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Abstract

Modern machine learning models are often over-parameterized and as a result they can interpolate
the training data. Under such a scenario, we study the convergence properties of a sampling-
without-replacement variant of Stochastic Gradient Descent (SGD), known as Random Reshuffling
(RR). Unlike SGD that samples data with replacement at every iteration, RR chooses a random
permutation of data at the beginning of each epoch. For under-parameterized models, it has been
recently shown that RR converges faster than SGD when the number of epochs is larger than the
condition number (k) of the problem under standard assumptions like strong convexity. However,
previous works do not show that RR outperforms SGD under interpolation for strongly convex
objectives. Here, we show that for the class of Polyak-L.ojasiewicz (PL) functions that generalizes
strong convexity, RR can outperform SGD as long as the number of samples (n) is less than the
parameter (p) of a strong growth condition (SGC).

1. Introduction

We consider finite-sum minimization problems of the form

min{f(x) = ;;f(:v;i)}- (1)

Stochastic gradient descent (SGD) is a popular algorithm for solving machine learning problems of
this form. A significant amount of effort has been made to understand its theoretical and empirical
properties (Bottou et al., 2018). SGD has a simple update rule in which a sample 7;, is chosen
randomly with replacement at each iteration to compute z¥T! = ¥ —n*V f(2*; 4 ). This is cheaper
than using the full gradient at each iteration. However, it is well known that the convergence rates of
SGD, O(3) and (’)(ﬁ) for strongly-convex and convex objectives respectively (Nemirovski et al.,
2009), are worse than those of full gradient descent.

Given the increasing complexity of modern learning models, a practically-relevant question
to ask is how SGD performs in over-parameterized settings, under which the model fits or inter-
polates the data completely. Previously, it has been shown that SGD can achieve a linear con-
vergence rate like full gradient descent under various interpolation conditions for strongly-convex
functions (Moulines and Bach, 2011, Needell et al., 2014, Schmidt and Roux, 2013). An assump-
tion that is weaker than strong convexity which allows full gradient descent to achieve a linear rate
is the Polyak-FL.ojasiewicz (PL) condition (Polyak, 1963). Recently, the PL condition has gained
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Table 1: Number of gradient evaluations of each algorithm to obtain an e-accurate
solution, which is defined as ||z — z*||> < e and f(z) — f(2*) < € for p-strongly
convex and p-PL objectives respectively. (" All results hold under interpolation.

Citation Algorithm  p-Strongly Convex u-PL
Needell et al. (2014) SGD % -
Vaswani et al. (2019)@ SGD a% -
Mishchenko et al. (2020)®  IG n% -

RR n -
Bassily et al. (2018) SGD - %
Vaswani et al. (2019) SGD - ﬁ
Nguyen et al. (2021)® IG - N

RR . %
This work (SGC) IG - ny/phmes

RR - Vi/p F T n e

(M We ignore numerical constants and logarithmic factors.
@ For pu-strongly convex objectives, Vaswani et al. (2019) assume a weak growth condition (WGC), i.e.
LS NIV (9|l < 20L[f(x) — f(a™)]; for p-PL, they assume the SGC. Note that L < Lmax,

o < Imax and p < Lr;ax (Mishkin, 2020).

© Mishchenko et al. (2020) assume that each f (+;4) is convex. We do not make this assumption.
©® The dependence on € outside of a logarithmic factor in the results of Nguyen et al. (2021) yields slower
sublinear convergence rates.

popularity in machine learning (Karimi et al., 2016) and it has been shown that several overparam-
eterized models that interpolate the data satisfy the PL condition (Bassily et al., 2018, Oymak and
Soltanolkotabi, 2019, Soltanolkotabi et al., 2018). Notably, under interpolation and the PL condition
SGD can achieve a linear rate similar to full gradient descent (Bassily et al., 2018, Vaswani et al.,
2019). This paper shows that further convergence gains can be achieved under the PL condition and
an interpolation assumption when a sampling-without-replacement counterpart of SGD, known as
Random Reshuffling (RR) is used.

RR has long been known to converge faster than SGD empirically for certain problems (Bottou,
2009, 2012). However, analyzing RR is more difficult than SGD because (conditioned on the past
iterates) each individual gradient is no longer an unbiased estimate of the full gradient. Thus, the
analysis of RR has only emerged in a series of recent efforts (Giirbiizbalaban et al., 2021, Haochen
and Sra, 2019, Nagaraj et al., 2019, Safran and Shamir, 2020). Previous works have shown that
RR outperforms SGD for strongly-convex objectives in various under-parameterized settings, when
the the number of epochs (7) is larger than the condition number of the problem (x). However,
in the over-parameterized settings current convergence rate analyses do not show that RR is faster
than SGD (see Table 1). In this work, we address these questions by analyzing RR (and IG) for
PL functions under the strong growth condition (SGC) interpolation condition (Schmidt and Roux,
2013). Under the SGC, we give an explicit convergence rate for RR (and IG) that can be faster than
the best known rate for SGD. These advantages of RR do not exist for current analyses of convex or
strongly-convex functions.



1.1. Problem Statement

The update rule of Random Reshuffling (RR) is as follows:
x§-+1 :x§—n§Vf(x§;ﬂ§+1). )

That is, at each epoch t € {1,2,..., T}, w* is chosen randomly from the set of all possible permuta-
tions, and 7r§+1 is sampled without replacement from the set {1,2,...,n} for j € {0,1,....,n — 1}.

Note that zg £ zj is the initialization and 3:6“ = z! Vt > 1. A deterministic counterpart of RR is

the Incremental Gradient method (IG), where 7! is deterministic and fixed over all epochs. For IG,
we take the ordering to be cyclic, i.e. 7T§-+1 =j7+1

1.2. Assumptions

In this section, we present the assumptions made in our analyses. First, we give the definition of the
Polyak-t.ojasiewicz (PL) inequality

Assumption 1 (u-PL) There exists some i > 0 such that
N 1
flx) = f Siﬁﬂvf@ﬂﬁ Va € dom(f), ()

where [* is the optimal value of f.

PL implies that every stationary point of f is a global minimum, but is weaker than strong convexity.
The textbook example of a non-strongly convex function that satisfies PL is that of least-squares (see
Karimi et al., 2016). More recent literature shows that PL condition holds for more complex over-
parameterized models, including several classes of neural networks that interpolate under square
loss (Soltanolkotabi et al., 2018). Second, we assume that the individual functions are smooth.

Assumption 2 The objective f is L-smooth and each individual loss f(-;1) is L;-smooth such that
Va, 2" € dom(f)

IVf(z;i) = V@' i)]| < Liflw — 2| 4)
Denote Lyax = max L;. We assume f is lower bounded by f*, which is achieved at some x*, so
= f(z*). We Cll;‘O assume that each f(-;1) is lower bounded by some f;.
Next, we formally define interpolation.
Assumption 3 We are in the interpolating regime, which we take to mean that

Vi@*)=0 = Vf(z*i)=0. 3)

Thus, by interpolation we mean that stationary points with respect to the function f are also station-
ary points with respect to the individual functions f(-;). Finally, we introduce the strong growth
condition, which is stronger than interpolation as it implies Assumption 3.

Assumption 4 (SGC) There exists a constant p > 1 such that the following holds

SV < pIVI@P Vi € dom(). ©
=1



For smooth functions in interpolating settings, the SGC is related to PL. Concretely: under interpo-
lation, a smooth and PL objective f also satisfies the SGC with a p that is at most Lmax (Vaswani
et al., 2019, Prop. 2). There are also other interesting function classes, not necessarily PL, that
satisfy the SGC. The proposition below extends (Vaswani et al., 2019, Lem. 1) to a function class
that includes squared-hinge or logistic losses as special cases.

Proposition 1 Assume binary linearly-separable dataset (a;,y;),i € [n] of size n with margin
T 1= arg max||;|,—1 Minjgpy,] yial'x > 0, normalized features ||a;||2 < 1 and y; € {£1}. Let
f(z;4) = L(yial'z) for a smooth monotonic function £. Then, SGC (6) holds with p = n/7>.

We also consider a relaxation of the SGC that does not require the data to be fit exactly (Cevher and
Vi, 2019, Polyak and Tsypkin, 1973).

Assumption 5 There exists constants p > 0 and o > 0 such that the following holds: Yx €

dom(f).
S IV )2 < V) + 0 @
=1

Assumption 5 reduces to the SGC when o = 0, and reduces to the bounded variance assumption
LS IV f(2;d) — Vf(2)]|> < 02 when p = 1, which is commonly used in the analysis of SGD
(Bottou et al., 2018).

2. Related Work

Optimization under the PL condition The PL inequality (Assumption 1) was first explored
by Polyak (1963) and Lojasiewicz (1963). It applies to a wide range of important machine learning
problems such as least square and logistic regression (over a compact set) (Karimi et al., 2016).
More generally, any function of the form f(z) = g(Az) for a matrix A with a g being p-strongly
convex satisfies the p-PL condition. Some over-parametrized models such as deep neural networks
may contain stationary points that are sub-optimal, which is incompatible with the PL assumption.
Nevertheless, several works have argued that considering a local PL condition around minimizers
can be used as a model for analyzing the effectiveness of SGD in training deep neural networks (Liu
et al., 2022, Oymak and Soltanolkotabi, 2019). Polyak (1963) showed that full gradient descent can
achieve linear convergence rate under the PL condition. But it has recently been highlighted that the
PL condition can be used to show linear convergence rates of a variety of methods (Karimi et al.,
2016). Typically, the PL condition leads to similar convergence rates as those obtained under the
stronger condition of strong convexity. In the case of SGD under interpolation, it has been shown
that the rate of SGD under the PL condition is linear (Bassily et al., 2018, Vaswani et al., 2019).
However, the convergence rates for SGD under interpolation for p-PL functions are slower than
those for strongly convex functions (see Table 1).

RR for Under-Parameterized Problems The difficulty in the analysis of RR arises because of
the bias in the conditional expectation of gradients, i.e. E[V f(z}; 7t ;) | 2t|# Vf(z}). An early
attempt to analyze RR by Recht and Ré (2012) was not successful because their noncommutative
arithmetic-geometric mean inequality conjecture was proven to be false (Lai and Lim, 2020). The
non-asymptotic convergence properties of RR have only been addressed recently. Haochen and Sra



(2019) give the first convergence result of (’j(ng—lT2 + %) where 7' is the number of epochs. The rate
of RR was improved by Nagaraj et al. (2019) to @(ﬁ) when T' > k2 by assuming component-
wise convexity of each f(-;7), with a matching lower bound of Q(#) given by Rajput et al.
(2020). Note that this rate is faster than the @(%) rate of SGD when the large epoch requirement
is satisfied. Mishchenko et al. (2020) obtain the same rate of @(ﬁ) but only require 7' 2 k. Their
analysis is also dependent on the underlying component-wise convexity structure. Ahn et al. (2020)
remove this dependence and obtain the same rate with 7' 2 . However, their analysis relies on each
f(+;4) being G-Lipschitz (||V f(-;4)|| < G for all 7), which may require a constraint on problem (1)
and a projection operation is needed to ensure the iterates are bounded (Ahn et al., 2020, Nguyen
et al., 2021). Besides this, Nguyen et al. (2021) have given a unified analysis for shuffling schemes
other than RR. Safran and Shamir (2020) have provided a lower bound of Q(% + ;’;—i) when fisa
sum of n quadratics. In a more recent work, they have shown that RR does not significantly improve
over SGD unless 7' is larger than « in the worst case (Safran and Shamir, 2021). Our analysis does

not make the component-wise convexity or G-Lipschitzness assumption.

RR for Over-Parameterized Problems Despite the widespread use of RR for training over-parame
terized models, there is relatively little literature analyzing this setting. Haochen and Sra (2019)
show that the convergence rate of RR is at least as fast as SGD under interpolation even without any
epoch requirements. However, the result of Haochen and Sra (2019) does not show that a gap in the
rates can exist and only applies in the degenerate case where each function is strongly-convex.! We
can also obtain results under interpolation as special cases of the results of Mishchenko et al. (2020)
and Nguyen et al. (2021). However, in the interpolation setting the rates obtained by these works
for convex and strongly-convex functions are slower than the rate obtained by Vaswani et al. (2019)
for SGD (see Table 1). To our knowledge this is the first work to show RR can outperform SGD in
an over-parameterized setting.

3. Contributions

Our main contributions are summarized as follows:

» For u-PL functions satisfying the SGC, we derive the sample complexity of RR to be

@(L’Z‘"‘X\/ﬁ p+1+mn). In comparison, the sample complexity of SGD in this case is

(’)(%p). Hence, RR outperforms SGD when p > m and L, ~ L without requiring a
large epoch. The situation p >> n happens when there is a large amount of disagreements in
the gradients. This is in clear contrast with the strongly convex case where existing bounds
for RR do not show any gains over SGD.

* While the choice of RR over SGD under the SGC crucially depends on the relative magnitude
of p and n, we show that RR consistently outperforms IG for both small and large p. Moreover,
IG can outperform SGD for the p-PL case when p > n? and L. ~ L.

1. This setting is uninteresting under interpolation because we could solve the problem by simply applying gradient
descent to any individual function and ignoring all other training examples.



4. Theory Results

We present the convergence results of RR and IG for u-PL objectives under SGC. Below, we use

a constant step size . When comparing our results to SGD, we assume L ,x ~ L, and denote
P — LI’H&X L
K = =max ~, 2

iz I
. . 1
Theorem 1 (u-PL + RR) Suppose Assumptions 1,2,5 hold, and choose a step size n < Ty pTEwe
Then, we have for RR that
N 1 T N 4L12n Xn2n02
E{f () = @] < (1= graum)” (F(wo) = [7) + == . ®)
) . , _ 1
Further assuming SGC (Assumption 4), we obtain for n = NG TR sy that
Vn T
E[f(2l) — f(a* 1— z0) — f*). 9

With a proper choice of 7, we can in fact translate (8) into a sample complexity of @(H\/ﬁ\/ p+1+n+
”\/\/%U); see Corollary 1 in Appendix. Comparing this with @(Iip + K\/‘/%U) for SGD (Vaswani et al.,
2019), we see that RR performs better than SGD provided n < p. Setting ¢ = 0 reduces to the

result shown in Table 1.

Theorem 2 (u-PL + IG) Suppose Assumptions 1,2,5 hold, and choose a step size n < s———

Then, we have for IG that eV
P = 17 (= S (o) — )+ 20 (10

Further assuming SGC (Assumption 4), set ) = m to obtain
P = 17 < (= ) (o) — ). (an

B 4/£\/ﬁ

The sample complexity of IG for the y-PL case is @(ﬁn\/ﬁ—i— %)’ see Corollary 2 in the Appendix.
Under SGC, this is worse than RR whether n < p or n > p. IG is also worse than RR in the case
of o # 0 due to the extra factor of \/n in the 2" term of the sample complexity. On the other
hand, IG can outperform SGD under SGC, provided that n? < p. In summary, under SGC and PL,
RR always outperforms IG, and also, it outperforms SGD in ill-conditioned or low-sample regimes

n < p. Moreover, when n? < p IG outperforms SGD.

5. Conclusion

In this paper, we have derived convergence rates of Random Reshuffling under interpolation as
implied by the SGC for u-PL objectives. In this setting, Random Reshuffling converges faster than
SGD provided the key condition p < n helps. Moreover, we show that IG can outperform SGD
when p < n?, and RR outperforms IG whether p is small or large. We remark that none of these
conclusions follows from previous analysis under the strong convexity assumption.
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Appendix A. Key Lemmas

We draw ideas from Nguyen et al. (2021) and Mishchenko et al. (2020) to construct our proofs. The
high-level idea is to first bound the decrease in the objective value (see Lemma 2), then bound the
progression term 7' ||z} — z}||? for IG and E[> 7~ ||z} — x}||?] for RR respectively (see Lemma
3 and Lemma 4). In this section, we present these lemmas that will be used in the theory proofs.
Lemma 1 is a restatement of (Mishchenko et al., 2020, Lemma 1).

Lemmal Ler Xy, ..., Xy, be agiven set of vectors in R? denote their average to be X = % Yo X
and population variance to be 0* = 2 31 ||| X; — X ||, Fixke {1,...,n}, let Xz, ..., Xr, be sam-
pled uniformly without replacement from { X1, ..., X, } and X be their average. Then the following
hold true
_ _ _ - n—=k
EX.] =X E[| X, — X[ = ——<0". 12
X 1% = XIP) = =550 (12

Lemma 2 is proved in (Nguyen et al., 2021, Lemma 8). Here we replace L with L,,x and take

the step size 7 to be constant for all iterations and epochs.

Lemma 2 Suppose Assumption 2 holds. Given a shuffling scheme {r}; and a constant step size
such that n < ﬁ, we have the following:

nn 77
Flag™h) < f(20) = S IV F(0)1* + L ZHOE — gl (13)
Taking total expectation over the randomness

E[f(o5)] < BLf ()] - S IV h)IP maX”ZEnx —al s

The remaining Lemmas 3-4 concern the update rules in Eqn (2). Recall that :cé“ = L vt > 0.
Also recall that for RR the permutation vector 7! is chosen randomly at each epoch ¢ while it is fixed
for IG. Lemma 3 will be combined with Lemma 2 in the proofs of IG.

Lemma 3 Suppose Assumptions 2, 5 hold. For a step size n < NET L , it holds for IG that
n—1
D llwt = abl® < 20?0’ p||V £ (h) |1 + 2070’07, (15)
i=0

10



Proof By the update rule

1—1

lf — b1 = n?1 Y VF (a5 + 1))
j=0

i—1
=D V@l +1) = Vf(ahij+1) + V(i + 1))
7=0

1—1 i—1
< 2772IIZ Vil j+1) = V(g i+ DII° + 2172!\2 Vf(zh; i+ 1)
j=0 Jj=0
i—1 i—1
< 2% |V f (ki +1) = V(b g+ DIP+ 2% IV f(zhi g + 1)
7=0 7=0
i—1 i—1
<2 L >l — b )|* + 2070 Y [V (s j+ 1)1 (16)
j=0 j=0

Summing over i = 0, ...,n — 1 gives
n—1 -1 n—1 n—1 n—1
D llwf — @bl < 207 Lo Y llah — bl Y i+ 207 Y [V f(ahid + DIPD i
i=0 j=0 i=0 j=0 i=0
n—1 1 n—1
< L™ Yl — f||* + n'n’~ D IV F(at;i+ DI
j=0 §=0

n—1
< PL2 Yl — ab |2 + 0P (ol £ () + o)
§=0

n—1
= 1" Lot Il — af|® + 0?0’ p||V f ()1 + 1Pno. (17)
j=0
Finally, choosing n < ﬁnleax leads to
n—1
>t —abll® < 2P0’ p| V£ (@b)|? + 20°n’ . (18)
i=0
|

Lemma 4 below will be combined with Lemma 2 in the proofs of RR.

Lemma 4 Suppose Assumption 2, 5 hold. For a step size 1 < ——~—— the following holds for RR

\/gnl/max
n—1
B[S llat - ahl1?] < 4n®n2(p+ 1+ mE[IV £(wh) ] + 4n*n?0> (19)
=0

11



Proof By the update rule

1—1
lf — 2h|1> = P> V(b mh )]
j—O
_ 2
=17 HZW — Vf(himty) + V(b rh) — Vb)) + Vi)
7—1 1—1
<321 S VF@h i) = Vb wl )1 + 301D Vi (ahiwhig)
j=0 j=0
— Vf(@h)|* + 3 ||ZVf )|
7=0
1—1
S317%Z\|Vf(:17§;7r§+1)—Vf(xé;ﬂ§+1)||2~l—317 ZQH*ZV]P 1‘07 ]+1)
7=0 7=0

—Vf(wé)H2+3n 2|V f ()|
< 31 szaXZ||x§—w6H2+3n zzH*ZVf zhimhy) = V(b)) (20)

+3n 12\\Vf(wo)ll2

Let o! be a sigma algebra on the iterates {x(l), ...,z }. We take conditional expectation w.r.t o and
apply Lemma 1 to find that

1 i—1 1 n—1
B[ 3 Vi ahintin) = VIEDIP] = 7= SV Ghid + 1) = VA
7=0 7=0
n—1
= LRIV + DI + 29
j =0

ey

Take conditional expectation of (20) and substitute (21) back

. -1
i(n—i) 1% .

E|ll2t - zbllo’] < 3n szaXZEHx = afllot) + 60 DIV (el + 1P

=0

oy D )HVf( DI +30%4% 1V Fah)]? )

i(n—1
< 8L S Bl bl + 607 = v a7 + o)+
7=0
i(n—1
6 D () P+ 3022 ) 3)

12



Next, take total expectation and sum over ¢ = 0,...,n — 1:

i
L

n—1 n—1 n—1
. 1 . .
B[t — 2bll?] < 302 L2 B lah — b2 Y i+ 602 —— (oI V S h)P) +0%) D iln — i)+
i—0 =0 i—0 :

I
o

n—1
617 —E IV f(x Z (n— i) + 30°E[|V £ (2f)]%] D 2
=0

1=0
< 32 B3 et — P + 2T S + 200
2 max’? J 0 mnep o e
§=0
2RIV S+ 2w BV ) 24)

_3
57 L’ lew = ag|P"] + 20°n*(p + 1+ n)E[|V £ (20)[] + 20°n*0”.

(25)

In (24), we have used Y0 < %, S0 i < % and Y i(n — i) < "2("3_1). Choosing
n < \/EL —, we have

ZHx zh|12] < 4n*n?(p + 1+ n)E[|V f(zh)[|?] + 4n*n*o?. (26)

Appendix B. Convergence Proofs

B.1. Proof of Proposition 1

Proof We consider smooth monotonic non-increasing functions of the form f;(z) = I(y;alz) =
l (sz) where z; = y;a; and a; is the feature vector for the ith sample We assume the values

of z; are properly normalized such that matzZH < 1. Define z* = argmaxmin z/z and 7 =
lzfla=1 ¢
max mlnz z. Then we have
zlla=1 <
1 o 1 o
. ',
1= V@i = 1= 1 (e 2)zl3. 27)
i=1 i=1
(28)
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Note that for a vector u, its 2-norm is ||u|ls = Hrr‘l‘ax vTu. Hence, we have the following
o—1

H% > Vi3 > (l SO0 T )l )
i=1 ‘

n =1
1~
i=1
J A 1 ,
= 72{? 2 l (leac)2 + 2 ;l (z;‘rq:)l (z]Tx)}
> T2<1 En:l/(z»Tx)Q) (29)
T on\n& !

IV
s |
VN
SEE
INgE
—
N
=g
B
s
=
o
N—

= IV f(234)]12, (30)

where the inequality in (29) follows because [ is monotonic, that is ! (tl)ll(tg) > 0 Vt1,t2 € R,
Therefore, we have the following

1 NPT I e
n;llvf(m)ll = Tzlln;Vf(w)Hz

= pllVf ()], G
where p = . |
B.2. Proof of Theorem 1
Apply Lemma 2 and Lemma 4

nT/ m Xn
E[f(x5")] < E[f(20)] = < ElIVF(20) "] + == (40 n®(p + 1 + n)E[|V f (w0)|I*] + 4n*no

n
2”[1 —ALg e n(p + 1+n>] IV F(@)I?] + 2L5’n®0®. (32)

Further use the PL inequality in Assumption 1 to arrive at

E[f(zp™) = f(@)] S E[f(zf) — f(a")] = nyp[l — ALY o n(p + 1+ n)|E[f (xh) — f(2")]+

2L2 . n*n’c?. (33)
. < 1 .
Choosing n < VB L/ M) gives
* 1 *
E[f(25"") = f(2")] < (1= Srum)E[f (w) = f(@")] + 2L n 0™, (34)
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Solving (34) recursively for ¢t = 1, ..., T gives

T

* 1 . 1 ,

E[f(xf ™) = f@*)] < (1 - inuﬁ)T(f(x(l)) — f(@*) + 2L2 Py (1 - Snum)’. (35)
Jj=0

This implies (recalling that x} = z0):

E[f(]) ~ f)] < (U= Sopan)T (@) — F(2")) + 2L0uPn?o® S (1= Smpim)?
=0

2
< (1= )" (F(20) — F(a") + 2L ®n?0(—)
_ 2 max TL/M’]
1 . 412 . n*no?
= (1= )T (flawo) = f(a)) + = (36)
Note that for (36) to hold, we require < min{ Nl /i) V3 Lmaxn} because of Lemma
4. This condition becomes 1 < ENC TN Tpra as EN TN Tprs e < T Under
SGC, substitute o = 0 with n = L to obtain the desired result.

2\/§Lmax \/n(P+1+n)

B.3. Sample Complexity for Strongly-Convex Objective under RR

1

Corollary 1 Suppose Assumptions 1,2,5 hold. Assume f is p-strongly convex, choose 1 = min{ T Tyt
max\/ N P n

WLT log( (f(xo)zg(x*)z)ugﬁn)}, and define k £ L’Z‘”. Then we have for RR

max?

_ 2

n /{,20'
Bl (e]) — £a)] = O (exp(~— ) (fa) — F) + 2 0). @)

kvp+1+n nuT?
Proof For the case 1) = - i3 ln( 0 < WLT log(Y (Io)zg (:22)“ 3Tz"), substitute this 7 into
(36) '
T * vn T * o
Elf(z,) — f(2")] < (1_4\@'€\/m)) (f(@o) — f(= ))‘i‘m
Tyn oy, 16L300% 0 5 (f(zo) = f(2*))p*T?n
< eXp(_4\/§H\/m)(f( 0) - f(.%' )) + nN3T2 1 ( Lr2naxa2 )
A T/n . k20
—O(GXP(—W))U(@”O)—f@ ) + nMTQ)' (38)
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_ < _ _
B (E) — (o) < exp(-"E 2 10g U0 ZLEINEL) 1) — famy+
4L?ﬂaxn02 4 lo 2((f($0) — f(x*))MSTQ”)
po n?plT? L3 ax0?
_ L?naxo-2 + 16L?naxo-2 1 2((f(I0) _ f(x*))M3T2”)
~ p3T?n w3T?n L2, . 02
~ :‘Q20'2
= O(m)- (39)

Combining (38) and (39), we obtain

T\/n )A /€20'2>
kp+1+n nuT?)’

where Ag = f(x0)— f(«*). This translates to a sample complexity of O(k+/n\/p + 1 + n+ “‘/ZJ)

ELf(e}) — f(a*)] = O (exp(- (40)

N
where logarithmic factors are ignored. |
B.4. Proof of Theorem 2
Proof Apply Lemma 2 and Lemma 3
n L3 ax?
P < £(wh) = B Hh) 2+ 22 2ol V £ ()] + 200%0?)
nn
= f(ap) = 5 (1= 2L n?p) [V £ (20)II* + Liaxn®n’o™. (41)
Choose n < m and apply PL inequality in Assumption 1
Flag™™) = f(2*) < (1= Snum)(f(z6) — f(2") + Liaxn’n’o™. (42)

2

Solve (42) recursively

T
P = Fa) < (U Srn)(F(d) — (@) + Dt®n®® 301 S (43)
7=0

2
This implies
FGE) = £) < (1= ST (F (o) = F)) + LrPn®e® 3 (1= Sngim)
=0
< (1= o) (Flan) = 1) + ()
2 2,2 2
= (1= )T (o) = (")) + 20 “
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Note for (44) to hold, we require 7 < min{ 5 Lmlax NG fnlL } as we used Lemma 3. This reduces

ton < 5 L TP provided p > 1. Under SGC, set 0 = 0 and substitute n= 57 Lm 75 We obtain
the desired result. u

B.5. Sample Complexity of Strongly-Convex Objective under IG
Corollary 2 Suppose Assumptions 1,2,5 hold. Assume f is y-strongly convex, setn = min{m,
WLT log( (f(x‘));gjf;%)”g’ﬂ )}, and define k £ Lr;f*". Then we have for IG

T * 2 —T * ’1202
£ = 1) = O(exp () (Fla0) = £09) + 77 (45)
Proof First consider = m < W log((f (xo)]:gf ({3)“ 3T2)
FT) - 1) < 0 T o)~ fa) +
- 4r\/p 4up
-T * 8ngnax0—2 2 f(.’IJ()) — f(x*):ugTQ
< e =)o) — £(0)) + = B tog? (R
~ =T N K2a?
- o(exp(w)(f(zo) — f(a) + W> (46)
For n = 1og((f(9”°);g{jf;%)“w) <3 ﬁnleax 7
T 2 * 3T2
k) = ") < exp(="50 2 tog( LTI ) — o)+
2L?nax 20? 4 2 (f($0) — f(x*)):U'gTZ
e o Liax0? )
L?nax § 8L12nax (f(x ) — f( )) 3T2
= wre T ere ! T Liax0” )
252
O( T2 ). (47)
Combine (46) and (47) together
T N ~ =T K202
fa) = 1%) < Oexp () do ) (48)
where Ay = f(xo) — f(z*). This translates to a sample complexity of O(nn\[ + 3’1") where
logarithmic factors are ignored. |
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