Appendix

A Summary of the rates derived in this paper

"A major task of mathematics today is to harmonize the continuous and the discrete, to

include them in one comprehensive mathematics, and to eliminate obscurity from both."

— E.T. Bell, Men of Mathematics, 1937
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Table 3: Summary of the main convergence results for MB-PGF and VR-PGF compared to SGD
with mini-batch or variance reduced gradient estimators. (~) indicates a randomized output. For the
definition of the quantities in the rates, check App. |2 and App. |E

A.1 Correspondences between continuous and discrete-time

We note the following simple correspondences:
h corresponds to dt. The rates are not simpliﬁed to highlight the equivalence.

1.

Nk W

hyg41 corresponds to ¢(t). Indeed, fo

The same argument holds for the exponennal and the power, since et

The rates for variance reduction match since by definition T = m h.

s)ds ~ 3% bph = grarh.
~ (1+ ah)k.

The difference only comes into a few constants which do not depend on the parameters of the
problem nor on the algorithm. Those differences are due to higher order terms in the algorithm.
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A.2 Algebraic equivalence

In this section we motivate the equivalence outlined in Tb. [3 in the deterministic setting, although
a similar derivation can easily be performed in the stochastic setting using the diffusion operator
instead of the derivative (we introduce this object in App. [B). We take inspiration from a concept in
abstract algebra and we combine it with smoothness — a common assumption in optimization.

Definition 1. Let A be an algebra over a field F. A derivation is a linear map D : A — A that
satisfies Leibniz’s law: D(ab) = aD(b) + D(a)b.

Consider the vector space of d-dimensional sequences over N equipped with pointwise and element-
wise product and sum, which we denote as RI%0: this is trivially an algebra. Next, let us define the
sequence Dy, (z) (still in the algebra) pointwise: for all k € N

Tk+1 — Tk

(Di(a)], = Dafa, by = “L

Notice that GD can be written as Dy, (x, k) = —V f(z,), which resembles the gradient flow equation

4 X(t) = —Vf(X(t)). The crucial question is whether the continuous time derivative % and

the operator D}, have the same properties. This would motivate an algebraic equivalence between
continuous and discrete time in optimization.

To start, we show that Dy, is almost a derivation. We denote by x+ the one-step-ahead x sequence:
ch = x4 forall k € N.

1. Letz,y € R*®and k € N, Dy, (x +y, k) = Dp(z, k) + Dp(y, k).

2. Letx € R*® g cRand k €N, Dy, (ax, k) = aDy(z, k).

3. Letz,y € R4*>; forall k € N,

1
Dp(xy, k) = E(yk+1$k+1 — Yuk)

—_

Yk+1 — Yk
= —((Yet1 — Yu)Tha1 + YrTri1 — YuTr) = ;karl + Yk

Tk+1 — Tk
- —_ .
Therefore D(zy) = 1 Dy (y) + Dp(2)y.

h

>

Since we will only care about the value of Dy (x) at iteration k, we are going to deal with the
pointwise map Dp,(z, k) and deviate from the algebraic definition.

For a complete correspondence to continuous time, we still need a chain rule. For this, we need a bit
more flexibility in the definition of Dj,: let g : R? — R be L-smooth, we define

9(@ry1) — g(zy)
h

Dp(gox, k)=

Smoothness gives us a chain rule: we have

L
9(@rt1) < glze) +(Vg(@r), Ty — k) + §||$k+1 — x|
hence

X — X
Di(gox, k) < (Vg(ay), =%

L Lh
3 )—&—%kaﬂ—kaQ = (Vg(zk), Dn(x, k)>+7HDh(‘T7 k)2

We condense our findings in the box below

Let {z} }xen and {yx }ren be sequences of R vectors and let g : R? — R be L-smooth.
e Linearity : Dy (z +y, k) = Dp(x, k) + Dr(y, k), a € R and Dy (ax, k) = aDp(x, k).
e Product rule: Dy (xy, k) = Dp(x, k)yr + k1 Dpn(y, k).

e Chain rule: Dy,(g(z), k) < (Vg(zx), Dn(z, k)) + L2 || Dy (z, k)||%.

This shows that the operations in continuous time and in discrete time are algebraically very similar,
motivating the success behind the matching rates summarized in Tb. [3. Indeed, taking h — 0 we
recover the normal derivation rules from calculus.
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B Stochastic Calculus

In this appendix we summarize some important results in the analysis of Stochastic Differential
equations [41}46]]. The notation and the results in this section will be used extensively in all proofs
in this paper. We assume the reader to have some familiarity with Brownian motion and with the
definition of stochastic integral (Ch. 1.4 and 1.5 in [41])).

B.1 1t6’s lemma and Dynkin’s formula

We start with some notation: let (2, F, {F(t) }+>0, P) be a filtered probability space. We say that an
event E € F holds almost surely (a.s.) in this space if P(E) = 1. We call £P([a,b], R?), with p > 0,
the family of R¢-valued JF (t)-adapted processes { f(t)}a<t<p such that

b
/ |£(8)Pdt < oo,

Moreover, we denote by MP?([a, b], R?), with p > 0, the family of R%-valued processes { f(¢) }a<t<p
in £([a, ], R%) such that E [ff ||f(t)\|Pdt} < 0. We will write h € £ (R4, R?), with p > 0, if
heLrP ([O, 7], Rd) for every T > 0. Same definitions holds for matrix valued functions using the
Frobenius norm [|A| := />, [Ai;]*.

Let B = {B(t)}:>0 be a one dimensional Brownian motion defined on our probability space and let
X = {X(t)}+>0 be an F(t)-adapted process taking values on R%.

Definition 2. Letb € L1 (R+, Rd) (the drift) and o € L? (R+,Rdxm) (the volatility). X is an Ité
process if it takes the form

t
0

t
X(t) =0 +/ f(s)ds +/ o(s)dB(s).
0
We shall say that X has the stochastic differential
dX(t) = f(t)dt + o(t)dB(t). 3)
In this paper we indicate as 0, f(x,t) the d-dimensional vector of partial derivatives of a scalar
function f : R? x [0,00) — R w.r.t. each component of z. Moreover, we call 9, f(z,t) the

d x d-matrix of partial derivatives of each component of 9, f (z, t) w.r.t each component of z. We
now state the celebrated It6’s lemma.

Theorem B.1 (It6’s lemma). Let X be an Itd process with stochastic differential dX (t) =
f@)dt + o(t)dB(t). Let € (x,t) be twice continuously differentiable in x and continuously
differentiable in t, taking values in R. Then £(X (t),t) is again an Itd process with stochastic
differential
dE(X (t),t) = O E(X(t),t))dt + (0,E(X (¢),t), f(t))dt
1
t3 Tr (0(t)o ()T 0puE(X (1), 1) ) dt + (0,E(x(t),t), 0 (t))dB(t), (4)

which we sometimes write as

1
d€ = 0,Edt + (0., dX) + 5 Tr (0070,,E) dt

Following [41]], we introduce the It6 diffusion differential operator .7:
1
() = 0() +(0:(:),b(t)) + 5 T (o(D)o(t) (")) - (5)

It is then clear that, thanks to It6’s lemma,

dE(X (1), 1) = A/ E(X (1), t)dt + (Ex(X (1), 1), o(t)dB(t)).
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Moreover, by the definition of an It process, we know that at any time ¢ > 0,

E(X(t),t) = E(x0,0)+ | HE(X(s),s)ds + / (0:E(X(8),$),0(s)dB(s)). a.s.

0 0

Taking the expectation the stochastic integral vanishes|'®|and we have

t
E[E(X(t),t)] — E(x9,0) = E [/ MS(X(t),t)dt} . (6)
0
This result can be generalized for stopping times and is known as Dynkin’s formula.

B.2 Stochastic differential equations
Stochastic Differential Equations (SDEs) are equations of the form

dX = b(X,t)dt + o(X,t)dB(t).

Notice that this equation is different from Eq. (3), since X also appears on the RHS. Hence, we need
to define what it means for a stochastic process X = {X (t)};>¢ with values in R to solve an SDE.

Definition 3. Let X be as above with deterministic initial condition X(0) = xg. Assume b :
R? x [0, T] — RY and o : R x [0, T| — REX™ are Borel measurable; X is called a solution to the
corresponding SDE if

1. X is continuous and F (t)-adapted;
2. be £ ([0,T],RY);

3. 0 e L2([0,T],REx™);

4. Foreveryt € [0,T)

X(t):onr/O b(X(s),s)der/O o(X(s),s)dB(s) a.s.

Moreover, the solution X (t) is said to be unique if any other solution X*(t) is such that
P{X(t) = X*(t), forall0 <t <T} =1.
Notice that the solution to a SDE is an Itd process; hence we can use Itd’s Formula (Thm. [B.1).

The following theorem gives a sufficient condition on b and ¢ for the existence of a solution to the
corresponding SDE.

Theorem B.2. Assume that there exist two positive constants K and K such that
1. (Global Lipschitz condition) for all x,yy € R% and t € [0, T]
max{[[b(z,t) — b(y, )|, lo(z,t) = oy, )|} < K|z —y|*;

2. (Linear growth condition) for all x € R% and t € [0,T)
max{||b(z,t), [lo(z, )]} < K(1+ [=]]).

Then, there exists a unique solution X to the corresponding SDE , and X € M?([0,T],R%).

Numerical approximation. Often, SDEs are solved numerically. The simplest algorithm to provide
a sample path (£ ) x>0 for X, so that X (kAt) = x, for some small At and for all kAt < M, is called
Euler-Maruyama (Algorithm[T). For more details on this integration method and its approximation
properties, the reader can check [41].

"®Because (9.£(X (t),t),0(t)) € M?([0,T],R), see e.g. Thm. 1.5.8 [41]
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Algorithm 1 Euler-Maruyama integration method for a SDE

input The drift b and the volatility o; the initial condition x(

fix a stepsize At;

initialize Zo = xo;

k=0;

while k < [ £ | do
sample some d-dimensional Gaussian noise Z;, ~ N (0, 1,);
compute i1 = &k + At b(Zy, kKAL) + VAt 0 (&g, KAL) Z;
k=k+1;

end while

output the approximated sample path (2 ), - Eq
S| AT

B.3 Functional SDEs

SDEs describe Markovian (also know as memoryless) processes: a Markovian process is a system
where the current state completely determines the future evolution. Indeed, in an SDE, the RHS only
depends on X (¢) and on ¢. To model variance-reduction methods such as SVRG [32]], we will need
a continuous time model which also retains some information about the past. This was also noted
in [27].

First, we introduce Functional Stochastic Differential Equations (FSDEs) which are equations of the
form
dX = b(X(g,q,t)dt + o(X(,,t)dB(t),

where X g 4 is the past history of X up to time ¢. Here we focus on a particular type of FSDE,
namely Stochastic Differential Delay Equations (SDDEs):

dX (t) = b(X(t), X (£ = &(t)), t)dt + o (X (), X (¢ = (1)), 1)dB(1),

where £(t) € [0, 7] is the delay at time ¢. As we did in the last subsection for SDEs, we need to define
what it means for a stochastic process X = { X (t)};>_, with values in R? to solve an SDDE

Definition 4. Let X be as above with deterministic initial condition X (s) = xo for —7 < s < 0.
Assume b : RY x R x [0,T] — R%, € : Ry — [0,7] and o : RY x R x [0, T] — R¥>™ are Borel
measurable; X is called a solution to the corresponding SDDE if

1. X is continuous and F (t)-adapted;

2. be L ([0,T],R);

3. o€ £2([0,T],REx™);

4. Foreveryt € [0,T]
X(t)=z0+ /0 b(X(s), X(s—£&(s)),s)ds + /0 o(X(s),X(s—&(s)),s)dB(s) a.s.

Moreover, a solution X (t) is said to be unique if any other solution X*(t) is such that

P{X(t) = X*(t), forall —7<t<T}=1.

We state now one existence and uniqueness theorem for SDDEs, which is adapted from equations 5.2
and 5.3 in [41]].
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Theorem B.3. Assume that there exist two positive constants K and K such that for all
7,79,y € R and for all t € [0, T)

1. (Lipschitz condition)

max{[[b(z, y.t) = b(Z. 7. )|, lo(z,y,t) — (27,0} < K(|lo — | + [ly — 7);

2. (Linear growth condition)

max{||b(z, y,t)[l, [lo(z,y, )} < K1+ [lz] + [[yl)-

Then there exists a unique solution X to the corresponding SDDE and X € M?([—7,T],R%).

Numerical approximation. Often, SDSEs are solved numerically. Algorithm [I can easily be
modified to work with SDDEs (see (Algorithm ). For more details on approximation error SDDEs,
we refer the reader to Chapter 5 in [41].

Algorithm 2 Euler-Maruyama integration method for a SDDE

input The drift b and the volatility o; the initial condition x(
fix a stepsize At
compute ¢ = L&J;
initialize &, = xo for —q < k < 0;
k=0;
while & < | L | do
sample some d-dimensional Gaussian noise Zx ~ N (0, I4);
compute 51 = &g + Al b(dg, Tx_q, KAL) + VAL 0 (G, Bp_g, KAL) Zy;
k=k+1;
end while
output the approximated sample path (ik),q <k<|Z]

B.4 Time change in stochastic analysis

We conclude this appendix with a useful formula from [47]], which is the equivalent to a chain rule
for stochastic processes. We use this formula in Sec. .1}

Theorem B.4 (Time change formula for It6 integrals). Let ¢ : Ry — R be a strictly positive

continuous function and B(t) = fg c(s)ds. Denote by «(-) the inverse of 3(-) and suppose it
is continuous. Let {B(t)},>0 be an m-dimensional Brownian Motion and let the stochastic
process {v(s)}s>o with v(s) € R"*™ be Borel measurable in time, adapted to the natural

filtration of B and M?(R ., Rd). Define
t
B(t) = / Jo(5)dB(s).
0

Then {B(t)};>0 is a Brownian Motion and we have

a(t) t B
/ v(s)dB(s):/ Vo' (s)v(a(s))dB(s), a.s.
0 0

C Existence and Uniqueness of the solution of MB-PGF and VR-PGF

Let A be a positive semidefinite matrix; by the spectral theorem, A can be diagonalized as A =
VDVT, with V an orthogonal matrix and D a diagonal matrix with non-negative diagonal elements

(the eigenvalues of A). We can define the principal square root A'/2 := V. D'/2VT where D'/? is the
elementwise square root of D. It is clear that A'/2 is also positive semidefinite and A = A'/2A1/2,
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In this paper we analyze MB-PGF and VR-PGF, which we report below (see discussion and derivation

in Sec. [2).
AX () = —0()V F(X (1)) dit + 0(0)v/FTBE) onn(X (1)) dB(Y) (MB-PGF)

AX (1) = ()T F(X (1) dt + () /B0 ove(X (1), X(t — £(1)) dB(t)  (VR-PGF)

The volatility of MB-SDE is defined as

1
1 & N
owp(x) = | 3 > (Vf(@) = Vfi(2) (V) = Vi)' ]
i=1
and a similar formula holds for the oyg(+). From Thm. and Thm. @’ we know that existence
and uniqueness of the solution to the equations above requires this matrix valued function of x to be
Lipschitz continuous. Previous literature [52, 511 142} 34], put this condition as a requirement at the
beginning of their analysis. However, since in our case we want to draw a direct connection to the
algorithm, we shall prove that Lipschitzianity is indeed verified.

To start, we remind again to the reader that in this paper we indicate as C; (R, R™) the family of
7 times continuously differentiable functions from R to R™, with bounded r-th derivative. If b is
omitted, it means we just require f to be r times continuously differentiable.

A crucial lemma which can be found as Prop. 6.2 in [29]] or as Thm. 5.2.3 in [59].

Lemma 1. Let 32 : R™ — R™ "™ be an X n real positive semidefinite matrix function of an
input vector x € R™. Assume each component £;; : R™ — R be in C}(R",R). Then, Y(z)l/?
is globally Lipschitz w.r.t. the Frobenius norm, meaning that there exists a constant K such that
for every q,p € R

Hz(q)1/2 - Z(p)1/2H < Klg—npl-

We proceed with the proofs of existence and uniqueness, which require the following assumption:
(H) Each f; is in C}(R¢,R) and is L-smooth.

Theorem C.1 (Existence and Uniqueness for MB-PGF). Assume (H). For all initial conditions
X (0) = 2o € R MB-PGF has a unique solution (in the sense of Defs. Ein App. E) on [0, T,
forany T < oco. Let the stochastic process X = {X (t)}o<i<T be such solution; almost all (i.e.

with probability 1) realizations of X are continuous functions and E [ foT | X (%) H2dt} < 00.

Proof. We basically need to check the conditions of Thm. [B.2] First, we notice that V f and oy are
both Borel measurable because they are continuous.

Drift : We now verify the Lipschitz condition for the drift term. For every ¢ < 0 we trivially have
that, since ¥ (t) < 1 and f is L-smooth,

[0V f(x) =pOVIWI < [Vf(z) = Vil < Lilz -yl
Next, we verify the linear growth condition. For every ¢ > 0, using the reverse triangle inequality
and the fact that ¢(t) € (0, 1] and ¢(0) = 1,
Lijz|| = [[0(6)V f(x) = @)V F(0a) | = ([0 V f ()| = [[VF(0a)]]]) -
Thus, we have linear growth with constant K := max {||Vf(0)||, L}: for every ¢ € [0,T] and
z € Re,
[PV f ()] < K1+ [|])-

Volatility : We need to verify the same conditions for the volatility matrix oyp. Let us define

gi(x) := Vf(z) — Vfi(x). Using the definition of Frobenius norm, the linearity of EE, the cyclicity
of the trace functional, and the fact that ¢)(¢) € (0, 1] for all ¢ > 0, we get
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1 () /7 /b(t) omp (2)II* = 9 (t)* s Tr (E [gi(2)gs(2)"])
h

E [Tr(gi(2)" gi(2))] = w(t)Q@EHgi(w)llz-

Since g; () is L-Lipschitz, by the same argument used above for the drift term, we have ||g;(z)[|? <

C(1+ ||z||?) for some C' > 0 and all i € [N]. Plugging this in, since b(t) > 1
1 () V/h/b(t) o ()]|* =< D(1+ [|=]|*),

for some finite positive D. To conclude the proof of linear growth, we notice that for any p € R,
V14 p? <2(1+ |p|). Thus for B := 2D, we have

1)/ h/b(t) oms ()| < B(L + [l]])-

Last, the global Lipschitzianity of oump follows directly from Lemma |1 using the fact that f is
C3(R%,R) and each f; is C} (R?,R), because then the gradients are of class C2 and oyp is a smooth
function of these gradients. ]

Theorem C.2 (Existence and Uniqueness for VR-PGF). Assume (H). For any initial condition
xo, such that X (s) = xg for all t € [—7,0], VR-PGF has a unique solution (in the sense
of Def. Ein App.|B) on [—1,T), for any T < oo. Moreover, let X = {X (t)}o<i<T be such

solution; almost all realizations of X are continuous functions and E [ fOT (1X(t) ||2dt} < 0.

Proof. This time we need to check the conditions of Thm.|[B.3| The requirements on the drift term
are satisfied, as already shown in the proof for MB-PGF, since there is no delay in the drift. To verify
the conditions on oyg : R? x RY — R¥*? we proceed again as in the proof for MB-PGF, using
Lemma 1] but this time on the joint vector (2, %) € R x R? (n in the lemma is 2d), using the norm
subadditivity.

D Convergence proofs in continuous-time

Fon convenience of the reader, we report here again the equations we are about to analyze continuous-
time models, which we analyse in this paper, are

dX(t) = )V (X (1)) dt + v(t)/R/b(t) o (X (£)) dB(2) (MB-PGF)
dX (t) = —p(OVF(X (1)) dt + () /R ovr(X (1), X(t — () dB(t)  (VR-PGF)

where

e £ : Ry — [0, %], the staleness function, is s.t. (hk) = & forall k > 0;
o ¥(-) € CY(Ry, [0, 1]), the adjustment function, is s.t. (hk) =y forall k > 0 and 240 < o
e b(:) € C1(R,R,), the mini-batch size function is s.t. b(hk) = by, for all k > 0 and b(t) > 1;

o {B(t)}+>0 is a d—dimensional Brownian Motion on some filtered probability space.

For existence and uniqueness we need to assume the following:

(H) Each f;(-) is in C? with bounded third derivative and L-smooth.

We also recall some of assumptions introduced in the main paper.

(Hwoc)  f(+)is C! and exists 7 > 0 and 2* s.t. (Vf(z),z —2*) > 7(f(z) — f(z*)) forall z € R<.
(He)  f(+)is C! and there exists > 0 s.t. |V f(2)]|? > 2u(f(z) — f(z*)) forall € R%.
(Hrs)  f(-) is C! and there exists 1 > 0 s.t. (Vf(z),x — 2*) > &||z — 2*|| for all z € RY.
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D.1 Supporting lemmas

The following bound on the spectral norm also be found in [42] 34]. We report the proof for
completeness.

Lemma 2. Consider two symmetric d—dimensional square matrices P and Q). We have

Tr(PQ) <d-|[Pls-[Qls-

Proof. Let P; and @); be the j-th row(column) of P and @), respectively.
d

d d
Te(PQ) =Y PlQ; <> I -1Qi0 < Y IIPlls - 1Qlls = d-[I1P]|s - |Qls,

j=1 j=1 j=1
where we first used the Cauchy-Schwarz inequality, and then the following inequality:
[Alls = sup [[Az|| = [|Ae;l| = [|4;],

llzll<1

where e; is the j-th vector of the canonical basis of R<. u

We use the previous lemma to derive another key result below.

Lemma 3. Assume (H). For any volatility matrix o (-) such that ||oo™ || s is upper bounded by
o2, we have

%7

Tr (o0™) < do?, Tr (00" V? f(z)) < Ldo?.

Proof. We will just prove the first inequality, since the proof for the second is very similar.
Tr (007 V? () < d|[Vf(2)l|sllooT||s < Ldo?,
where in the equality we used the cyclicity of the trace, in the first inequality we used Lemma [2]and

in the last inequality we used and smoothness.

D.2 Analysis of MB-PGF

We provide a non-asymptotic analysis and then derive asymptotic rates.

D.2.1 Non-asymptotic rates

These rates for MB-PGF are sketched in Sec. E We define ¢(t) := fot P(s)ds. As [42][34], we
introduce a bound on the volatility in order to use Lemma 3]

(Ho) 02 := sup,cpa ||oms (2)oms (2)T||s < 0o, where || - || s denotes the spectral norm.

Theorem D.1 (Restated Thm.. Assume (H), (Ho). Lett > 0 and t € [0,t] be a random time

point with distribution zgg fort € [0,t] (and 0 otherwise). The solution to MB-PGF is s.t.

S @) = f@) | Ldeth [ )
BV @) < HL ) SO0 [

Proof. Define the energy £ € C2(R?, R, ) such that () := f(x) — f(«*). First, we find a bound
on the infinitesimal diffusion generator of the stochastic process {€(X (¢))}+>0, which generalizes
the concept of derivative for stochastic systems and is formally defined in App. [B.T.

SECX() = "o 5 T (v (X (D)on (X ()70, ECX(H) + (0ECX (D), ~0()T F(X (1)
2
< g - wI VSO
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where in the inequality we used Lemma3]

Note that the definition of &/€(X (t)) in Eq. (§) does not include the term (9,&, o (t)dB(t)) that
vanishes when taking the expectation of the stochastic integral in Eq. (6). Therefore, integrating the
bound above yields

hLdo? [*(s)?
2t [ s [wervixers]. @

E[E(X(),1)] — E(x0,0) <

Next, notice that, since fo d’g t)) dt = 1, the function s — Ef)) defines a probability distribution. Let

t € [0,t] have such distribution; using the law of the unconscious statistician

E[[Vf(X /w NIV F(X(s))]ds.

This trick was also used in the original SVRG paper [32]. To conclude, we plug in the last formula
into Eq. (7):

E[E(X (1), 1)] — £(z0,0) < hL;l“*/o lﬁb((z)) ds — (B [V F(X D] .

The result follows after dividing both sides by (¢), which is always positive for ¢ > 0. |

Theorem D.2 (Restated Thm. Ig[) Assume (H), (Ho), (Hwoc). Let t be as in Thm. ll] The solution
to MB-PGF is s.t.

2o~ a2 hdo? ws
271 (t) 27'<p b(s)

(W)

lzo —2*|®>  hdo?® [ Y(s)?
27 () 27 o(t) /0 (LTp(s)+1) o(s) ds. (W2)

E[(f(X(#) = f(="))] <

Proof. We prove the two formulas separately.

First formula. Define the energy £ € C2(R¢, R, ) such that £(z) :=
bound on the infinitesimal diffusion generator of the stochastic proces

. First, we find a

je(x () }e=o0.

|l — a2

@ ol

avie? .
< Ty~ VI (1), X (1) )

hd(t)? x
< 2(1) 50k — T (FX () — f(z*)),

where in the first inequality we used Lemma [3/and in the second inequality we used weak-quasi-
convexity. Integrating this bound (see Eq. (6)), we get

—E(x hdo? (" u(s)? s —T t s 8)) — f(z*))ds
BIECX(0,0)] - a0, 0) < 5 [ 5 s 7| [u0e) - faas).

Proceeding again as in the proof of Thm. [I|(above), we get the desired result.

Second formula : Define the energy £ € C?(R? x R,R,) such that &(z,t) = Tp(t)(f(x) —
f(@*))+ 5 |lz — 2*||?. First, we find a bound on the infinitesimal diffusion generator of the stochastic
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process {E(X (t), 1) }i>o-
HEX(t),t) =

= OECE(0.0) + Tt T (v (X () (X ()7 0,0 (X (0).)

+(O,E(X(0).0),~H(VFX (1)

< T OUCE) - 1)+ 5o (L) + 1107
(VX (1) + X(0) - 2", 6O F(X (D)

< FUOUX () — £ — B(OFFX0).X(0) — ) +

< hdao? (Lto(t) + 1)(t)?
-2 b(t) ’

hd (1)

20(1) (LTo(t) + 1)o?

where in the first inequality we used the fact that ¢>(t) = ¢(t) and Lemma 3} in the second inequality
we discarded a negative term; in the third inequality we used weak-quasi-convexity. Next, after
integration (see Dynkin formula Eq. (), plugging in the definition of £, we get

0'2 ¢ TY(S S 2
PO [F(X(0) - F)+ 5B [1X(0) —a7[] < Glleo—at|ps T [ BT EDU,

Discarding the positive term 1 [[| X (£) — *||?] on the LHS and dividin everything by 7¢(t) we
get the result.

Theorem 6 (Restated Thm. |3| . Assume (H), (Ho), (Hpe). The solution to MB-PGF is s.t.

E[f(X(1)) — f(z)] < e~ 29O (f(x0) — f(z*)) hLd" / V() —au(et)-p() g4

Proof. Define the energy £ € C*(R? x R, R ) such that £(z,t) := e2**®)(f(x) — f(z*)). First,
we find a bound on the infinitesimal diffusion generator of the stochastic process {E(X (t),t)}+>0.

AEX(H),t) =

= 0ECE(0,1) + "l T (v (X () (X ()7 0,0 (X (0).0)

F{0:E(X (1), 1), =)V (X (1))

2
< 20 0(0) RO FOND) — )+ o) — i) OIS
hdL ¢(t)2 2€2pap(t)
- 20(%) * ’

where in the first inequality we used the fact that ¢(¢) = 1(¢) and Lemma [3 and in the second
inequality we used the PL assumption.

Finally, after integration (see Eq. (6)), plugging in the definition of &£, we get

hdLo? ["(s)?

2u9(8) 7.
2 Jy 2b(s) € s

HPOR[F(X (1)) — f(a*)] < flxo) = f(a") +

The statement follows once we divide everything by e2## (%) |

7 (t) is the integral of v(t), which starts positive, so it is positive for ¢ > 0.
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D.3 Asymptotic rates for decreasing adjustment function

Corollary 1. Assume (H), (Ho). Lett > 0 and t € [0,t] be a random time point with
distribution Y;E:; fort € [0,t] (and 0 otherwise). If (-) has the form 1 (t) = 1/(t + 1)* and
b(t) = b > 1 then MB-PGF is s.t.

O%DU> 0<a<l
O og(t a:l
112 Vit 2
E[[VA(X®)]?] < 0(is) l<a<1’
1 _
O(log(t)) a=1

Proof. Thanks to Prop. [I] we have

~ f(zo) = f(z*) Ldo?h [*

B (7)) < HOLE o 25T [ sas
First, notice that if a > 1, lim;—,, ¢(t) < oo and we cannot retrieve convergence. Else, for
0 < a < 1, the deterministic term % is O (t'~*) and O (log™ 1(t)) fora = 1. The
stochastic term 75 fO 5)2ds is O (t7¢) fora € (0,1/2) U (1/2,1), O (%) fora =  and
O(1) fora =1. The assertion follows combining asymptotic rates just derived for the deterministic
and the stochastic term. |

Corollary 2. Assume (H), (Ho), (Hwoc). Let t be as in Thm. |Z If ¢(-) has the form ¥(t) =
1/(t 4+ 1)* and b(t) = b > 1, then the solution to MB-PGF is s.t.

O(L) O<a<i

i O(les®) ,_1
B [£(X() ~ f")] < @((1”)) bact

O(@) a=1

Moreover, for % < a < 1 we can avoid taking a randomized time point:

O(m=r) 3<a<j
* 0(1?1/(?) a:%
E[f(X(t))*f(x )]S O(t1£a) §<a<1
O(logl(t)) a=1

Proof. The first part is identical to Cor. [T using this time Prop. 2. Regarding the second part, again
from Prop. 2] we have

st Al s [

The deterministic term 55 [|zo — 2*[|* is O (5755 ) for0 <a < 1,0 (logl(t)) fora = 1and O(1)

(i.e. does not converge to 0) for a > 1.

The stochastic term thd: @) fo )2ds requires a more careful analysis : first of all notice that

(LTo(t) + 1)1(t)? is O (max {t1 3“ ,t72%}). Hence its integral is O (max {¢*73,¢1724}) for
1 <a< 2,isO(1) for a > 2 and has a more complicated asymptotic behavior for a # 3, 2. First,
it is clear that, since the integral is bounded for % < a, the asymptotic convergence rate in this case is
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@ (ﬁ) =0 (t%a) for % <a<land O (logl(t)> for a = 1. Next, we get the two pathological

cases out of our way:

2
e Fora = 1 we do not have converge, since the partial integral term % fot Ltp(s)(s)?ds
is of the same order as ().

2, szft) fOt(LTQO(S) + 1)3)(s)%ds is O (log(t)). Hence, the resulting asymptotic

bound is O (l‘f(g)) =0 (lilf/(?)

e Fora =

Last, since for % <a< % the integral term is O (max {tz’?’“, tl—2a }) = O(t2’3“), the convergence

. 2-3a
rate is O (t

W) = O(t*~2). This completes the proof of the assertion. [ ]

Remark 1. The best achievable rate in the context of the previous corollary is corresponding to
Y(t) = % if we look at the infimum, but is instead corresponding to ) (t) = ﬂ% if we just look at
the final point.

Corollary 3. Assume (H), (Ho), (Hre). If )(+) has the form(t) = 1/(t+1)* and b(t) = b > 1,
then he solution to MB-PGF is s.t.

BLCE) ~ )] <0 ().

Proof. We start from Prop.

BLF(X(0) — £(@)] < 01 (a0) = ")) + o [ (s o0,

For 0 < a < 1, the term e~2##(!) goes down exponentially fast. Thus, we just need to consider the
second addend. Let ¢ € [0, ¢], then

t i t
/¢(5)2€*2u(¢(t)750(8))d5§/ ¢(5)2672u(¢(t)*@(8))d5+/ (5)2e 2@ O=2(2) g
0 0 i

i h t
< €—2IL(<F(t)—sa(f)>/ P(s)%ds + —1/)2(15) / 2puap(s)e 21 —e() gg.
0 woJi

Pick ¢ = /2, notice that, since for 1)(t) = (H#t)a’ g /2 (s)%ds grows at most polynomially in .

Hence, first addend in the last formula decays exponentially fast. Then again we just need to consider
the second addend of the last formula; in particular notice that

t t
/ Db (s)e—2O=0(5)) g = o=2m(® / Qb (5)e29(5) s
t t
— o—2n0(t) (ew(t) _ ezw(t/fz))

=1 — e 2ule(O)—9(t/2))

Hence, for ¢ big enough, the considered integral will be less than 1. All in all, we asymptotically have
E[f(X(t)) — f(z*)] < O(¥(t)), which gives the desired result.

Remark 2. We retrieve in continuous time the bound in [44|]: the rate is always () (%)
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—GF —GF
~—MB-PGF =~ MB-PGF
MB-Bound MB-Bound

| W _L YYD ¥

Figure 3: Simulation of MB-PGF for f(x) Figure 4: Simulation of MB-PGF for f(z) =

Lpl|z|? with z € R?, 62 = 0.1 and p = 2. Lpl|z|? with z € R, 62 = 0.1 and 1 = 2.
Simulation with Euler-Maruyama (stepzize = Simulation with Euler-Maruyama (stepzize =
107%). 107%).
Condition Limit Bound
~ 0_2
(H), (Ho) limy—so0 E [V £(X (8)]1?] o
~, 0_2
(H), (Ho), (Hweo) | limgoo E[f(X () = f(2*)] | 55
. Ldo3
(H), (Ho), (Her) | limyo E[f(X(2)) — f(27)] ey

Table 4: Ball of convergence of MB-PGF under constant ¢(¢) = 1, b(t) = b. Fort > 0, ¢ € [0, ] has
probability distribution ﬁgj)) for s € [0, ¢] (and 0 otherwise).

D.3.1 Limit sub-optimality under constant adjustment function

In this paragraph we pick 1(¢) = 1. The results can be found in Tb. |4} The only non-obvious limit is
the one for PL functions. By direct calculation,

BIACX () — S(@)] < €290 (f(wo) = fH) + oo mut=gy
0
021 — e—2mt
= O (f(a) — f(at)) + LT ZZMM

The result follows taking the limit.

Example D.1. We can verify the results in Tb. using the quadratic function f(x) = 5|«
PEL. This function is isotropic, so j» = L. Under persistent noise o214, where 1, is the identity matrix,
the MB-PGF is dX (t) = —uX (t)dt+ho.dB(t). This has solution E[f (X (t)] = f(:vo)e*Q’“—f—%az,
which perfectly matches the bound in Tb.|. In Fig.[3 and[ one can see a simulation for d = 1 and
d = 100, keeping the noise constant at o = 0.1 and | = 2. One can clearly see that the bound is
increasing with the number of dimensions. Moreover, by the law of large numbers, the variance in
f(X) is decreasing with the number of dimensions (it is a sum of x? distributions).

2 which is

D.4 Analysis of VR-PGF

We remind the reader that the SVRG gradient estimate (see Sec. |Z), with mini-batch size b(¢) = 1
(always assumed here) is defined as

Gvr(zr) == V fi, (wx) = V [, (Zr) + V f(Tr),

27



where f(z) = L 327 fi(x), with {f;}N, a collection of functions s.t. f; : R? — R for any

=1
1€ {l,---,N}. We call 2* the unique giobal minimum of f. The stochastic gradient index i, is
sampled uniformly from {1,..., N} and & € {zg,21,...,25_1} is the pivot used at iteration k.
SVRG builds a sequence (xy)x>0 of estimates of the solution z* in a recursive way:

Thy1 = T — hGVR (T, Th—g,, ) (SVRG)

where h > 0. & is picked to be the sawtooth wave function with period m € N, . Also, after m
iterations, the standard discrete-time SVRG analysis [32] 153} 154! 3, 4] requires " jumping'' and set
xp = xs,, where 7, is picked at random from {k — m, ...,k — 1}. This is known as Option II [32]],
as opposed to Option I which performs no jumps. The latter variant is widely used in practice [26]],
but, unfortunately, is not typically analyzed in the discrete-time literature.

As in App. [E.1.1] we denote by {F}}1>0 the natural filtration induced by the stochastic process with
jumps {z x>0- The conditional mean and covariance matrix of Gygr are

Ex,_, [Gvr(zk)] = V f(z1), (8)
Evr(zk, Tr) == Covr,_, [Gvr(zk)] )

= Es,_, [(Gu(ex) = VF(0)) Gur(an) = V()|

We start with a lemma and a corollary, which will be used both in continuous and in discrete time and
that are partially derived in [32] and [4].

Lemma 4. Assume (H). We have

Tr (Svr(zk, @x)) < Ery [[IGve(zi)lI?)
< 2E7, |V fi(zr) = V ila*)|? + 2Ex,_, IV fi(@x) — V fi(a™))]*.

Proof. Let us define eygr (zk, Z) := Gvr(Tk, Tr) — V f(2k). First notice that, eygr (zx, 1) has zero
mean, and
Tr (Svr(zk, @) = Tr (Ex,_, [evr (zk, Tx)evr (zr, 7)) =
=Ez,_, [TY(GVR(l"k,i‘k)€VR($k7i”k)T]
=Er,_, [Tr(evr(zr, Tr) " evr(zh, 71))] = Ex_, [levr (zx, Z2)]1%,  (10)

where the second equality is given by the linearity of the trace and third equality by the cyclic
property of the trace. Notice that, since for any random variable ( we have Ex, | [||[¢ —Ex,_,¢||?] =

Ez,_, [I<I%] = 1Ex,_, [C]I* < Ex,_, [[IC]1%]. then
Er._ [levr(@r, Z)°] < Ex,_, [IGvr (zr, Zx)||°].

Hence, we found that Tr (Xvgr (2, 7x)) < Ex,_,[||Gvr(2)|?]. We further bound this term with a
simple calculation

Er,_|IGve (@)1 = Ex,_, IV filax) — VFi(E) + V(&)
=Er, |V iler) = Vila*) = [V fi(@r) = Vfi(z*) = Vf(@)]]?
<2E5, |V fi(zr) = Vfila")|? + 2BV fi(Zr) = V fila™) = V(@)
=25, ||V filex) = V fi(z")|?
+ 2B, IV fi(@r) = Vfi(z*) = Ex, [V(@r) = Vfilz)]|?
< 2B, |V fi(zr) = VS ila")I? + 2B x,_, IV fi(@x) — Vi(@")]?,

1D
where in the first inequality we used the parallelogram law; in the third equality we used
Er,_,[Vfi(x*)] = 0 and in the second inequality we used again the fact that for any random
variable (., Ex, _, [|C = Ex,_,C[I* = Ex,_, [<I* = [EF._, ¢l < Ex_, [IC]*. u
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Using the previous lemma, we can derive the following result.
Corollary 4. Assume (H). Then

Tr (Sve(zk, 1)) < Ex, [1Gvr(z)]]
<2L%Eg, , [||lzr — 2*|?] + 2L°Ex, , @ — 2]

Proof. Using first smoothness we have, starting from LemmaE]

Tr (Sve(2k, 7x)) < Bz, [[|Gvr(r)]?)
<25, ||V fi(zr) = VH@E)I? + 2Bx5_, |V fi(#) — Vfi(2*))]?
<2L%Eg,_, [l — 2*|1?] + 2L%E£,_, [|Z — 2*]%] .

Next, we provide a convergence rate for Option II.

D.4.1 Convergence rate under Option II

We consider, the case b(t) = ¢ (t) = 1. Therefore, VR-PGF reads

dX(t) = =Vf(X(t) dt + Vhovr(X(t), X (t — £(t))) dB(2).
As for standard SVRG with Option II, every ¥ seconds we perform a jump.

Theorem 7 (Restated Thm. E]) Assume (H), (Hrst) and choose &(t) =t — Z]O; 0(t—j%) (saw-

tooth wave), where 0(-) is the Dirac delta. Let {X (t)}i>0 be the solution to VR-PGF with
additional jumps at times (jT)jen: we pick X (j% + T) uniformly in {X(s)}js<s<(j+1)7-

Then
’ 2hL*T +1 1\’
ENX (i k|2 _ X 2-
16T - o1 = (g ) oo =l

Proof. Define the energy £ € C?(R?, R, ) such that £(z) := ||z — 2*||*. First, we find a bound on
the infinitesimal diffusion generator of the stochastic process {£(X(s))}jz<s<(j+1)%:

AE(X(s)) = —(Vf(X(s)), X(s) — x")ds + g Tr(Zve(X(s), X(s — £(s))))ds

< 7g||X(s) —a*|%ds + hL? (|| X () — a*|* + | X (s — &(s)) — 2*[|?) ds

where in the first inequality we used Lemmafd]and the RSI. Using Dynkin’s formula (Eq. (6)), since
X(s—£(s)) = X(§%) for s € [j%, jT + ] by our choice of £(+),

SE(IXGT+T) - #*) ~ E[IXGD) — ]

T 2 A w2148 2 . %12
< —§(u—2hL ) E[|X(s) — =~ ]§+hL TE[|X () — =[],
i<
which gives
JTHT ds  2hL?T +1
E[|X(s) — 2*|]?]=2 < == = '~ B[IIX(§%) — z*||?].
[ BN T < g B 6D

By redefining (jumping to) X (T +%) uniformly from {X (s)}js<s<jz+7, E[| X (jT+T)—2*|%] =

j{;+$ E[||X (s) — 2*||*] and therefore, for all j € N
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2hL%*T +1

E[IX(T+T) —a*’] < T —2hL?)

E[|X (%) — =*||°].

E Analysis in discrete-time

For ease of consultation of this appendix, we briefly describe here again our setting: {f;}%, is a col-
lection of L-smoot}418 functions s.t. f; : R — Rforanyi € {1,...,N}and f(-) := + Zf\; fi(o).
Trivially, f(-) is also L-smooth; our task is to find a minimizer * = arg min,cpa f().

(H-) Each f;(-) is L-smooth.

Mini-Batch SGD builds a sequence of estimates of the solution x* in a recursive way, using the
stochastic gradient estimate Gyg:

i1 = Tk — kG ({zito<i<k, k) , (SGD)
where (1) x>0 is a non-increasing deterministic sequence of positive numbers called the learning
rate sequence. We define, as in Sec.
e h:=1)q.
o adjustment factor sequence ()r>0 s.t. forall k > 0, ¢y, = ng/h.
o {Fi}i>0 the natural filtration induced by the stochastic process {xy }k>o0.
o [ the expectation operator over all the information F.

e [Er, the conditional expectation given the information at step k.

We also report from the main paper some assumptions we might use

(Hwoc) f()isC! and exists 7 > 0 and 2* s.t. (Vf(x),z —2*) > 7(f(2) — f(2*)) forall € R%.
(He)  f(+)is C! and there exists > 0 s.t. |V f(2)]|? > 2u(f(z) — f(z*)) forall € R%.
(Hrst)  f(-) is C! and there exists 1 > 0 s.t. (Vf(z),z — 2*) > &||z — 2*|| for all z € R<.

E.1 Analysis of MB-SGD

E.1.1 Non-asymptotic rates

In Sec. E we defined Xyp(z) to be the one-sample conditional covariance matrix. So that
Covr,_,[Om(zk, k)] = E%iz’“), where by, is the mini-batch size. As commonly done in the
literature [22] and to match the continuous time analysis, we make the following assumption.

(Ho) 02 := sup,cpa ||oms (2)oms (z)T||s < oo, where || - || s denotes the spectral norm.

Last, we define — to match existing proofs of related results [L1,22]143], e, := Gmp (2, k) —V f(xk).

2
_ do?

It follows that E[[le;,[|*] = 5=

Moreover for £ > 0 we define pg11 = Zf:o 1;. We are now ready to show the non-asymptotic
results. But first, we need two (well-known) classic lemmas.

Lemma 5. Assume (H-), then
2

Blf (o) ~ fon)] < (2 — ) B IV @) P] + 255

2 by,

18 As already mentioned in the main paper, we say a function f € C'(R% R™) is L-smooth if, for all
,y € RY, we have ||V f(2) — Vf(y)|| < Ll|lz -y
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Proof. Thanks to the L-smoothness assumption, we have the classic result (see e.g. [45])

L
F@rrn) = flaw) < VF(@r) werr = 2) + 5 o = zl® as. (12)

After plugging the definition of mini-batch SGD, taking the expectation and using Fubini’s theorem,

E[f(xkt1) — f(z1)]

< i [Er, (V1 (re). Guo e )] + LB Gu (i, )
DBV F(20). B (G b))+ S () + e
[Vl + UMENVf@mW2+HQM2+2ka7@m»]

(”%—n)ENVﬂ )+ e, |

IN IN

IN

|6k|| ] + L77 E |:<E]'—k—1[6k]’ Vf(l‘k»]

2
Li? 2 Lda*ni
< (=2 _ . ,
< ( 5 Uk) E [IVf(zx)]?] + T

Lemma 6. Assume (H-), then

E [V (@r)l?] < 2LE[f(2x) — f(2")].

Proof. We have that

B/ - f(an] <B |7 (a0 = 1900 = )| < -7 B (I95@0IP).

where the first 1nequa11ty holds since z* is the minimum and the last inequality uses Lemma|5|in the
special case o2 = 0. |

The following theorem (statement and proof technique) has to be compared to Thm. [I|for MB-PGF.

Theorem E.1. Assume (H-), (Ho). Fork > 0 let k € [0, k] be a random index picked with

probability ;[ p;j 11 for j € {0,...,k} (and 0 otherwise). If h < L, then we have:

E[IVf(=p)lIP] <

(f(xo)—f(x*)) hd Lo} <~}
(her+1) hsDk+1 Z h

Proof. Consider the continuous-time inspired (see Thm. [I) Lyapunov function £(k) := f(xx) —
f(x*). We have, directly from Lemma [5{and using the fact that n;, < L (hence L"’f —np < =1Lk,

BIE(h + 1) — £(0)] = Elf (i) — (o)
2 2,2
(B2 - o) £ 195l + 2

IA

2by,
Lda nk

IN

g 1 () 7] +

Finally, by linearity of integration,
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E[E(k+1) — £(0)] =E

k
doE(+1) - E(i)]

=0

k
D EE(i+1) — £(4)]
1=0

1< 02 u n?
= =5 2 nE[IVf@)l’] : Zb—
i=0 i= v
k
h Ldho? p?
— __F ) )12 27T i 1
5 ;mWMMI+ 5 ;m (13)

Next, notice that, since Zz 0 @Z’i = 1, the function ¢ > wl deﬁnes a probability distribution.
Let k € {0, ..., k} have this distribution; then cond1t10n1ng on all the past iterations {xo, ...,z }

and using the law of the unconscious statistician
L
Er LIV @p)IP] = —— > o)V f(@i)l|ds,
Ph+1 5250
which, once plugged in Eq. (13), gives

2 k
hw BV (o) 2] < 26(0) + 24072 37 00
1=0

The proof ends by using the definition of £. |

The following proposition has to be compared to Thm. [2] for MB-PGF.

Theorem E.2. Assume (H-), (Ho), (Hwoc) and let k be defined as in Thm - If0<h< gy,
then we have:

L < o P dhe? SReE
Elf ) = f0]] < r (i) 7 (hpisr) ; bi

Moreover, if 0 < h < (% — T%) then for all k > 0 we have:

lzg — 2*|? hdo?

271 (hgks1) 27 (hpgat)

k 2
Z 1 + TSDZ+1L)%

i=

E[f(zks1) — f(27)] <

Proof. We prove the two rates separately.

Proof of the first formula : consider the continuous-time inspired (see Thm. [2) Lyapunov function
E(k) == Lk — 2*[|*. We have

E[E(k +1) — E(k)] =

1 1
= §]E [z — 2 — mGus (zn, k)||*] — §E ([l — 2*1?]
2

= —0iE (B, [(Gun (@, k)2 — )] + B [|Gun (i, k)]

2 2
= —nE [(Er,_ [Gus (e, b)), 20 — 2)] + 2B [|VF(@0)]I?] + LEx_, [Jen]?]

dnjpo?
2%y

= BV wn)m— )]+ BR[|V @] +
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where in the second equality we used Fubini’s theorem. We proceed using weak-quasi-convexity and
Lemma

* 771% 2 dU}%U*
BE(k+1) = E(k)] < —mTE [f(zx) = f()] + FE[IVF(@e)IP] +

* 2 * dU%Uf
< —meTE[f(wr) — f(@)] + np LE[f (z) — f(2™)] +

dnjo?

< (Lmi — mo)E [f (zx) — f(2*)] + ST

Next, using the fact that —7n;, + Ln; < —75 for g, < 5 we get
2 2d
EE(k+1) — £(R)] < —ELE[f(wy) — fa™)] + =5 (14)

2 2by,
Finally, by linearity of integration,

=0
k
=ZE[5(Z'+1)—5(Z)]
Fj— k do? & n?
< 5 2mE(f(@) ~ f@) + 5D 5
i=0 i=0 "
T ul * do? : 771'2
= =5 |2 m(fla) = S| + 534
i=0 =0

Proceeding again as in Thm. we get the desired result.

Proof of the second formula : consider the continuous-time inspired (see Thm. 2) Lyapunov function

* 1 *
E(k) := Thew(f (zr) = f(27) + S llzk — 2 2.
Then, with probability one,
Ek+1)—E(k)

= heir (F(resn) = F@) + gl — 2 — Theu(Fla) — f@) — gl — o
= Thogt1(f(Tr1) = f(@r) + e (f (k) — f(27))
+ %”xk — 2" — nkGus @k, k) || — %ka — 2|2
= Tr41(f(Trt1) — f(or)) + T (f(2x) — f(27))
+ %,%HQMB(QSIW E)I? = mi(Gus (k, ), o — 7).
< ok (f (k1) — f(or) + The(f (z1) — f(27))

2
* %”vf(xk) + eill? = me(V f(zn), mp — &%) — i {er, T — ).

2
< Thekr (f(erg1) — fze)) + %va(ﬂfk) + exll® — me{ens Tk — %),
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where in the second equality we added and subtracted 77y (f(xr) — f(z*)) (recall that for k& > 0,
hpgr1 = Zf:o 7;) and in the second inequality the weak-quasi-convexity assumption. Next, thanks
to Lemma 5}

E[€(k+1) — E(k)] =
2 2
< ThrElf (o) = f@e)] + REVF (0 12) + LE]ex )

2 2
= Thoen E[f (wre1) = (o)) + ZE[IVF@0)l) + KBz, (e

ni o npdo?
< ThopnE[f (ze1) = flaw)] + SRV (zo)]” + “ob

Lda2n; nkda

72 72
< vhpuen (55 = m ) BNV A@OIP) + 5 )+ BBVl +

L 2d02(1 + L7
< (ﬂk — (77 _ >>E[|Vf(:ck)||2] 4 M ( 0 Spk+1).

2b
If h < 2/L, then Liz — 1, < 0. Moreover, under this condition, since for all £ > 0 we have

Pk4+1 = Mk, it is clear that @y (L— — nk) < ng (— - ﬁk) Hence

(e 1) - 0] < (2 o (B - ) ) B (19 o) + B ELTE)

It is easy to see that "‘ + TN (L— — Uk) <Oifandonlyif h < % Under this condition, since

E [[IVF(0)]?] =

E[E(k+1) — (k)] < nido?(1 +LT<Pk+1).

2by,
Finally, by linearity of integration,
k
E[E(k+1)—E0)] =E lz Eli+1)— S(i)]
i=0
‘ , do?h? = Y31+ L)
Z (i+1)—=E&@)] = 5 » .

i=0 i=0 v

The result then follows from the definition of £. [ |

The following proposition has to be compared to Thm. 3| for MB-PGF.

Theorem E.3. Assume (H), (Ho), (Hre). If h < 1/L, then for all k > 0 we have:
E[(f(zrs1) = f(@"))] <

K hdL 2 H@ — by 2
— 1 ha; xo) — f(x™)) 0 -~h
(H(l o h )) (f(xo) — f( Z — p hapy) bi
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Proof. Starting from Lemmalwe apply the PL property. I If Lo N, < 0, thatis n < 2/L for all
k, then
Ln? Ldo?n?
Elf (o) ~ fan)] < (2 — ) B 195Gl + 225
Lda?n;

<20 (Lgk —) Elf(on) - £ + 25

Furthermore, if 7, < 1/L for all k then 22 — p, < — T

Ldo?nj,
%

Elf (whir) = fzr)] < —pmE[f (2x) — f(@7)] + (15)

Consider now the Lyapunov function inspired by the continuous time prospective (see Thm. [3):

I =) (fan) — f2%) k>0
£= {(f(él) ~ 1) F—0

‘We have, for k > 0,
E[E(k+ 1) — £(0)]

k
Zg(H 1) —5(1')]
1=0
k

=Y E[E(i+1) - £(3)]
1=0

=E

E

@
Il
=)

H (1 —mp) 1) [f(@ipa) = f(@") = (L = mip) (f (23) = f(27))]

|
Mw

(H 1—mn;p) 1) [f(@it1) = f (@) +mip(f(2i) — f(27))].
§=0

Il
=)

3

Using Lemma3]
E[E(k+1) — £(0)]

& d —1 * Ldo*nz *
<> (I nm (—ﬂmE[f(:vi)—f(w I+ 25 4 Bl - )

where in the first inequality we used Eq. . By plugging in the definition of &,

k . Ldo?n?
T = ) B, (o) = FeD) < foo) — 1)+ 30 [ [T - | 222
=0 =0 \j=0 g

which gives the desired result. n
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Condition Limit Bound

(H-), (Ho) oo E [V | ZLZE
(H-), (Ho), (Hwoo) | limy oo E [f(z}) — f(z*)] | 2122t
(Ho), (Ho), (Hr) | limy oo E[f(ag) — f(27)] | L0

Table 5: Ball of convergence of MB-PGF under constant ¢, = 1 and by, = b. For k > 0, 41 =
Zf:o ¥; and k € [0, k] is a random index picked with distribution 4; /@41 for j € {0,...,k} and
0 otherwise.

E.1.2 Asymptotic rates under decreasing adjustment factor

Can be derived easily using the same arguments as in App. with the same final results.

E.1.3 Limit sub-optimality under constant adjustment factor

In this paragraph we pick 1, = 1 and b, = b for all £ and study the ball of convergence of SGD. The
results can be found in Tb. |5} The only non-trivial limit is the one for PL functions.

By direct calculation.

k

E[(f(ean) ~ 1] < (- ) (F (o) — F4) + 20 31— g

=0

< (U= b (F o) — £) + P22 S0 gy
=0

0_2 2
= (1= hu)* " (f (o) — f(z¥)) + L;Zhg;il '

Where we used the fact that for any p < 1, > p; = ilp. The result then follows taking the limit.

E.1.4 Convergence rates for VR-SGD (SVRG)

Theorem E.4. Assume (H-), (Hrst) and choose &, = k — Z;’il Ok—jm (sawtooth wave), where
d is the Kronecker delta. Let {xy, } 1> be the solution to SGD with VR with additional jumps at
times (jm)jen: we jump picking 1)y, uniformly in {Tp} jm<p<(j+1)m- Then,
1420%h%m \’
E i — * |12 _ o rem K 2.
loim = a*1] = (g ) o0 =1

Proof. Start by computing
1 *
E okt —271)
1
= §E [Haﬁk — 5(}* — thR(k?)HZ}
= —hE[(Vf(zx), 2x — 2*)] + L*W*E[||Gvr (k)]
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where we used the fact that Gyg is unbiased. Consider iterations jm < k < j(m + 1). Our choice of
& fixes the pivot to ,,,. Using smoothness, Cor. 4| and the restricted-secant-inequality, we get,

1 1

LE [Joxss - a*[%] - 2E [Jow —=* )

< N (V@) on — )]+ LI [l — 2] & L2I2E [ — o]
< "B [l — ot 7] + 2027 [flos — ¥ + LRE [y — )

= (= 2L E [l — 7] + LW [y — o]

Finally, summing from jm to j(m + 1), we have

1 1
S [ljomeny = 2*I°] = SE [ljm — *[17]

hm 2 T *112 272 *12
<-—5 (- 2LMWL;S E [llzt — 2* %] + L2h*mE [||zjm — 27||*] .
=jm
Therefore, dropping the first term,
jm+m 1
E [|lz(j11ym — «*|?] Z E [[lax — 2]
k—jm
Redefining (jumping t0) (1) ~ U({ Tk} jm<i<(j+1)m)> We get
14+ 2L%h%*m
Elllzjimsr) — H ] < m [Hffjm —x*HQ} .

F Time stretching

Theorem F.1 (Restated Thm. [3 ' Let { X (t) }+>0 satisfy PGF and define 7(-) = ¢~ '(-), where
fo s)ds. Forallt > 0, X (7(t)) = Y (¢t) in distribution, where {Y (t) }>¢ satisfies

aY (1) = ~V (Y (£))dt + hﬁj”((:(g))) (r(t)) dB(),
where {B(t)}y>o is a Brownian Motion.
Proof. By definition, X (t) is such that
= [vmwsecenars [ oot ase)

Therefore

— [ msisenars [ vy ot s

:=B
Using the change of variable formula for Riemann integrals, we get
7(t) t
A= ; P(r)V (X (r))dr = —/O (1) d(r(r)) - V(X (r(r)))dr =
A
= /0 MVf(X(T(r)))dr.
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Using the time change formula (Thm. [B.4) for stochastic integrals, with v(r) := ¢ (r) %a(r),

() h
= [ vy e aser = [ UEE

/ ni‘ESZS

All in all, we have found that

ooy [ G
| s+ [ o) aB

By Def. [2, this is equivalent to saying that Y := X o 7 satisfies the differential in the theorem
statement. ]
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