentially run away from the
solution, SPI is much more stable: Even with essentially no assumptions,
SPI iterations can do harm no more than the sum of the step sizes.

Theorem 6. Assume that:
e the set of optimal points, X*, is nonempty,
® 0 =sup,.x+ Ellg(z")] < oo,

but nothing else. Then

k
ED(zy, X*) < D(z9, X*) + UZ%‘,
i=1

where D(x, X*) denotes the distance of = to the set of optimal points, i.e.,
D(x, X*) = inf ee x+ || — 2*||2.

14



5.3 Exponential Convergence to Noise Dominated Re-
gion

In machine learning literature it is often loosely argued that SGD performs

well because it exhibits rapid convergence to the region where noise becomes

dominant [SDO03]. As discussed in Section 5.1, this is not always true with
SGD, but it is with SPI.

Theorem 7. Assume that:

e the random functions fr have a common closed domain and associated
restricted strong convexity matrices My,

o Anin(EM) >0,
o 0= Elg(a")] < .

Using constant step size ay, = a, we get

o k/2 2T
Bz — o)) < %0 oo - 2"+ {75
While this bound does not show z;, — z*, it does inform us of SPI’s non-
asymptotic behavior: With constant step size, x; converges exponentially
into a neighborhood of #* with radius ac/(1 — v/?(a)).

5.4 Proof Outline and Remarks

The proof of Theorem 14 follows from the decomposition of Section 4.3 and
an application of the triangle inequality.

El|zs — || < | Ty — Ta*|| + E|Ta* — 7|
<) |wr-r = 27| + a0

With a recursive application of the above we get Theorem 14. Theorem 6 is
also shown similarly. Figure 1 illustrates the intuition of this inequality.
Note that the results proven with the triangle inequality, Theorem 6 and
14, do not depend on the differentiability of f. However, this approach does
not show the convergence of x; when applied to decreasing step sizes (c.f.
Section D), which is why in Section 4 we considered the squared norm instead.
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* < allg(z*)]] Tz

Figure 1: Illustration of the triangle inequality. The distance between
xr = Txp_1 and Tx* is contracted but Tx* moves away from x*. Since
the contraction is multiplicative, if z;_; is far away from x*, the next iterate
xy, 1s closer to x* than zj;_;.

6 Computational Efficiency

One indismissible advantage of SGD is its computational efficiency; each it-
eration costs O(n) flops. To be competitive as a practical algorithm, SPI
must also have a low computational cost, especially because of the computa-
tionally expensive but well-performing alternative x; = argmin, Zle fr(x),
the empirical risk minimizer.

Each iteration of SPI evaluates a proximal mapping, which is a convex
optimization problem that in general costs roughly O(n?®) flops. While it is
true that the burden can be alleviated with methods like warm-starting or
inexact solves, the O(n?) cost is hard to justify. However, in many interesting
cases, the iteration can be done with O(n) cost, if the optimization is done
right.

In this section, we will provide several examples where the computational
cost of SPI is tractable. Our discussion will be informal and quick, as the
ideas we introduce in this section are completely standard in optimization.
The purpose is to demonstrate the practical feasibility of SPI in some inter-
esting settings.

16



6.1 Univariate Function with Seprable Regularization

Consider the class of functions of the form
F@Tz) + 3 i),
i=1

where z; here denotes the ith coordinate of x, not the iterate of SPI. For
example, MAP with generalized linear models have this form.

First of all, if r; = 0 for all ¢, then T}x( reduces to the univariate opti-
mization problem

minimize  f(wTzo + al|w||?) + 2 |w]?,

where a € R is the optimization variable. Univariate optimization problems
can be solved (say, with bisection) in essentially O(n) time.

Otherwise, when the r;’s are not zero, we use Lagrange duality for an
efficient solution. Consider an equivalent form of the proximal mapping

minimize  f(y) + >0, ri(wi) + 3llz — @ ?
subject to y = w'zx,

where y € R and x € R" are the optimization variables. We take the dual
of this problem and get

maximize —f*(—v)— > ", ry(vw;) + ”xg||2>

where v € R is the optimization variable. We write f* for the Fenchel
conjugate of f and
(1 + (20)i)°
5 )

where ¢ denotes the infimal convolution [Roc70]. This univariate optimiza-
tion problem (assuming f* and r° are easy to evaluate) can be solved in
essentially O(n) time.

Finally, once the optimal v* is computed, x* can be found as the solution
of

ri(p) =ri(p) o

minimize Y., 7i(z;) + 1|z — zo|]* — v*w'x,

where z € R"™ is the optimization variable. The optimization problem is
separable in each coordinate of x and therefore can be solved in essentially

O(n) time. For a more thorough treatment of this idea, interested readers
should refer to §5.5.5 of Boyd and Vandenberghe’s book [BV04].

17



6.2 Problems with Structured KKT Systems

When one uses an interior point method to solve an optimization problem,
the bottleneck of the computational cost is solving the KKT system. In
general, KKT systems of optimization problems cost O(n3) time to solve.
However, the KKT system sometimes has exploitable structure, which can
be used to significantly reduce the cost of the solve. In this section, we
provide an example that illustrates this point.

Consider the following function

fw'2) + | Dz,

where D is a tridiagonal matrix (e.g., a 1D finite difference matrix).
One way to solve the optimization problem of T} is via a barrier method
in which we solve a sequence of problems:

minimize f(zTw) + %Hx — x> + 17y
—1 iy log(y? — (Dix)?)

where x,y € R"™ are the optimization variables and ¢ > 0 is a parameter for
the barrier [BV04]. The dominant cost for the barrier method is inverting
the KKT matrix of the system. Consider the first n x n block of the Hessian

2 ) y? + (D;x)?
T T T i i
MW p)ww” + 1T+ ;D diag ((yf — (D) D.
The tridiagonal matrix D can be inverted in O(n) time, and so can this
entire sub-block with the Sherman-Morrison-Woodbury formula [GL12]. Fi-
nally, the entire KKT system can be solved in O(n) time by applying block
elimination and repeating the same idea [BV04].

6.3 Switch-to-SGD Heuristic

Even in the above examples where we argue the computational cost is O(n),
SPI is still more expensive than SGD (at least by a constant factor). There-
fore, it would make sense to switch from SPI to SGD once we reach the
asymptotic regime.

One heuristic criterion for this is to run SPI until

| Lo o1 — Ti—1 + @V (1) < eou||V fre(xr—1)||

18



for N consecutive iterations, where € > 0 is a predefined parameter. (When
fr is not differentiable, we can replace V f; with g, the minimum-norm sub-
gradient.)

Intuitively speaking, the method switches to SGD once the SGD and SPI
steps no longer differ by much. In the experiments of Section 7, we will see
that the performance of this heuristic is essentially as good as that of SPI.

102 ;
) — SPI
107 ¢ Switch-to-SGIJ
10t |
jﬁ 10°
I,
I
o~ 107t
B
& .
1072
1073
1074 s ‘ ‘
10° 10t 102 102 104
iterations

Figure 2: Convergence of the SVM example. SPI and switch-to-SGD heuris-
tic have nearly indistinguishable performance.

7 Examples

In this section, we present examples to compare the performance of SGD,
SPI, and the switch-to-SGD heuristic.

The experimental results agree with the theory: SPI indeed performs
much better in the non-asymptotic regime but SGD eventually catches up.
Also, the switch-to-SGD heuristic performs essentially as good as SPI.

7.1 Support Vector Machine
We first consider the Support Vector Machine (SVM) with hinge loss:

minimize Emax{0,1 — yw’z} + 3|z|?,
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where y = £1 and w € R" are random samples and x € R" is the optimiza-

tion variable.

At each iteration, we are given a sample (yx,wy) which in turn gives us
the random function max{0,1 — y;w! z} + 3||2||>. This random function is
not twice differentiable everywhere but it is, almost surely, at any given x if
w, say, has a continuous distribution.

To evaluate Txy, we use the dual problem

maximize v/y — giayllvw + zol* + 3|20l
subject to 0 <v/y <«

in the manner described in Section 6.1. Results are shown in Figure 2.

10°

m— SGD
=== SPI (T inexagt)
Switch-to-SGI|

1071

F(z*) - F(z)

10*2 | | |
10° 10t 102 103 10*

iterations

Figure 3: Convergence of the portfolio optimization example. We can see
when the switch to SGD happens.

7.2 Portfolio Optimization

Consider the portfolio optimization problem where we have a concave utility
function log and the n assets have random returns w > 0. To maximize the

expected utility, we solve
maximize Elog(w?z)

subject to x>0 1Tz =1,

where x € R” is the optimization variable.
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In this example, we approximately evaluate the proximal mapping with
the following heuristic. We first evaluate the prox without the constraint
x > 0 (with an analytic formula), and then project this point onto the
constraint set {z: z >0, 172z = 1}.

It turns out that this inexact solve approach works quite well. Results
are shown in Figure 3.

8 Conclusion and Further Directions

SPI is an online algorithm, applicable to many problems where SGD is used,
that has an edge in the non-asymptotic regime. The behavior of SPI is
theoretically analyzed and empirically confirmed.

We mention here a few interesting extensions and variations of SPI. The
first to relax the strong convexity and differentiability requirement. There
has been much work on (the degradation of) SGD’s convergence rate without
certain assumptions. To study the performance of SPI in these settings would
be interesting.

Another direction is to allow inexact solves. Throughout this paper,
we have assumed that the proximal mappings are evaluated exactly. By
allowing inexact solves, we can reduce the cost of each iteration while perhaps
retaining some convergence properties.

Mini-batch updates, where the proximal mapping is with respect to a
sum of a few of the random functions, is also an interesting topic. The
theoretical analysis of this paper does not exclude mini-batch updates and it
is a straightforward exercise to understand the dependence of Theorem 4.1
to the batch size. However, the non-asymptotic effect of mini-batching is a
bit subtle.

Finally, we can consider the effect of averaging. SGD is often improved
with the use of Polyak-Ruppert averaging, T, = %Zle x; [Rup88, PJ92]. A
related idea from monotone operator theory is to use the Cayley operator,
which would amount to using the iterates xp = 2Txp_1 — xp_1.
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Appendices

The appendix supplements the main document with proofs and details. In
section B, we show several results to assure that the objects we use are
well-defined. Although these are necessary for the rigorous treatment of the
subject, the proofs simply exercise standard techniques and are not particu-
larly intersting. In section C, we provide several lemmas that are used in later
proofs but are not directly relevant to core idea of this work. Section D con-
tains the substance of this article, the proofs of the main theorems. Finally,
in section E, we provide several counter examples that further illuminate
certain concepts.

A Introduction and notation

This article supplements the main document with proofs and details. The
material is organized so that the logic is sound with a linear reading, but the
material only becomes interesting and important by section D. Therefore,
for the casual readers, we suggest quickly reading the statements but not the
proofs of section B, skipping section C, and spending time on section D and
E.

The numbering of the theorems here is different from that of the main
article. (The wording is also sometimes different.) Theorem 1 of the main
article corresponds to theorem 10 here, theorem 2 to theorem 11, lemma 1
to lemma 9, theorem 3 to theorem 12, theorem 4 to theorem 15, theorem 6
to theorem 13, and theorem 7 to theorem 14.

Like the main article, we are primarily interested in closed proper convex
functions. However, as some of the results are more general, we will not
automatically assume these properties. In this article, functions are closed,
proper, or convex only when explicitly specified.

Finally, we define some notation. We write df(x) for the set of subdif-
ferentials, domf for the domain of the function f, i.e., domf = {z € R™:
f(z) < oo}, and riS for the relative interior of the set S. A function is
closed if its epigraph, epi f = {(z,u) € R"™ : u > f(x)}, is closed and is
proper if f = —oo nowhere and f < oo somewhere. An extreme point x
of a convex set S is a point that is an average of two distinct points in S,
i.e., v = (y+2)/2 for y,z € S and y # z. These definitions are standard in
convex analysis and can be found in Rockafellar’s book [Roc70].
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We use E to denote the expectation with respect to the random variable w
and we write E, when we wish to emphasize that w contains the randomness.
The norm || - || denotes the standard Euclidean norm. The big O notation

f(z) = O(g(z)) denotes

i ﬂ— 00, —00
mh—{r)l(ggj)_c¢{0’ ’ }>

(
)

and the small o notation f(x) = o(g(x)) denotes
tim 1) g,
=X g(l‘

where the limit X (often co) depends on the context. The notation f(x) ~
g(x) and f(z) < g(x) denotes
f(z)

lim ——~ =1 lim 22 <1,

)
respectively, where, again, the limit X (often co) depends on the context.

B Sanity check results

Lemma 2 (Uniqueness of minimum-norm subgradient). If f is subdiffer-
entiable at x then g(x), the minimum-norm subgradient at x, exists and is
unique.

Proof. The set 0f(z) is closed and convex [Roc70, §23] and is nonempty by
assumption. The minimum-norm subgradient is the solution to the optimiza-
tion problem

minimize  ||g||?

subject to g € df(x),

where ¢ is the optimization variable. Existence of the solution is readily
shown by observing that the sublevel sets of || - ||? is compact and applying a
simple convergent subsequence argument. Uniqueness of the solution follows
from strict convexity of the objective. O
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Lemma 3 (Restricted strong convexity). The two definitions of M -restricted
strong convexity are equivalent if f is closed, proper, and convex. In other
words, for any closed proper convex function f,

£() > Fw) + " (0 = w0) + 5 20) M(z — z0) (W

for any x,xy € domf and g € Of(xo) holds if and only if

1

f(z) — ixTMx

1S conver.

Proof. We first show the forward direction. Let z,y € domf and 2z =
Az + (1 — Ny, where A € [0, 1].

If z € ri(domf), then a subgradient g, € 0f(z) exists [Roc70, §23]. So
we apply Equation (4) to the pairs (y, z) and (x, 2) to get

1
f(@) 2 f(2) + g2 (x = 2) + 5 (= 2) M2 = 2)
1
F) 2 f(2) + 0z (y—2) + 5y —2)" M(y - 2).
Now we multiply the first inequality by (1 — A) and the second by A and add

the two to get

M r@) = e ) + (=N (1) - ety ) = 5) - Lemare s)
(01 =ge7atz) + =20 (100 = 7 300) 2 5600

Now we extend the result to z € domf. Let x; be a sequence in
ri(domf) such that z;, — x and x,z1,x9,... all lie on a single line seg-
ment. Define y; in the same manner and write 2, = Azy + (1 — A)yg. Then
we have

A (f(l"k) - %IE;‘:M%) +(1=X) (f(yk) - %ngyk) > fla) — %Z;{Mzk

Since a closed convex function restricted to a line segment is continuous even
at the end-points [Roc70, §10] (if the line segment is within domf) we can
take the limit on both sides to get inequality (5) for the general case.
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Finally, we show the other direction. Since f(z) — %:ETM x is convex for
any x,ro € domf and g € df(zg) we have

1 1
flz) — QSCTMSC > f(xo) — §ng:c0 + QT(I — x9) — ng(I — )

Rearranging this gives us Equation (4). O
Lemma 4 (Measurability). Assume that:

e the random functions f(z;w) : R" x Q — (—o00, 00| are (almost surely)
closed, proper, and conver,

o f(x;w) have a common domain D C R", i.e., f(x;w) < oo for any
x € D (almost surely),

o f(x;w) are measurable for any given x, with respect to w’s o-algebra,
e w’s o-algebra is complete.
Then Tyx and inf,cp f(x;w) are measurable with respect to w’s o-algebra.

Proof. We first show the measurability of inf,cp f(x;w). Since f(z;w) is
closed, it is lower semi-continuous [Roc70, §7] and continuous in ri (D)[Roc70,
§10]. Now let @ be a countable dense subset of ri D. Then we have

inf f(z;w) = mf f(z;w) (6)
= inf f(z;w), (7)

where all equality holds almost surely.

In equation (6), inf,ep f(x;w) < infierip f(z;w) is clear since riD C
D. Now consider any sequence xj in ri D and any point x € D such that
rr — x and x,7q,x9,... all lie on a single line segment. Since a closed
convex function restricted to a line segment is continuous even at the end
points [Roc70, §10], we have f(z;w) = limyo0 f(zx;w) > infrepip fa;w).
Therefore inf,cp f(z;w) > inferip f(x;w), and we conclude equation (6).

Equation (7) follows from continuity. Since a countable infimum of ran-
dom variables is measurable [Bil95, §13], equation (7) is measurable.

Finally, inf,cp f(z;w) is measurable as it differs from a measurable ran-
dom variable only on a null set and since our probability measure is complete.
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Next, we show measurability of Tyx. With a some careful thought we get

wens@uhi<ar=U N {eessmo) - > m

k=1yeQn{y;>a}

for:=1,2,...,n and any @ € R. In other words, the preimage of the co-
ordinatewise sublevel sets are measurable. Since the coordinatewise sublevel

sets generate the Borel o-algebra, this implies that Tz (w) is measurable.
U

Lemma 5 (Uniqueness of 2*). Assume the random convex functions f(z;w)
are closed and B, inf, f(z;w) > —oco. Then F(z) = E, f(x;w) is a closed
function. So if F(z) < oo for some x, then F' is closed, proper, and conver.
Furthermore, assume each function f(x;w) has an associated strong convezity
matric M(w) such that EM is well-defined and Ayin(EM) > 0. Then F
satisfies EM -restricted strong convezity, and the minimum of F(x) exists
and is unique.

Proof. First assume E, inf, f(x;w) # oo because otherwise F(z) = oo ev-
erywhere and there is nothing to show.

Note that F'is closed if and only if F'is lower semi-continuous [Roc70, §7].
We apply Fatou’s lemma [Bil95, §16] to the nonnegative functions f(x;w) —
inf, f(z;w) and get

liminf F(z) = liminf Ef (z;w) > Eliminf f(z;w) > Ef(zo;w) = F (o).

T—x0 T—x0 T—T0
So F'is lower semi-continuous and therefore closed.

Next, we have F(x) > B, inf, f(z;w) > —o0, so if F(z) < oo for some z,
by definition F' is proper.

By lemma 3, F(x) satisfies EM-restricted strong convexity if and only if
F(z) — J2"EMuz is convex. Since we have

1 1
F(x) — izTEM:E =E, |f(z;w) — §£ETM(L<J)1’ :

where f(z;w) — %xTM x is convex by assumption, the expected function is
convex. Thus F'(x) satisfies EM-restricted strong convexity.
Let zo be any point in ri (domF') (which exists by [Roc70, §6]). Then
v 1 T
F(ZL’) Z F(ZL’Q) —I—g ZL’+§(ZE—ZL'Q) EM(ZL’—I’O),
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where g € OF (zp) (which exists since x € ri (domF') [Roc70, §23]). So any
x such that F'(z) < F(xp) must be in the compact set

K = {:): €ER: F(xo) +g"x+ %(:)3 —20)"EM(x — 1) < F(xo)} :

(K is compact since EM >~ 0.) Now let x; be a sequence such that that
F(zy) — inf, F(x). Then for large enough k, we have

(24, F},) € (epi F) N <K x [inf F(z), F(xo)]) .

Since F'is closed, epi F is by definition closed, and since K X [inf, F(z), F(z0)]
is a compact set, (xy, F)) has a convergent subsequence that converges to
(z*, F(z*)) € epi F. By construction, F'(z*) = inf, F'(z) holds and therefore
x* is a solution for F'(z). So a minimizer of F' exists.

Finally, since F'is strongly convex, it is strictly convex and therefore the
solution is unique. O

Lemma 6 (Swapping expectation and differentiation). Assume that the ran-
dom function f is almost surely twice continuously differentiable at x, that
IVf(z) = VW) < L||lz —y|| for all z,y € domf, where EL* < oo, and
that E|lg(z*)||> < co. (These are assumed in theorem 15.) Then F(x) is
differentiable at x* and

VF(z) =E,V.,f(z;w).
Proof. By definition of differentiation, we have

2 pta) = g [ 11210 = 0]

825‘2' h—0
To use dominated convergence, bound the inner term as follows:

1 h
‘—/ el Vf(z + se;) ds
0

h
:hmE[%/ el Vf(zx + se;) ds| .
0

h—0

1 h
< — .
: < h/o IVf(x+ se)| ds

< sup ||Vf(x+ se)||
|s|<h
< IV + L]Ja" — || + |A]).
The final term has finite expectation by assumption. Therefore, by domi-

nated convergence, we can swap the order of the limit and expectation, and
this proves the desired result. O
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C Auxiliary results

Lemma 7. Let H be a symmetric positive definite matriz such that Ay (H) <
1. Then for any x such that ||x|2 = 1 we have

|Hz|3 < 2" Hz.

Proof. Let vy, vq,...,v, be the orthonormal eigenvectors of H corresponding
to their eigenvalues A1, Ao, ..., A,. Then z has the eigenvector expansion

T = QU1 + QU + * -+ 4+ QU

We conclude . i
123 =3 o222 < a2) = o Ha.
i=1 =1

O

Lemma 8 (Semidefinite dominated convergence.). Let X — X be a se-
quence of positive semidefinite matrices such that 0 X Xy XY, where EY is
well-defined and finite. Then

k—o0

k—o0
Proof. First, let || - || max be the entrywise maximum norm and || - |2 be the
spectral norm. Since all finite dimensional norms are equivalent, there is a

¢ > 0 such that |

gL L R e
Since 0 < X 2 Y implies
[ Xkll2 = Amax(Xi) < Amax(Y) = [[Y |2,
we have
[(XR)is| < [ Xkllmax < el Xella < ellYla < Y max < Y Vil

]
We conclude by applying dominated convergence theorem to X, elemen-
twise. O

Theorem 8 (7.7.4 of Horn and Johnson [HJ90]). If positive semidefinite
matrices satisfy A = B = 0, then B~! = A~

Theorem 9 (24.4 of Rockafellar [Roc70]). Let f be a closed proper convex
function. If x1,z9,... and vi,ve,... are sequences such that v; € Jf(x;),
where x; converges to x and v; converges to v, then v € df(x).
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D Main results

v

Theorem 10 (Bounding the contraction factor). Assume f is a convex
quadratic and r is a closed proper convex function. Then

|Tp e = Troyll? Ty — Tyy|
[l = yll? =yl

holds for any x,y € R"™. Therefore, iff and r are random and
1Ty — Tyyl?
lz =yl

2

holds for any x,y € R", when we have

Tf-i—?“x - Tf+ry’|2
[l —yll?

o

Proof. Write f = f + 7. Assume = # y and Tyx # Tyy as otherwise there is
nothing to show.
Define

T
Fo(2) = —(Vf(Tya) + Trx — )72 + %(z - n@T%(z — Tya),

where

ve = (V(Tyx) + Tra — 2) — (VF(Tyy) + Try — y) + e(Try — Tjz)
a. = v/ (Try — Trx)

for some £ > (. Since we have

ve € —=0r(Tyz) + 0r(Try) +e(Try — Thx)
and since Or is a monotone operator, we have

a. = v (Tyy — Tyx) 2 €| Tyy — Tyz|* > 0,

and therefore 7, is a well-defined convex quadratic.
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By design, 7. satisfies

v

Vie(Ti(x)) = —(Vf(Tyz) + Tz — x)

frr =T ,0="Tx
Um Ty, vy =Ty, .y =Tyy. (8)

e—0

Let 7 = (z —y)/||z — y||. Now we have

[Tz — Tyl 1.
ﬁz I(1+ M)~ (9)
>na(l+ M) 'h (10)
7N —1
zﬁ(1+M+%) ) (11)
aE
-1
>(1+m+22) 5 12
1+ M
Qe
Tex —Tx, - yll?
_ 1Ty f+§yH (13)
|z =y
_ 2
I = Tryl” as € — 0. (14)
|z — yl?

Equation (9) follows from explicitly working out Tz—Tyy, (10) from Cauchy-
Schwartz, (11) from theorem 8, (12) from lemma 7, (13) again from explicitly
working out Ty, . x — T, y, and (14) from equation (8).

Finally, we take expectations on both sides and apply Jensen’s inequality
[Bil95, §5] to get the desired result.

o\ 1/2
el T = Tyl® _ 1T — Tl (EHfo—T;y _
N Iz —yl? N

le=yl> = llz =yl
0

Corollary 1. By theorem 10 and the reasoning of section 3.3 of the main
article, we conclude that

E|Tosw — Topyl* < v(a)]lz — ol
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where the asymptotic behavior of v is characterized by theorem 11. Also, by
Jensen’s inequality [Bil95, §5], we have

E||Tosz — Tupyll < 7"2(@) |z — yll.

Theorem 11 (The contraction factor). Let v(«) defined as in section 3.3
of the main article. If EM is well-defined (i.e., finite-valued) and satisfies
Amin(EM) > 0, the contraction factor v(«) (defined for o > 0) is a strictly

decreasing function with
v() =1 — adpn(EM) + o(«)
as a — 0.

Proof. Note that the matrices I, M, I + aM, (I + aM)™!, and all other
variants share a same set of eigenvectors and therefore commute.
We first show that () is a strictly decreasing function. Since Ay, (EM) >
0, the event
Ay ={weQ:e<a" Mz, },

satisfies P(A. ) > 0 for sufficiently small € > 0. With routine calculations,
we find that

2T (I +aM) 2z > 2" (I + (a+ h)M) %z conditioned on A, ,
holds. This implies
"B+ aM) 2z > 2"E( + (o + h)M) 2z,
which in turn implies

min {z"E(I + aM)*z — 2"E(I + (a + h)M) 7z} = § > 0,

Jall=1
since ||z|| = 1 is a compact set. Therefore
E(l +aM)?>E( + (a+h)M) %z + 41,
and we conclude
(@) > Y (a+h) + 6§ > y*(a + h),

i.e., y() is strictly decreasing.
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We now show the asymptotic expansion. First, the following shows (I +
aM)™ =1 —2aM + o(«)

T (I+aM)—1)= lim (I+aM)?2M I+ (a/2)M)=2M.

a—0tT v a—0t

Next, to change the order of expectation and limit, we use the dominated
convergence theorem. The limiting term satisfies

0=<(I+aM)>2M (I + (a/2)M)
(I + M) >2M (I + M)

= (I+aM) " 2M < 2M

=
=

for a > 0. Since EM is by assumption well-defined and finite, we use
lemma 8, a version of the dominated convergence theorem, to conclude

lim (E(I + aM)™>—1) =2EM,

a—0t

which says
E(I +aM)™? =1-2aEM + o(a).

This, in turn, implies

Y(@) = v/ Amax (I — 2aEM + o(a))
= /1 — 20\ max (EM + 0(1))
=1 — adpax(EM) + o(a),

where the last line is by the continuity of A\.y.
]

Lemma 9 (Bound on the proximal step). Assime f is subdifferentiable at
x. Than for any g € 0f (x), we have ||T¢(x) — x| < |lg]|. In particular,

Ti(x) — x|l < min .
I7y(@) 2l < min o]

Proof. By definition of Tx we have

—(Tyx —z) € Of (Tyx).
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Since convexity of f(x) implies (0f(x1) — df(x2), x1 — z3) > 0, we conclude

(—(Tyx —x) —gTrxr —2x) >0
Tz — =f* < (~g,Tyz — 2)
[Tyz — x| < lgll,
where the last line is by Cauchy-Schwartz. 0

Lemma 10 (Bound on the proximal step 2). For any g € 0f(z) and ¢’ €

of (x — g)
| Tz —z+ gl < |lg — gll-

Proof. By simply rearranging terms we get

1)) = axgmin { 1)+ 3y — o}

Y

. 1

—argmin { /) = "+ 5lly - o - )1
Yy

= Tyi)—gry(T = 9).

Therefore
1Ty (x) — 2+ gll = 1 Tr)—gry(x — 9) =z + gl < [lg" — 9,
where we have used lemma 9 in the last inequality. O

Theorem 12 (Asymptotic behavior of the proximal mapping). For any
closed proper convex function f and an x € domf such that Of(x) # 0,
we have

Tojr =z — ag(x) + o(a)

as o — 0, where g is the minimum-norm subgradient at x.
Proof. By definition of the proximal mapping, we have
T,x —x
_ Ty, € Of (Toyx).
Moreover, by lemma 9, we have

[vall < [lg(@)]].
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So [|[Thsr — z|| < allg(z)|| and therefore T, jx — x as @ — 0. Also, the
sequence v, is contained in a compact set and therefore there is a convergent
subsequence v,, — v, where o, — 0. So by theorem 9 we have v € Of(z).
Since we know ||v]] < ||g|| and since g is, by definition, the only subgradient
that satisfies this, we conclude v = g.

Finally, since this argument applies to any convergence subsequence of
Uq, We conclude that lim,_,g+ vo = g. O

Theorem 13 (SPI’s worst case). Assume that:
e the set of optimal points, X*, is nonempty,
® 0 = SUDyxecx+ EHg(I*)H < 00,

but nothing else. Then
ED(zy,, X*) < D(z0, X*) + 0> _a,
where D(x, X*) denotes the distance of x to the set of optimal points, i.e.,
D(I,X*) = infx*eX* ||[l§' — ZE*HQ.
Proof. Let x* be any optimal point. Then we have

E [D(zy, X*)] < El|z), — 27|
< EHTakkak—l - Takka*H + EHTakka* - I*H
< EHZL’k_l - ZL'*H + oo

k
s < g — 27| +UZai.
i—1

Finally, we take the minimum of the RHS over all * € X* to get the desired
result. O

Theorem 14. Assume that:

e the random functions fi have a common closed domain and associated
restricted strong convezity matrices My,

o Auin(EM) > 0,
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e 0= E|g(a*)] < oc.

Using constant step size ay, = o, we get

ok k‘/2 _ px L
Ellz, — 2™ <" (a)||zo — ™| + 1—472(a)

Proof. By corollary 1, lemma 9, and a simple recursive argument, we get
Ellay — 27| < B Toptis — Toga® | + B Tuga® — |
<A (Q)El|zx1 — ¥ + a0

k—1
<) g — 27 + a0 3 4 )
=0
ao
<20z — 27| + T
T—7(a)

O
Lemma 11. Assume the same assumptions as theorem 14 but use step size
ar = C/k. Then we have

20
limsup E —_r < —.
msup Bl 2™ < S m

Proof. By corollary 1, lemma 9, and a simple recursive argument, we get

Ellzy, —o"|| < E|[Tapzp = Togz™|| + El|Tosz™ — 27|

C
< AVHCIREl|zp — 27| + o

k k k
. : 1 :
< wo—w !IHV”Q(C/Z%LUCZ; IT @i
1=1

i=1 = j=i+1

* C1)\min EM " . i 1 C)\min EM k .
S llwo — 2" exp (—%Zm) +0C ) —exp (—% > 1/;)
i=1 i=1

J=i+1
X CAmin(EM) "1 CAmin(EM) ,
~ ||z — x¥|| exp (—f log k:) + UC; 7 €XP <—f log(k/7)

k

|20 — 2] oC :CAmin (EM)/2—1
T 1O (EM)/2 + L0 min (EM)/2 ZZ

i=1
||l’0 — T + g — 20_
N B2 TN EMY/2 T A (EM)

il
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Theorem 15. Assume that:

e the random functions fi are almost surely twice continuously differen-
tiable at any given point, have a common closed domain, and associated
restricted strong convexity matrices My,

o EM s well defined,

e \nin(EM) > 0,

o |V(x) =V < Lllz—yl| for all 2,y € domf, where EL? < oo,
o 0 =Elg@)|* < o,

e x* is in the relative interior of the domain.

Using step sizes o = C'/k, we get

O(1/k) if CAmin(EM) > 1
E|z; — 2*[|* = { O(logk/k) if CAmin(EM) = 1
O(1/kCAmnEM)y £ O\ (BEM) < 1.

Proof. We decompose mentioned in the main article to get

E[ka - $*||2|$k—1] = E[HTakkak—l - Taksz* + Taksz* - ZE*||2|:L’k_1]
=E [HTakkak—l - Taksz*||2 + <Takkak_1 - Takka*>Takka* - :L'*> + ||T06kka* - ZE*||2}:L']€_1}
< V(O‘k)ka—l - x*||2 + 041302 + E[<Takkak_1 - Takka*7 Takka* - SL’*>‘£L’k_1].

The the first term is bounded by corollary 1 and the second term by lemma 9.
Now we further decompose the third term to get

<Takfka7k—1_Toékka*’ Taksz* - ZE*>
= —ap(Tp_1 — 2", V("))
+ <$L’k_1 — LL’*, Takka* — LL’* + Oékak(LL’*»
+ <T06kkak—1 — Tk-1; Taksz* - ZE*>
- <Takka* - ZL’*, Takka* - SL’*>.

15
16
17

(
(
(
(18

~— ~— —— —

Since z* € ri(domf) by assumption, we have EV f(2*) = 0 by lemma 6.
Therefore the expectation of term (15) is 0.
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Next we bound second part of term (16) to get
|Tase” — &% + V()| < o Vf(@* = aVf(a) = V()] < |V F (=)L,

where the first inequality is by lemma 10 and the second by assumption.
Then we take the expectation and apply Cauchy-Schwarz to get

E||T,;z* — 2% + axVf(2%)| < a®0L.
Finally, by applying Cauchy-Schwartz again, we get
E(16) < oo Lz — z*].

Finally we bound (17) and (18). By Cauchy-Schwarz applied twice,

E[(To, pii-1 — tp-1, Ty 0" — 2)|wr-1] < VB[V filwn) [Pl BV fi(a) 7).
Note that the assumption
IVf(x) = V()| < Llje— a2

implies B
IVf(@)|| < Lijz — 2"|| + [V f(«")]

by the triangle inequality. By applying this, we get

E [<Takkak_l = Tk—1; Taksz* - $*>|$k—1] < O‘i(Lka—l - :L'*H + U)U'
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So finally, we combine all these results and lemma 11 and get

Elzp—a2** < y(aw)llze-1 — 2"[* + o (30° + 20 L|lw — 2*]))

k k k
. N Cc? .
~ [T C/illwo — 22+ Z_—Q(ga2 +40° L/ Amin(EM)) T] 7(C/i)
=1 i=1 j=it1
k
< lzo — 2*||* exp <—C)\min(EM) Z 1/2)
i=1
koo k
2 2 .
+ Z —5(30% + 40° L/ Auyin (EM) exp (—mmm(EM) Z 1 /z>
=1 Jj=i+1
||‘(I:0 - $*||2 + 02(30 _I_ 40-2[//)\111”1 EM Z C>\mln EM
kC)\mm(EM) k mm(EM v
=1
1 . _
|z — 2|2 2 2 40’L W 1£ gi\\mm(g?\j) T
~ Ty A C 3 =N lo i min =1
KO @) < 7 Nen(BM )) ’ L it O (EM) 1
$ P min B (1—Comm(BM)) min ) <
C?(302+402 L/ Apin (EM)) 1 .
(o Wi oIy Ay if CA\pin(EM) > 1
~{ C%(30% + 40% L/ Ayin(EM)) 18 if CApin(EM) =1
oty + e — 21 sk i Chmin(EM) < 1.
Finally, we get the desired result by disregarding all the constants. O
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E Counter examples

Example 1. Non-uniqueness of the “best” restricted strong convexity matriz.

Consider the convex function
f(z,y) = max{a® 4 2% 22° + *}

which has restricted strong convexity matrices

o w2

We can verify via brute force that M; and M, are mazimal. More precisely, f
has no restricted strong convexity matrix M such that M # M; and M = M;,
and the same holds for M,. In particular, M; and M, are incomparable, i.e.,
Ml 7% M2 and Ml f Mg.

So given a convex function, it may not always be possible to uniquely
choose the “strongest” restricted strong convexity matrix. As this example
shows, it is possible to have many distinct choices that are incomparable.

Fundamentally, we have this complication because the set of symmetric
matrices (which is partially ordered) does not have a well-defined meet, i.e.,
the partially ordered set does not form a lattice. This example was inspired
by [Mak].

Example 2. va+r s not always a stronger contraction than va.

Consider the functions

f(x):%xT Ll) 8}3; r(x):%xT E Hx

] o[

Then simple calculations gives us

and the points

|z — y||2 =10 ||Tf[l? — Tfy||2 = 3.25 HTf — Tf+ry||2 =34

+7‘x

and we see that T, is a weaker contraction than T. However, theorem 10

is not violated since 3.4/10 < 4/3.25/10.
Fundamentally, we have this complication because A = B > 0 does not

imply A% = B?. This example was inspired by [CK85].
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