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Abstract

In recent centralized nonconvex distributed learning and federated learning, lo-
cal methods are one of the promising approaches to reduce communication time.
However, existing work has mainly focused on studying first-order optimality
guarantees. On the other side, second-order optimality guaranteed algorithms,
i.e., algorithms escaping saddle points, have been extensively studied in the non-
distributed optimization literature. In this paper, we study a new local algorithm
called Bias-Variance Reduced Local Perturbed SGD (BVR-L-PSGD), that com-
bines the existing bias-variance reduced gradient estimator with parameter pertur-
bation to find second-order optimal points in centralized nonconvex distributed
optimization. BVR-L-PSGD enjoys second-order optimality with nearly the same
communication complexity as the best known one of BVR-L-SGD to find first-order
optimality. Particularly, the communication complexity is better than non-local
methods when the local datasets heterogeneity is smaller than the smoothness of
the local loss. In an extreme case, the communication complexity approaches to

©(1) when the local datasets heterogeneity goes to zero. Numerical results validate
our theoretical findings.

1 Introduction

Distributed learning is an attractive approach to reduce the total execution time by utilizing the
parallel computations. However, the communication time in distributed learning can be a main
bottleneck in the entire process due to huge parameter size typical in deep learning or low bandwidth
communication environments.

To reduce communication time, one of the promising approaches is the usage of local methods
such as local SGD (also called as Parallel Restart SGD or FedAvg). In local SGD, each worker
independently executes multiple updates of the local model based on his own local dataset, and the
server periodically communicates and aggregates the local models. Many paper have studied local
SGD [26} 13117, 16l 116 (14} 129, 28]]. Particularly, for convex objectives, it has been shown in [28]], for
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the first time, the communication complexity (that is the necessary number of communication rounds
to achieve given desired optimization error) of local SGD can be smaller than the one of minibatch
SGD when the heterogeneity of the local datasets is extremely small. In traditional distributed
learning, the local datasets are typically random subsets of the global dataset and in this case the
heterogeneity of the local datasets may become quite small. However, in the recent federated learning
regimes [17, 25 [19], it is often the case that the heterogeneity of the local datasets is not too small.
Also, the analysis in [28]] has only focused on convex cases. Hence, the superiority of local SGD to
minibatch SGD is still quite limited.

Recently, more communication efficient local methods than local SGD have been proposed for
possibly nonconvex objectives to guarantee first-order optimality [[13} 23} [20]. SCAFFOLD [13]
is a new local algorithm based on the idea of reducing their called client-drift by using a similar
formulation to the variance reduction technique [[11]. They have shown that the communication
complexity of SCAFFOLD can be smaller than the one of minibatch SGD for not too heterogenous
local datasets under the quadraticity of the (possibly nonconvex) local objectives, which is quite
limited. For general nonconvex objectives, the communication complexity of SCAFFOLD is same
as minibatch SGD. More recently, Murate and Suzuki [20] have proposed Bias-Variance Reduced
Local SGD (BVR-L-SGD). BVR-L-SGD utilizes their proposed bias-variance reduced estimator
that simultaneously reduces the bias caused by local gradient steps and the variance caused by
stochastization of the gradients in local optimization based on the formulation of SARAH like
variance reduction [21]. They have shown that the communication complexity of BVR-L-SGD is
smaller than minibatch SGD for not too heterogeneous local datasets for general nonconvex objectives.
Specifically, BVR-L-SGD is superior to minibatch SGD when the Hessian heterogeneity of the local
datasets is small relative to the smoothness of the local loss in order sense.

On the other side, there are vast work that has studied second-order optimality guarantees, which is
much more challenging to ensure but desirable than first-order one, in non-distributed nonconvex
optimization. Several approaches are known and one of the simplest approaches is parameter
perturbation [4, [8, [10]. However, almost all existing analysis of local methods have only focused
on achieving first-order optimality. As an exception, Vlaski et al. [27] have analysed second-order
guarantees of local SGD with parameter perturbation, but the obtained communication complexity is
much worse than the one of minibatch SGD and no benefit of localization has been shown.

Open question. For local methods, it is not well-studied how to find second-order optimal points
with low communication cost and thus we have the following research questions:

Is there a first-order distributed optimization algorithm with second-order optimality guarantees
which satisfies that (i) the communication complexity is smaller than non-local methods for not too
heterogeneous local datasets; and (ii) the communication complexity approaches to ©(1) when the
heterogeneity of local datasets goes to zero?

Note that the both properties are desirable in distributed optimization. We expect that local methods
are superior to non-local methods for not highly heterogeneous local datasets. Furthermore, when the
local datasets are nearly identical, it is expected that a few communications are sufficient to optimize
the global objective. Only in the case of first-order optimality, Murata and Suzuki [20] have shown
that their proposed BVR-L-SGD satisfies (i) and (ii), and the question has been positively answered.
However, the question is still open in the case of second-order optimalityﬂ

Main Contributions

We propose a new local algorithm called Bias-Variance Reduced Local Perturbed SGD (BVR-L-
PSGD) for nonconvex distributed learning to efficiently find second-order optimal points, which
positively answered the above research questions.

3Since there are communication efficient distributed optimization algorithms that find first-order stationary
points like BVR-L-SGD, we can apply generic algorithms which guarantee second-order optimality to them
[30L [1]. However, this naive approach does not possess the aforementioned property (ii) because the generic
framework requires at least 2(1/ g3/ 2) communication rounds to guarantee second-order optimality due to the
multiple negative curvature exploitation steps in their framework for any communication efficient algorithms
with first-order optimality guarantees. Also, this approach requires explicit negative curvature exploitation, that
is complicated and makes the whole algorithm less practical.



Algorithm Communication Rounds ~ Assumptions  Guarantee

Minibatch SGD =+ B 2-3, BSGV Ist-order
Noisy Minibatch SGD [10] R B ; T 2-4 2nd-order
Minibatch SARAH [22] Lt A 23 Ist-order

SSRGD [18] L+ 258>  2nd-order
2

Local SGD [31] Azt ot = 2-3,5 Ist-order
SCAFFOLD [13] =+ o 2-3, BSGV Ist-order

] 1 1 < 1-3, BSGV, i
SCAFFOLD [13] st phat S quadraticity  1storder
BVR-L-SGD [20] At et e 1-4 Ist-order
BVR-L-PSGD (this paper) Aot t 1-5 2nd-order

Table 1: Comparison of the order of the necessary number of communication rounds to achieve desired
optimization error € in terms of given optimization criteria (described in the column of "Guarantee”)
in nonconvex optimization. "Assumptions” indicates the necessary assumptions to derive the results
(the numbers correspond to Assumptions [2] 3] ] [B]in Section [2] respectively). BSGV means the
bounded stochastic gradient variance assumption, that is E..p, [|V{(z, z) — V f,(2)[|* < 0. B
is the local computation budget , which is defined in Section[2] P is the number of workers. n is
the total number of samples. The gradient Lipschitzness L, Hessian Lipschitzness p, the gradient
boundedness G are regarded as ©(1) for ease of presentation. In this notation, Hessian heterogeneity
¢ always satisfies ¢ < O(L) = ©(1).

The algorithm is based on a simple combination of the existing bias and variance reduced gradient
estimator and parameter perturbation. In our algorithm, parameter perturbation is carried out at every
local update and it is not necessary to determine whether or not to add noise by checking the norm of
the global gradients, which is often required in several previous non-distributed algorithms [5} [18]].

We analyse BVR-L-PSGD for general nonconvex smooth objectives. The most challenging part of
our analysis is to ensure that our algorithm efficiently escapes global saddle points even in local
optimization. To realize this, it is necessary to analyse the behavior of the bias-variance reduced
estimator around the saddle points by carefully evaluating the degree of some kind of asymptotic
consistency of the estimator around the saddle points. This point has never been pursued in previous
work and has a unique difficulty of our analysis.

The comparison of the communication complexities of our method with the most relevant existing
results is given in Table[I] Our proposed method enjoys second-order optimality with nearly the same
communication complexity as the one of BVR-L-SGD, which achieves the best known communication
complexity to achieve first-order optimality. This means that our method finds second-order optimal
points without hurting the communication efficiency of the state-of-the-art first-order optimality
guaranteed method. Particularly, the communication complexity is better than minibatch SGD when
Hessian heterogeneity ( is small relative to smoothness L. Also, the communication complexity

approaches to 6(1) when heterogeneity ¢ goes to zero and the local computation budget B (see
Section2)) goes to infinity. Hence, our method enjoys the aforementioned two desired properties.

Related Work

Here, we briefly review the related studies to our paper.

Local methods. Several recent papers have studied local algorithms combined with variance reduction
technique [24} 2, [15,[12]. Sharma et al. [24]] have proposed a local variant of SPIDER [3]] and shown
that the proposed algorithm achieves the optimal total computational complexity. However, the
communication complexity essentially matches the ones of non-local SARAH and no advantage of
localization has been shown. Khanduri et al. [15] have proposed STEM and its variants based on their
called two-sided momentum, but again the communication complexity does not improve non-local
methods. Also, Das et al. [2]] have considered a SPIDER like local algorithm called FedGLOMO but
the derived communication complexity is even worse than minibatch SARAH. Karimireddy et al.
[12] have proposed Mime, which is a general framework to mitigate client-drift. Particularly, under
0-Bounded Hessian Dissimilarity (BHDﬂ their MimeM VR achieves communication complexity of



1/(Pe?)+6/(v/Pe®) 4§/ when B — oo, that is better than the one of minibatch SGD 1/ when

§ < v/Pe. However, the asymptotic rate is still worse than the one of BVR-L-SGD (/ ¢2 because
¢ < § always holds.

Second-order guarantee. Neon [30] and Neon2 [[1] are generic first-order methods with second-order
guarantees, that repeatedly run a first-order guaranteed algorithm and negative curvature descent.
Another approach is a parameter perturbation for SGD. For the first time, Ge et al. [4]] have shown that
SGD with a simple parameter perturbation escapes saddle points efficiently. Later, the analysis has
been refined by [8, [10]. Recently, applying variance reduction technique to second-order guaranteed
methods has been also studied [5} [18] and particularly Li et al. [18]] have proposed SSRGD that
combines SARAH [21] with parameter perturbation and shown that SSRGD nearly achieves the
optimal computational complexity with second-order optimality guarantees.

2 Problem Definition and Assumptions

In this section, we first introduce several notations and definitions used in this paper. Then, the
problem settings are described and theoretical assumptions used in our analysis are given.

Notation. || - || denotes the Euclidean Ly norm || - ||2: ||z|| = />, 7 for vector z. For a matrix X,
| X || denotes the induced norm by the Euclidean L norm. For a natural number m, [m] means the
set {1,2,...,m}. For a set A, #A means the number of elements, which is possibly co. For any
number a, b, a V b and a A b denote max{a, b} and min{a, b} respectively. We denote the uniform
distribution over A by Unif(A4). Given K,T.,S € N, let I(k,t, s) be integer k + Kt + KT's for
ke [K]u{0},te [T —1]U{0} and s € [S — 1] U {0}. Note that I(K,t,s) = I(0,t+ 1, s) and
I(k,T,s) = I(k,0,s+1) fork € [K]U{0},t € [T —1]U{0} and s € [S — 1] U {0}. B¢ denotes
the set {x € R?|||x|| < r}, which is the Euclidean ball in R? with radius 7.

Definition 2.1 (Gradient Lipschitzness). A differentiable function f : R? — R is L-gradient
Lipschitz if |V f(z) — Vf(y)|| < L||lz — y|, Vz,y € RY.

Definition 2.2 (Hessian Lipschitzness). A twice differentiable function f : R? — R is p-Hessian
Lipschitz if ||V f(z) — V2 f(y)| < pllz — y||, Vo, y € R

Definition 2.3 (Second-order optimality). For a p-Hessian Lipschitz function f, z € R? is an
e-second-order optimal point of f if |V f(z)|| < € and V2 f(z) = —,/pel.

2.1 Problem Settings

Objective function. We want to minimize nonconvex smooth objective f(z) := + 2521 folx),

where f,(z) := E..p, [{(z, z)] for z € R, where D,, is the data distribution associated with worker
p. In this paper, we focus on offline settings (i.e., #supp(D,) < oo for every p € [P]) for simple
presentation. It is easy to extend our results to online settings. Also, just for simplicity, it is assumed
that each local dataset has an equal number of samples, i.e., #supp(D,,) = n/P forevery p,p’ € [P)],
where n is the total number of samples.

Optimization criteria. Since objective function f is nonconvex, it is generally difficult to find a
global minima of f. Previous work in distributed learning has mainly focused on finding first-order
stationary points of f. In this study, we aim to find e-second-order stationary points of f in distributed
learning settings.

Data access constraints and communication settings. It is assumed that each worker p can only
access the own data distribution D,, without communication. Aggregation (e.g., summation) of all
the worker’s d-dimensional parameters or broadcast of a d-dimensional parameter from one worker
to the other workers can be realized by single communication.

Evaluation criteria: communication complexity. In this paper, we compare communication
complexities of optimization algorithms to satisfy the aforementioned optimization criteria. In typical
situations, single communication is more time-consuming than single stochastic gradient computation.
Let C be the single communication cost and G be the single stochastic gradient computation cost.

*5-BHD condition in [12] requires | V*4(z, z) — V2 f(z)|| < 6 for every x € R?, 2 ~ Dg and p € [P].
Note that §-BHD condition requires both intra Hessian dissimilarity boundedness ||V f;(z) — V? f(z) u, which
is bounded by ¢ under Assumption |1} and additionally inner Hessian dissimilarity || V?4(z, 2) — V= fi(2)]|.
Hence, 6-BHD is much stronger than Assumption and it is possible that § > (.



Using these notations, C > G is assumed. We expect that increasing the number of available stochastic
gradients in a single communication round leads to faster convergence. Hence, it is natural to increase
the number of stochastic gradient computations in a single communication round unless the total
stochastic gradient computation time exceeds C to reduce the total running time. This motivates
the concept of local computation budget B (< C/G): given a communication and computational
environment, it is assumed that each worker can only computes at most B single stochastic gradients
per communication round on average. Then, we compare the communication complexity, that is the
total number of communication rounds of a distributed optimization algorithm to achieve the desired
optimization accuracy. From the definition, we can see that the communication complexity on a fixed
local computation budget B := C/G captures the best achievable total running time of an algorithm.

2.2 Theoretical Assumptions

In this paper, we assume the following five assumptions. The first one has already been adopted in
several previous work [13}20]. The other ones are standard in the nonconvex optimization literature
to guarantees second-order optimality.

Assumption 1 (Hessian heterogeneity [13}20]). { I ]1;:1 is second-order (-heterogeneous, i.e., for

any p,p’ € [P]. [|[V2fp(2) = V2 fy (2)|| < ¢, Vo € RY

Assumptioncharacterizes the heterogeneity of local objectives { f,, }5:1 in terms of Hessians and has
a important role in our analysis. Intuitively, we expect that relatively small heterogeneity parameter ¢
to the smoothness parameter L (defined in Assumption[2)) reduces the necessary number of communi-
cation rounds to optimize the global objective. Especially when the local objectives are identical, i.e.,
D, = D,, forevery p,p’ € [P], ¢ becomes zero. When each D, is the empirical distribution of n/P

IID samples from common data distribution D, we have ||V2f,(z) — V2f, (z)| < ©(\/P/nL)
with high probability by matrix Hoeffding’s inequality under Assumption 2| for fixed =. Hence, in
traditional distributed learning regimes, Assumption [I|naturally holds. An important remark is that
Assumption2]implies ( < 2L, i.e., the heterogeneity is bounded by the smoothness. Even in federated
learning regimes, we expect ( < 2L for some problems practically.

Assumption 2 (Gradient Lipschitzness). Vp € [P], z € supp(D,,), £(-, z) is L-gradient Lipschitz.
Assumption 3 (Existence of global optimum). f has a global minimizer z,, € R%.

Assumption 4 (Hessian Lipschitzness). Vp € [P], z € supp(D,,), {(-, z) is p-Hessian Lipschitz.
Assumption 5 (Bounded stochastic gradient). Vp € [P], z € supp(D,), V(-, z) is G-bounded, i.e.,
|Vi(z,2)| < G,Vz € RY.

In our analysis, G has no significant impact because G only depends on our theoretical communication
complexity in logarithmic order.

3 Main Ideas and Proposed Algorithm

Our proposed algorithm is based on a natural combination of (i) Bias-Variance Reduced (BVR)
estimator; and (ii) parameter perturbation at each local update. The first idea has been proposed by
[20] to find first-order stationary points with small communication complexity. The second one is a
well-known approach to find second-order stationary points in non-distributed nonconvex optimization
[4,18,110]]. In this section, we illustrate these two ideas and provide its concrete procedures.

3.1 Review of BVR Estimator [20]

The bias-variance reduced estimator aims to efficiently find first-order stationary points by simul-
taneously reducing the bias caused by local gradient descent steps and the variance caused by
stochastization of the used gradients.

First we consider why the standard local SGD is not sufficient to achieve fast convergence and
sometimes slower than minibatch SGD. Recall that in local SGD each worker takes the update rules

51n this work, it is assumed that all the workers can participate in a single communication. It is not so hard to
extend our algorithm and analysis to worker sampling settings, which is more realistic in cross-device federated
learning.



Algorithm 1 BVR-L-PSGD(z¢, 0, b, K, T, S, r)

1: Add noise z¢ = T + né_1, where £_; ~ Unif(B%).
2: fors=0to S —1do
3:  for p =1to P in parallel do

4: U;I(J()) 0 s) pr(l'](070,s)).

5. end for

6:  Communicate {vI 0.0 5) —1- Setvr(0,0,5) = B Zp 1 ”1(0 0.5)°

7: fort—()toT—ldo

8: for p = 1 to P in parallel do

Kb
o gy()()) ts) = 75 2o1m1 VAT 10,4,6) 21,1(0,1,))s
. (p)yref 1 Kb v/ ii.d. D
10: 91(0.t,s) — Kb D oim1 VAT 10,t—1,8)5 21,1(0,4,5)) (ZL1(0,t,s) ~ Dp).
. (p) (p) (p),ref (p) (p)

11 ”11(70 ts) — ﬂtzl(gll()o,t,s) - 911(70 ts) Uz?o t—1 9)) + ]lt:()”lfo,o,s)'

12: end for

13: Communicate {”1(0 ¢ )}p:l' Set vr(0.1,5) = + Zp ) (p()) o)

14: Randomly select p; s ~ Unif[P]. # Only worker p; ; runs local optimization.
15: fork=0to K —1do

16: bk = Lizg (amoa VR [VETD + Lisg (moarviey)b-

b
17: 91k t,s) = i D05y VUZ 1k t,5) 211 (K t,5))s
. b iid.

18: 916(2 ts) = by e 2oy VU@ (h—1,t5)) 201 (ki) i)~ Dy, )

19: Vi(kot,s) = Le>1(91(k,t,s) — g§e(l;c,t,s) +Vr(—1,t,5)) T Lk=0V1(0,1,5)-
20: Update T1(xy1,t,s) = TI(k,t,s) = NVI(k,t,5)-
21: Add noise T7(j41,t,5) = Tr(kt1,t,5) T ME1(k,t,5)>» Where Erp g s) ~ Unif(B?).
22: end for
23: Communicate T7(g,141,s)-
24:  end for
25: end for
of 5’31(:21 = ZC](C ) ng,(f ) for k € [B /b] in each communication round, where g(p ) is a stochastic

(P) on local dataset D, and B is given local computation budget.

In typical convergence analysis, we need to bound the expected dev1at10n of g(p ) from ideal global

gradient V f (). that s Ellgi” —V f () )|[* = |V £, () =V f (2) | +Ellgi” =V £, () >
The former term is called bias and the latter one is called variance. A typical assumption to bound
the first term is bounded gradient heterogeneity assumption, that requires ||V f,(xz) — Vf(2)]| < (i

for every x € R? and p € [P]. Under this assumption, the first term is only bounded by ¢y, that is
(p)

gradient with minibatch size b at z;,

a constant. The second term is typically bounded by o2 / b for g with minibatch size b, when the
variance of a single stochastic gradient is bounded by 2. These facts show that the bias is still a
constant and does not vanish even if minibatch size b is enhanced and the variance vanishes. This is
why local SGD can be worse than minibatch SGD when (; is not too small. Also, we can see that
the variance is still a constant for fixed minibatch size b and this is a common reason why minibatch
SGD and local SGD only show slow convergences. These observations give critical motivations of
the simultaneous reduction of the bias and variance.

The bias-variance reduced estimator v,(cp ) is defined as v,(gp ) = (1/b) Z?:l(vang ). z) —
Vi(xo,21)) + Vf(xzo) (SVRG version). It is known that the bias caused by localization can

be bounded by ¢ ||:c](€p ) _ xo|| and the variance caused by stochastization can be bounded by

(L?/ b)||x§f ) — xo||?, where ( is the Hessian heterogeneity of {f,} and L is the smoothness of

¢. This implies that both the bias and variance of v,(f ) converges to zero as :r,(f )

other Words bias-variance reduced estimator v,(cp ) is asymptotically consistent to the global gradient

\Y% f( ) by using periodically computed global full gradients V f(xo). We actually adopt SARAH
Ver51on of BVR estimator as in [20] rather than SVRG one due to its theoretical advantages.

and xg go to .. In



3.2 Parameter Perturbation at Local Updates

Although the bias-variance reduced estimator is useful to guarantee first-order optimality with small
communication complexity in noncovex optimization, the algorithm often gets stuck at saddle points.
To tackle this problem, we borrow the ideas of escaping saddle points in non-distributed nonconvex
optimization. Particularly, to efficiently find second-order optimal points, we utilize parameter
perturbation. Parameter perturbation is a familiar approach in non-distributed nonconvex optimization.
Specifically, Jin et al. [8l [10] have considered the update rule of ;1 = z — NV f(zr) + Nék,
where &, ~ Unif(B%) for some small radius 7. This algorithm is called Perturbed GD (PGD) or

Noisy GD. Similar to this formulation, we add noise at each local update, i.e., x}fﬁl ,(fil +né, (p )

where 331(:31 = x; P) m},(f ). The intuition behind the noise addition is that random noise has some

components along the negative curvature directions of the global objective around the saddle point,
and we expect that noise addition helps the parameter proceed to the decreasing directions of f and
escape the saddle points.

Necessity of local perturbation. Perturbing the global model at the server side is an intuitive way,
but not sufficient for communication efficiency when we want to utilize small heterogeneity of the
local datasets (i.e., ¢ < L). The bias-variance reduced estimator with local perturbation enables
to escape multiple global saddle points in local optimization and achieves second-order optimality
with communication complexity ©(¢/e2) for sufficiently large B. In contrast, perturbing the global
parameter at the server side only ensures to escape single global saddle point at each round and only
achieves communication complexity of ©(L/e?). This is the reason why local perturbation rather
than global one is adopted.

3.3 Concrete Procedures

The full description of our proposed Bias-Variance Reduced Local Perturbed SGD (BVR-L-PSGD)
is given in Algorithm [T} When we set the noise size r = 0, Algorithm [I]essentially matches BVR-L-
SGD. Additionally setting K = 1, Algonthmlmatches SARAH. The algorithm requires © (ST
communication rounds. At each communication round, each worker computes large batch stochastic
gradients and the server constructs vr(¢,s) by aggregating them. vy(g ; 5) is used as an estimator of
Vf(x 1(07t75)) to reduce computational cost. In line 14-21, we randomly select worker p; , and only
worker p; , runs local optimization as described above. In the local optimization, we use SARAH
like bias variance reduced estimator (line 16-18) rather than SVRG one and add noise (line 20) at
each local update.

4 Convergence Analysis

In this section, we provide convergence theory of BVR-L-PSGD (Algorithm E]).~ All the omitted

proofs are found in the supplementary material. For simple presentations, we use © symbol to hide
an extra poly-logarithmic factors that depend on L, p, G, K,b,T, S, 1/e,1/q, where q represents the
confidence parameter in high probability bounds.

4.1 Finding First-Order Stationary Points

First, we derive Descent Lemma for BVR-L-PSGD and first-order optimality guarantees by using it.

Proposition 4.1 (Descent Lemma). Let S € N and I(k,t,s) > I(ko,to,80) € [KTS]U {0}
Suppose that Assumptions [Zl and hold. Given q € (0,1), r > 0, if we appropriately choose

n=0(1/LA1/(KC) Ab/K/LAVPb/(VKTL)), it holds that

I(k—1,t,s)

n
F@rtke,) < F(@100,10,50)) = 5 > IVF@)I?+nAr? + Ry
i=1I(ko,t0,50)
with probability at least 1 — 3q. Here, A;p = I(k,t, s) — I(ko, %0, S0),
I(k,t A (kost
R, = _ﬁ z(I(kz),to,sO [zivr — @ill® + 077( et Zz IO(OOtOS:;O zivr — @l* +
S ZZI(OItS 8050 |zit1 — z;|?) for some universal constant c,, > 0.




From Proposition 1| with I (ko, to, so) < 0 and I(k,t, s) «— KT'S gives the following corollary.

Corollary 4.2. Suppose that Assumptlonsl ! Bland[B|hold. Under the same setting as in Proposition
and S > O((f(xo) — f(z4))/(nKTe?)), with probability at least 1 — 3q, there exists i €
KTS — 1] U {0} such that HVf(acZ | <e.

Remark (Communication complexity). The total number of communication rounds ©(7'S) becomes
9] (T + (L/K +(¢(+L/VKb+ \/TL/\/KPb) (f(@o) — f(m*))/62> Given local computation

budget B, we set T := O(1 + n/(BP)) and Kb := ©(B) with b < ©(v/B). Then, we have the
averaged number of local computations per communication round Kb + n/(PT) = ©(B) and the
communication complexity 7S with budget B becomes

A L vnL ¢
0(1+ 5+ s i+ 5).
which matches the best known communication complexity [20]].

4.2 Escaping Saddle Points

Next, we show that BVR-L-PSGD implicitly exploits the negative curvature of f around saddle points
and efficiently escapes the saddle points by utilizing the asymptotic consistency of BVR estimator
and the parameter perturbation at each local update.

We rely on the technique of coupling sequence [10]. Given saddle point Ty, ¢,,s,) and I>
I(ko, to, s0), we define a new sequence {x/}5° ) as follows:

’L‘:I(k‘o,to,SQ

(D <§%, €min) = ({7 €min); (2) < =ej) = (&5, e;) for j € {2,...,d}; and (3) All the other
randomness is completely same as the one of {xl}K DS=1 Letrg := |<§ 7> €min) |- Note that [({7 —
£f, €min)| : 2r¢ and thus ||§I—§ || = 2rq. Also, observe thatzy, | — x%Jr =n(5— 577 €min)€min-
We define I used in the definition of coupling sequence as follows:

I(ko, to, s0), (1/(n\) < VK)

7. MK tos0) =1, (VK <1/(n\) < K)
I(0,tg + 1,80) = 1, (K <1/(n\) < KT)
1(0,0,s0 + 1) = 1. (KT < 1/(n\))

Here, &/, is the minimum index k that satisfies k > ko and k& = 0 (mod[+v/K]). We can easily check
that I — I(ko, to, 80) < 1/(7])\)
Then, we show that either of the two sequences {x;} or {«}} efficiently escapes the saddle points

by bounding the norm of the cumulative difference of z; and z from below. The novel and most
difficult part of the analysis is to evaluate the norm of the cumulative difference of the deviations

I Z (1= M)~ (vi — V f(x:) — vj + Vf(«}))|| generated by the two sequences, where v

denotes the BVR estimator at iteration 4 generated by sequence {z}.

Proposition 4.3 (Implicit Negative Curvature Exploitation). Let I(ko,to,s0) € [KTS] U {0}.
(T (ko to,50)) || < € and the minimum eigenvalue
Amin Of H = V f(Z1(ko to,50)) Satisfies X := —Amin > /pe. Under b = Q(K V 1/(\/?/)5) i
T/(PK)), if we appropriately choose Ty (i t0,50) = O(1/(n\), n = O(1/LAL/(KC)Ab/K /LA
VPb/(VKT/L)), with Fllkortoso) = CFNT1(korto,s0)T> and r = cye (cyx = O(1) and ¢, = o(1))

we have

f(xl(k:07t0130)+~71(k0,to,sp)) — F(@1(ko tos)) £ = Fr(kosto,s0) + Rz

with probability at least 1/2 — 9q/2. Here, Ry := 20" M Zf(klo(got’()si)(];l @igr — a4]|® +

2¢y Ti(kg,tg,s0) NET ZI(O to,s0)—1

. 0 i=1(0.0.5) llzit1 — x;||? for some universal constant c,) > 0.

Proposition@ says the function value decreases by roughly F7(x,.¢,,s,) and the global model escapes
saddle points with probability at least 1/2 after J7(x,,+,,s,) local steps.



4.3 Finding Second-Order Stationary Points

In this subsection, we derive final theorem that guarantees the second-order optimality of the global
model by combining Propositions [#.1]and

Theorem 4.4 (Final Theorem). Suppose that Assumptions [I} 2] B| {] and [5] hold. Under b =
Q(K V 1/(VKpe) vV T/(PK)), if we appropriately choose n = ©(1/L A 1/(K¢) A /b/K /L A
VPb/(VKTL)), r=0(g) and S = O(1 + (f(Zo) — f(zx))/(nKTe?)), with probability at least
1/2, there exists i € [KTS] U {0} such that T; is e-second-order optimal point of

Remark (High probability bound). Theorem [4.4] guarantees that Algorithm [I]finds an approximate
second-order optimal point in K'T'S iterations with probability at least 1/2. Repeating Algorithm
log,(1/q) times guarantees that the same statement holds with probability at least 1 — q.

Remark (Communication complexity). The total number of communication rounds 7S is given by
0] (T + (L/K +(¢(+L/VKb+ \/TL/\/KPb) (f(zo) — f(x*))/sz). Given local computation

budget B, we set T := O(1 + n/(BP)) and Kb := ©(B) with b < ©(v/B). Then, we have the
averaged number of local computations per communication round Kb + n/(PT) = ©(B) and the
communication complexity ©(7'S) with budget B becomes

n L vnL ¢
0(1+ﬁ+@+w *)

This implies that for { = o(L) the communication complexity is strictly smaller than the one of

minibatch SGD O(1 + L/e2 + G2/(BPs*)). Note that the rate matches to the one of BVR-L-SGD
[20]. Hence, our method finds second-order optimal points without hurting communication efficiency
of the state-of-the-art first-order optimality guaranteed method. Furthermore, when 3 — oo, we have

O(1 + ¢/&2), that goes to O(1) as ¢ — 0.
In summary, BVR-L-PSGD enjoys the desirable properties (i) and (ii) described in Section|[I}

5 Numerical Resutls

In this section, we give some experimental results to verify our theoretical findings.

Data Preparation. We artificially generated heterogeneous local datasets from CIFARl(ﬂ dataset.
The data preparation procedure is completely in accordance with [20] and the details are found in
[20]. We set homogeneity parameter ¢ to 0.35, which captures how similar the local datasets are
(¢ = 0.1 corresponds to L.I.D. case and higher ¢ does to higher heterogeneity).

Model. We conducted our experiments using a two-hidden layers fully connected neural network
with 100 hidden units and softplus activation. For loss function, we used the standard cross-entropy
loss. We initialized parameters by uniformly sampling the parameters from [—1/100, 1/100].

Implemented Algorithms. Minibatch SGD, Noisy Minibatch SGD, BVR-L-SGD [20] and our
proposed BVR-L-PSGD were implemented. We set X' = 64 and b = 16, and thus B = 1024. For
BVR-L-PSGD, the noise radius was tuned from r € {0.5,2.5,12.5}. For each algorithm, we tuned
learning rate n) from {0.005, 0.01, 0.05,0.1,0.5, 1.0}. The details of the tuning procedure are found
in the supplementary material.

Evaluation. We compared the implemented algorithms using six criteria of train gradient norm
||V f(z)||; train loss; train accuracy; test gradient norm; test loss and test accuracy against the number
of communication rounds. The total number of communication rounds was fixed to 1, 000 for each
algorithm. We independently repeated the experiments 5 times and report the mean and standard
deviation of the above criteria. Due to the space limitation, we will only report train gradient norm,
train loss and test accuracy in the main paper. The full results are found in the supplementary material.

Results. Figure[I|shows the performances of BVR-L-SGD and our proposed algorithm. We can

®One limitation of Theoremis that it only guarantees the existence of e-second-order optimal point Z; in
the history of {Z;} f{:q(;s ~!. However, this is also the case in the existing studies [[5,[18]. We empirically found
that the outputs of each communication rounds showed stable performances (see Section EI)

"https://www.cs.toronto.edu/ kriz/cifar.html.
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Figure 1: Comparison of (a) train gradient norm; (b) train loss; and (iii) test accuracy against the
number of communication rounds for a three layered DNN on heterogeneous CIFAR10.

see that the both algorithms got stuck at a small gradient norm region in initial rounds. After that
BVR-L-SGD showed unstable convergence and took a lot of time to escape the stucked region. In
contrast, our proposed method efficiently escaped the stucked region and consistently achieves better
train loss and test accuracy than BVR-L-SGD. Also, our method consistently outperformed Minibatch
SGD and Noisy Minibatch SGD.

6 Conclusion

In this paper, we have studied a new local algorithm called Bias-Variance Reduced Local Perturbed
SGD (BVR-L-PSGD) based on a combination of the bias-variance reduced gradient estimator with
parameter perturbation to efficiently find second-order optimal points in centralized nonconvex
distributed optimization. We have shown that BVR-L-PSGD enjoys second-order optimality without
hurting the best known communication complexity for first-order optimality guarantees. Particularly,
the communication complexity is better than non-local methods when Hessian heterogeneity ¢ of
local datasets is smaller than the smoothness of the local loss L in order sense. Also, for sufficiently
large B, the communication complexity of our method approaches to ©(1) when the local datasets
heterogeneity ¢ goes to zero. The numerical results have validated our theoretical findings.
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A Supplementary Material for Numerical Results

In this section, we give additional information and numerical results that complement the contents in
Section

Parameter Tuning

For the implemented algorithms, learning rate 7 was tuned. Also, for Noisy Minibatch SGD and
BVR-L-PSGD, noise radius  was also tuned. We ran each algorithm for all the patterns of the tuning
parameters and chose the ones that maximized the minimum train accuracy.

Additional Numerical Results

Here, we provide the full results of our numerical experiments. Figures [2]and[3|show the comparisons
of the six criterion, i.e., train gradient norm, train loss, train accuracy, test gradient norm, test loss
and test accuracy with fixed local computation budget 5 = 1,024 under ¢ = 0.1 (I.L.D. case) and

q = 0.35 (heterogeneous case) respectively.

Computing Infrastructures
* OS: Ubuntu 16.04.6

GPU Memory: 16 GB

CPU: Intel(R) Xeon(R) CPU E5-2680 v4 @ 2.40GHz
* CPU Memory: 128 GB.
GPU: NVIDIA Tesla P100.

* Programming language: Python 3.7.3.

* Deep learning framework: Pytorch 1.3.1.
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Figure 2: Comparison of the six criterion against the number of communication rounds for a three
layered DNN on L.I.D. CIFAR10 with ¢ = 0.1.
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Figure 3: Comparison of the six criterion against the number of communication rounds for a three
layered DNN on heterogeneous CIFAR10 with ¢ = 0.35.
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B Convergence Analysis

In this section, complete analysis of BVR-L-PSGD is provided. Particularly, detailed proofs of

Proposition Corollary [4.2] (Subsection [B.3), Proposition 3] (Subsection [B.4]and Theorem
(Subsection are given.

B.1 Miscellaneous Results

Lemma B.1. Let A € R¥? with the smallest and largest eigenvalues Mpin € (—00,0) and
Amax € [0, 1) respectively. Then, for J € N U {0}, it holds that

e
J+1

HA(l - A)JH < <_)‘min)(1 - )‘min)J +

Proof. First, when .J = 0, trivially | A(1 — A)”|| < max{—Amin, Amax} < (—Amin) + €. Thus, we
assume J > 0. Note that [[A(1 — A)”|| = sup, ¢y, . Ananlo(1 — )| We consider the two cases
0 € [Amin, 0) and o € [0, Apmax]-

In the former case, k(o) := |o(1 — 0)’| = —o(1 — o)” is monotonically decreasing function on
(—00, 0) because the derivative function h/(c) = —(1 — )7 + Jagl —o)/ l=1-0)" 1 ((J+
1)o — 1) <0, and hence sup, ey, .0)M(0) < (= Amin) (1 = Amin)”

In the latter case, h(c) = o(1— o)’ has the derivative function h/(¢) = (1—0)’ — Jo(1—0)’ !
(1—0)?71(1 — (J + 1)o). Thus, it holds that h'(1/(J + 1)) = 0, k/(¢) > 0 foro € [0,1/(J + 1
and h'(o) < 0 for o € (1/(J 4+ 1),1). Hence, for o € [0, Amax] With Apax € [0,1), (o)
h(1/(J 1)) < e/(J +1).

In summary, we have shown that Supae[Amm,/\max]h(g) < (—Amin)(1 = Amin)” 4+ €/(J + 1). This
is the desired result. O]

min

IN= |l

B.2 Concentration Inequalities
Lemma B.2 (Corollary 8 in [9]). Let X1, ..., X,, be random vectors in R%. Suppose that { X;}7_,
and corresponding filtrations {§;}7_, satisfies the following conditions:

2

S

E[X; | Fio1] = 0and P(|| X;|| > s | Fi1) < 2e 77 ,Vs € R,Vi € [n]

for random variables {c;}?_, with o; € §;i_1 (i € [n]). Then, forany g € (0,1) and A > a > 0,
with probability at least 1 — q it holds that

= 2d A
< ¢, |max {Z o?, a} (1ogq + logloga>
i=1

n
E ol > Aor
i=1

for some constant ¢ > 0.

>x
i=1

Note that if X is bounded and centered random vector, i.e., | X|| < o a.s. and E[X] = 0, it holds

that P(|| X || > s) < 2e~%/27" for every s € R. Hence, || X;|| < 02 a.s. and E[X;] = 0 conditioned
on §;_1 is a sufficient condition for applying Lemma|B.2

B.3 Finding First-Order Stationary Points
Proof of Proposition [4.1]

We fix k € [K]U{0},¢t € [T —1]U{0} and s € [S — 1] U {0}. From L-smoothness of f, we have

L
F@rres) < F@rees) + (VF(@1k,t,8)) Trhr1,0,8) = Tok,t,s)) T+ §||$1(k+1,t,s) — Trens |-
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From this inequality, we have

J@rer1,,0) < F(@1e,s) F VA @1kt,5) = Vikt,s) T €Tk tys)s TT(kt1,8,5) = TI(k,t,s))
L
+ (Vi(h,t,s) = E1lkits) TI(k41,t,5) — TI(kt,s)) + §||x1(k+1,t,s) - -Tl(k,t,s)HQ

= f(@1k,,8)) F AV F(@1(k,t,5)) = Vi(kit,s) T ETkt,s)> TI(k41,0,5) = TI(kt,s))

1 L 9
“\y 9 ||$I(k+1,t,s) - xl(k,t,s)”

n
_ n 2 N 2
=f(@r(h,t,s) + §||111(k,t,s) —&rtt,s) — V(@19 — §||Vf($1(k,t,s))H
Y| - (2L I
— ||z —x ===z —x
277 I(k+1,t,s) I(k,t,s) n 9 I(k+1,t,s) I(k,t,s)
o n 2 7N 2
= f(T1(k,t,s)) + §va(k,t,s) —&rhtys) — VI (@r,s)” — §va(zl(k,t,s))”
1 L ,
- % - 5 ||37[(k+1,t,s) - xl(k,t,s)”

n
< f@1as)) + Vi es) — V(@ 1s)|” — §||VJ“(%‘1r(k,t,s))||2

1 L
(3 - 5) lororsa ~ 2ran P+ st )P

n
< F@1as)) + Vi sy — VE(@1ns)|* — §||Vf(371(k,t,s))||2

1 L
- (277 N 2> 21k 1,) = Zrras 1+ 0% M
Here, for the first equality we used the fact vy (x,¢,s) — Er(ht,s) = —(1/M(T1(kt1,t,5) — T1(kot,s))-

The second equality follows from the facts v7(x,¢,s) = E1(k.t,s) = (1/M)(T1(kt1,,5) — T1(k,t,5)) and
(a —b,—b) = (1/2)(||a — b||* — ||a||> + ||b]|?) for any a,b € R<. For the second inequality, we
used the relation |la + b|| < 2(||a||? + ||b]|?) for any a,b € RY. The last inequality holds from the
definition of &7z 1, 5)-

Thus, for every k, kg € [K — 1], t,t0 € [T — 1] and s, 59 € [S — 1] (I(k, t,s) > I(ko,to, S0)), We
have

I(k,t,s)—1
F@rr,t,s)) < F(@1(ko to,50)) + 71 Z lv; — V f(:)]?
i:I(kro,to,So)
I(k,t,s)—1 1 I I(k,t,s)—1
> V@ (5 -5) > llewa-al?
i:I(ko,to,So) i:I(kO7tO;SO)
+’I](I(k,t,8) —](k)o,to,So))’l“z. 2)

(VRS
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Now we bound the deviation ||vy (k¢ ) — V f(Z1(k,t,5)) |2. Observe that

Vi(k,t,s) — VI (T1(kt,s)) = 91 (kt,s) — g}?‘;yt,s) +Vrk=1,t,) — VI (T1(k,t,5))
= G1(ktss) = Titkts) T Voo @rh=1,0.5) = Vi (T1(k,1.5))
+ Vo @rkt,5) = Vi @re-1,0)) + V@ r-1,0,6)) = VI (Zrk,0,5))

FVrh=1,t,5) — VI (Trk—1,t,5))
k-1

- Z gI k+1,t,s) — gI(KJ,-l t,s) + vfpf q(II(H t,s) ) - vfpt,s (xl(n—l-l,t,s)))

k—
+ Z vfpt s xl(nJrl t,s) ) - prt,é; (xl(n,t,s)) + vf(xl(n,t,s)) - Vf<x1(n+1,t,s)))

k=0
+Ur(0,t,5) vf(xl((),t,s))-

Further, we have

M:

vro,ts) — VFHZ10.69) = 5 (9500 0.0) = 99050 + r(04-1,5) — VI (@10,0.5))

p=1
1 P £
=5 Z(g% £15) g% o T VI (@10,6-1,6) = Vi (@10,8,)
p=1
+ UI(O t—1,5) — Vf(@10,4-1,5))

,ref
Z gI(O T+1,8) (?()),TJrl,S) + vf(xl(ofrﬁ)) - vf(wI(O,T+1,S))

HMT

+ v1(0,0,) — V. (Z100,0,5))-

Note that the last term is exactly zero from the definition of v (g g s)-

We define
al(n,t,s) = g[(ka,t,s) - g;?i,t,s) + prt,s(ml(nfl,t,s)) - vfpt,s(ml(n,t,s))a
ﬁ[(/{,t,s) = prt,s (xl(m,t,s)) - vfpt s (f-rl(nfl,t,s)) + vf(-rl(nfl,t,s)) - Vf(xl(n,t,s))v
P r
YI(0,7,5) *— % Zp:l(gg?())77—7$) - 951()()) Teg =+ vf(xl(o,-r—l,s)) - Vf(l’l(o,r,s)),
and
Al(k,t,s) = i:é O (r+1,t,5)s

Zk 1
Bikt,s) = Z?_zlo Br(r41,t,5)5
CI(O,t,s) = ETZO Y1(0,741,s)-

Note that E[A;( ¢,5)] = E[Cy(,¢,s)] = 0. Using these definitions, we have
[0r(k,ts) = VI @100, 17 < 3(|| Ar(iot,s) HQ + HBI(k,t,s)H2 + HCI(k,t,s)HQ)

We denote all the randomness up to iteration I(x — 1,¢, s) as SI(r—1,t,5)-

Bounding || A7 5|l

Let AL I(kyt,s) = Vg(zl(n,t,s)vZl,[(n,t,s)) - VE(II(K—L:‘,,S)&Zl,I(n,t,s)) + vfpt,s (xl(n—l,t,s)) +

V foe(T1(nt,s)). Then, apes ) = (1/) Z?zl QU I(r,t,s)- Observe that oy 7, ;,s) satisfies
E[al,l(n,t,s) | g[(nfl,t,s)] =0

and
2

ﬁ
IF)(”OQ,I(N,t,s)” 2 S ‘ g[(nfl,t,s)) S 2e ( TI(nt, S>)

17



for every s € R and k € [k], where af,?’z,m) = 2L||w(sts) — Tre—1,t,5) ). Here, we

used the fact that ||v£(z1(m,t7s)7ZlJ(/i,t,s)) - vg(xl(ﬁ—l,ts%ZlJ(mt,s)) + vfpf,,s (xl(n—l,t7s)) +
Voo (@1, < 21121k ,t,5) — T1(r—1,t,5) || from L-smoothness of . Note that {al,l(m,t,s)}?i1
is LLD. sequence with at least b samples and |l 7(,.¢,5)|| < 4G almost surely from Assumption

From these results, we can use Lemma with A = 4K G and a = € (¢ is some positive number
and will be defined later) and get
%)

(e 2\ 1\ /, 2d 4K
Az (K, t,8)]] < 7 <<Z <a§(2+17t,3)) +& <logq + loglog—
k=0

with probability at least 1 — ¢ for some constant ¢ > 0. Also, note that || A;(k, ¢, s)|| < 4kG almost
surely.

Bounding || By 4|l
Observe that

ﬂ](ﬁ,t,s) = vfpt,s(‘rl(rc,t,s)) - prt,s (xI(H—l,t,s)) + Vf(xl(n—l,t,s)) - Vf(xl(x,t,s))
=(Vipe = VO @1(st,5) = (Vpeo = VIO (@1(6-1.15))

1
= (/ (VQfPt,s - V2f)(6xl(n,t,s) + (1 - e)xl(ml,t,s))d0> (le(n,t,s) - xl(nfl,t,s))
0

Hence, from Assumption[I] we get

8
1Br(s,t,9) |l < CllTr(n,t,5) = Tr—1,89) | = Ufr(i,t,s)-

This gives

||Bl(k7t s) < kZ (UI(K—‘,-l t, e))

Here we used the relation (3", |a;|)? < m Y i~ a? for every {a;}7; C R. Also, note that
|Br(k,t,s)|| < 4kG almost surely.

Bounding ||C o+l

The argument is similar to the one of the case of the first term. From Lemma[B.2] the third term
|C1(0,t,5)|] can be bounded as

e (< 2 2d 4KTG
1C1(0,t, )] < PKD ((Z%( O (041, 9)> <log + loglog > ,

with probability at least 1 — ¢, where ‘71%,7,3) = 2L ZNK:_Ol |Tr(ks1,r=1,5) = Tr(r—1,5) ] &

2L||21(0,r,5) — T1(0,-—1,5)|)- Here, we used the fact that {g}’()()” o= ggz()())’_iei)};;l is independent

and each of them is constructed from Kb i.i.d. data samples. Also, note that |Cr(k, ¢, s)|| < 4TG
almost surely.

Put the three results all together, we obtain

32 ([ @ 2\ 2KTSd 41KG
VI (k,t,s) — Vf(fEI(k,t,s))”2 < - (( (UE,&H . S)) ) +€> <log . + loglog = )

k=0

kz O-I(n+1ts)>

k=0
2

) 2\ o) (1 2ETSd L ATG
PKb 1(07—+1s)) te 0g q + loglog 5

18
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forevery k € [K —1],t € [T — 1] and s € [S — 1] with probability at least 1 — 3¢ for some constant
¢ > 0. Weset g < ¢q/(KTS). Now, we set

~ 2KTSd 4KTG
6¢°E (log + loglog—— ) <72
q €

Then, we have

s, 2 2KTSd G
V1 k,t,5) = V(@10 |7 < b (Z Ug?,iﬂ . s)) ) <log . + loglogg)
=0
+3kz (0'1(,.;+1t8)) (3)
=0
3 (S 2 2KTSd G
+ PKb (Z (UI(O T+1 s)) (10g q + IOgIOgg)

=0

forevery I(k,t,s) € [KTS|U{0}.

Let
12 12T t—1 K—1
V(k},t, 5) = 1202 ( 5 +KC2 + fjb) <Z Hxl(;ﬁ-lt s) _-Tl(nts)” + = Z Z ||!L'[ (k+1,7,s) _'TI(KTS)H
7=0 k=0
2KTSd AKTG
x | log + loglog—— .

Observe that [[vy(.1,s) — Vf (Z1(kt,6) |7 < V(k,t,s) +r? and V(k,t,s) < V(K ,t',s) for k' > k
and ¢/ > t.

Now, we bound El k]sz 10,50 1V = V f () ||? by dividing three cases.

Casel. s = spand t = t;.

We bound 3! klzks) o) lvi = Vf(:)||? for general k_,t_ and s_ with k_ < k,¢t_ =t and

S_ =8

I(kjt_,s_)
S i = V@)
i=I(k_,t_,s_)
k
< Y V(K b so)+ (k— ko +1)r?
k'=k_
<(k—k_+1)V(kt_,s )+ (k—k_+1)r?
KL2T)

KL?
< 1902 2,2
_120(b + R+ =

k-1 t_—1K-—1
k—k_+1 k—k_+1
X (K Z ||xl(n+1,t_,s_) - xI(H,t_,S_)”? + T KT Z Z ||iUI(;<,+1,T,s_) - xl(nn—,s_)”

k=0 7=0 k=0

( 2KTSd 4KTG>
x | log =

+ loglog

+(k—k_ +1)r?

19
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Since

t-—1K-1
kE—k_+1 E—k_+1
TZ”J:I(HJrl t_,s_ )_xl(nt,,s )H2 T Z Z ||xI Kk+1,7,5_ )_xI(HTS )”
~k=0 7=0 k=0
k—1 k_—1
k—Fk_+1
< Z ||$I(;-c+1 t_,s ) — LI(rt_,s_ ||2 T Z ||33I k+1,t_,s_) = LI(k,t ||2
K=k_ k=0
t_—1K-1
k—Fk_+1
+ T Z Z ||ml(li+1,‘l',5_) _:I;I(n,‘r,s_)H2
7=0 k=0
I(kjt_,s_)—1 I(k—jt_,s_)—1
I(k,tys) —I(k—,t_,s_)+1)ANK
= Z [ip1 — zi])* + &1 ) ( K )+ 1) Z [zip1 — =i
i=I(k_,t_,s_) i=1(0,t_,s_)
L (kytos) ~I(koiios) + ) AKT ”O’ti)‘l Iz, 2
KT Ti+1 _xIH )
i=1(0,0,5_)
we get
I(kjt_,s_)
Yoo = Vi)
i=I(k_,t_,s_)
KIL? KI?T
<12 2 (> K2 2
<12¢ ( ot ¢+ Db )
I(kjt_,s_)—1 I(k—jt_,s_)—1
I(k,t_,s_)—=I(k_,t_,s_)+1)ANK
o S P S i -l
i=I(k_,t_,s_) i=I1(0,t_,s_)
. (I(k,t,s)—[(k,t,s)+1)/\KTI(O’ti)1” L
KT Ti+1 sz
i=1(0,0,5_)

2KTSd AKTG
x | log + loglog =
q

+ (I(kyt_,s ) = I(k_,t_,s_)+1)r?
Setting k_ < ko, t_ < tg and s_ < sg gives the desired bound.

Casell. s = s and t > .

Note that I(k, t, sg) — I(ko,to,s0) > K. Again, we consider Zfik[(t;:zi s) lvi — V f(a;)||? for

general k_,t_ands_withk > k_,t>t_ands=s_.

I(k,¢t,s_)

> o= Vi)

i=I(k_,t_,s_)

I(K—1,t_,s_) t—1 I(K—-1,t',s_) I(k,t,s—)
< > M=Vl + Y Yoo M=V + Y e Vi)
i=I(k_,t_,s_) t'=t_+1 i=I(0,t',s_) i=I1(0,t,s_)

20



Using the result of Case I, the first term can be bounded as follows:

I(K—1t_,s_)

S i = V@)

i=I(k_,t_,s_)

KIL? KL?*T
<1262 K?
<12c ( 5 + K*¢* + b )

I(K—1,t_,s_)—1 T(k_,t_,s_)—1

(I(K—1,t_,s_)—I(k_,t_,s_)+ 1) ANK
X Z i1 — 2]|* + K Z i1 — @4
i=I(k_,t_,s_) i=I(0,t_,s_)

I(0,t_,s_)—1
I(K—1,t_,s_)—I(k_,t_,s_)+1)ANKT
+ (I( 5-) ( 5-) ) Z

KT

| @ig1 — x|
i=1(0,0,s_)

2KTSd 4K TG
x | log + loglog

+(I(K —1,t_ s ) = I(k_,t_,s_)+ 1)r?

Similarly, the second term can be bounded as:

t—1 I(K—1,t',s_)

> Yo = Vi)l

t'=t_+1 i=I(0,t,s_)

Pb
I(K—-1,t',s_)—1

X Z > i1 — 24|

t=t_+1 i=I(0,t',s_)

KI? KL2T
<1202( ; + K¢ + )

t—1 1(0,t",s_)—1
I(K—1,¢,s_)—I1(0,t,s_) + 1) AKT
n Z (I( s—) —1( s-)+1) Z

KT
t'=t_+1 i=1(0,0,s_)

2KTSd A4KTG
X | log + loglog——
q 5

KL*T
Pb

i1 — ai?

KI?
<1262 (b + K22+

I(K—1,t—1,5_)—1 t—1 I1(0,t',s_)—1
(I(K—-1,t',s_)—1(0,t',s_)+ 1) ANKT

x 3 iy — sl + s ST Jwie - ?

i=I1(0,t_+1,5_) t'=t_+1 i=I(0,t_,s_)

(I(K—-1t—1,5)—1(0,t- +1,5-)+1)ANKT I(O’ti‘)‘l

KT

+ |21 — @i

i=I(0,0,5_)

2KTSd 4KTG
x | log + loglog——

+(I(K —1,t —1,5_) = I1(0,t_ +1,5_) + 1)r?
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Now, we bound the second term as follows:

SOI(K -1, s ) — 10, s_) + 1) A KT O ,
> ®T S lwie — )
t=t_+1 i=I(0,t_,s_)
(I(K —1,6_ +1,8_) — I(0,t_ +1,5_) + 1) A KT i)™ , ot ,
< *T > i — il + > i1 — il
i=I1(0,t_,s_ i=I(k_,t_,s_)
t—1 1(0,t',s_)—1
(I(K — 1,¢,s_) — I(0,t',s_) + 1) ANKT
+ Y ®T Yo lwis @l
t=t_+2 i=I(0,t_,s_)
X _ I(K—1,t—1,8—1
(I(K 1t +1,5_) —1(0,t_ +1,5_) + 1) AKT ") , Ly ,
< KT Z @it — @l|” + Z @it1 — :”

i=I(0,t_,s_ i=I(k_,t_,s_)
Using this, we have

t—1 I(K-1,t',5_)

> lvi =V (2)]1?

t'=t_+1 i=I(0,t',5_)
KL KLT
<12 2 - K2 2 e
<12¢ ( ot ¢+ Db
} 2I(K“Z“)1 | 2y B =Lt F Lo ) IOt 4 Ls )+ AK “’”Z’S“
Ti41 — X4
| e K |
i=I(k_,t_,s_) i=I1(0,t_,s_)

(I(K —1,t—1,5_) — I(0,t_ +1,5_) + 1) AKT I(O’ti“

+ KT

i1 — @i
i=1(0,0,5_)

2KTSd A4KTG
X | log + loglog——

+ (I(K —1,t —1,5_) = I(0,t_ +1,5_) + 1)r2.

Finally, we bound the last term:

I(kit,s_)—1

Yo = Vi)
i=I1(0,t,5_)
KIL? KI?T
<122 | — + K¢+ ——
< c( 2 + K*°¢" + b )
I(kt,s_)—1 I(0,t,s_)—1
Ik t,s ) —1(0,t,5 )+ 1) AKT
% Z ||xi+1 _mlH2+( ( ) ( ) ) Z

i=1(0,t,s_) KT +=1(0,0,s_)

2KTSd 4KTG
x | log + loglog——
q €

S 12C2 (I(lf/z +KC2 + KL2T>

i1 — @]

Pb
I(k,t,s_)—1 I(k—t_,s_)—1
o (I(k,t,s-)—I(0,t,s_)+1)AKT
<\ Yo e — @l + T | >
i=I(k_,t_,s_) +=1(0,0,s_)

( 2KTSd 4KTG>
x | log

@1 — @i)?

+ loglog——
€

+ (I(kyt,s-) — I(0,t,5_) 4+ 1)r>.

22
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Summing the upper bounds of the three terms, we get

I(k,¢t,s_)

S o= V@)

i=I(k_,t_,s_)

KIL? KL?T
< 4 2 (> K2 2 e
< 48¢ ( 5 +K°¢" + b )
I(kit,s—)—1 I(k—jt_,s_)—1
I(k,t,s—) = I(k—,t_,s_)+ 1) ANK
2 D DU PR RS L ) S e — il
i=I(k_,t_,s_) i=I(0,t_,s_)
LIk ts )~ I(k_tos0) + 1) AKT “O’ti“ 1o "
KT mz+1_sz
i=1(0,0,s_)
2KTSd 4KTG
x | log + loglog——

+ (I(kyt,s_) = I(k_,t_,s_) +1)r?
Setting k_ < kg, t_ < tp and s_ < sq gives the desired bound.

Case IIL. s > sg

In this case, note that I(k,t,s) — I(ko, %o, s0) > KT holds. Observe that

I(k,t,s)

> = Vi@))?

i=1I(ko,to,50)

I(K—1,T—1,s0) s—1 I(K-1,T-1,s") I1(k,t,s)
< > lvi = V)P + > ST = VE@)IP+ D v = V@)
i=1I(ko,to,s0) s'=so+1 i=1(0,0,s") i=1(0,0,s)

Using the result of Case II, we bound the three terms.

The first term can be bounded as follows:

I(K—1,T—1,s0)

Yo = Vi)

i=1(ko,t0,50)

KIL? KL?T
<482 | — + K22+ ——
< 48¢ ( 2 + K¢+ b
I(K-1,T—1,s9)—1 I(ko,to,s0)—1
X Z 0 Hx *:v||2+ (I(K*LT*LSO)*I(kOathSO)JFl)/\K OOZD ||a: *9:'”2
+1 1 K 1+1 7
i:I(ko,to,So) 7;:I(Oat0750)
L U =17 = 1,50) = (ko to, 50) + 1) A KT “0’“2’8:“_1 —
KT Ti41 *sz
1=1(0,0,s0)

2KTSd G
x | log . + loglog?

+ (I(K - 17T - 1750) - I(koathSO) + 1)72'
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Similarly, the second term can be bounded as

s—1 I(K-1,T—1,s")

Z Z l[vs = V f () |I”

s’=so+1 ¢=1(0,0,s")

KIL? Kr2r\ [ =L eI OKTSd AKTG
< 48¢2 (b + K2 + Pb) Z Z [E— <log + loglog—— >
s'=sp+1 i=1(0,0,s") q

+(I(K = 1,T — 1,5 — 1) — I(ko, to, 50 + 1) + 1)r2.

‘We bound the last term as

I(k,t,s)

Z [oi = V f ()]

i=I(0,0,s)

KL? KL?T
< 482 2 -2
< 48c¢ ( G = )

I(k,t,s)—1

KTSd A4KTG

X E lzip1 — =) <log + loglog—— >

. q €
1=1(0,0,s)

+ (I(k,t,s) — I(0,0,s) + 1)r2.

Summing up the three terms, we get

I(k,t,s)

S o - Vi)

i=1I(ko,t0,50)

KL2 KLQT
<48 2 (2= KZ 2 HnLL
- ( T 7
I(k,t,s)—1 1
(L(k,t,s) — I(ko,to,50) + 1) N K
8 Z i1 — ail|* + ( K Z |@is1 — 24
i=1I(ko,t0,50) o
(I(k’t’s) _I<k07t0750) +1) ANKT 1(0.t0,30)—1 )
KT Z @i+1 — 4|
i=1(0,0,50)
2KTSd AKTG
x | log + loglog

+ (I(k,t,s) — I(ko, to, 50) + 1)r2.
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Combining the three cases, we obtain

I(k,t,s)

S o= Vi@))?

i=I(ko,to,s0)

KI? KI?T
<48 | —— + K*¢P + ——
< 48c ( 5 + K¢ + b
I(k,t,s)—1 I(ko,to,s0)—1
(I(k7ta S) _ I(ko,to, 80) + 1) NK
X Z i1 — 2i))® + e Z lzip1 — x>
i:I(ko,to,So) i=1(0,to,s0)
+ (I(k7t7 8) — I(ko,t0> 80) + 1) NKT I(O,tOESO)_l H ] 2
KT Ti+1 Iz”
i=I(0,0,50)
2KTSd 4KTG
X | log + loglog——

+ (I(k7t7 S) - I(k07t07 50) + 1)T2'

Combining this bound with (2), we obtain

f('rl(k,t,s))
I(k,t,s)—1

Yo Vi@

i:I(ko,to,So)

N3

S f(xf(ko,to,so)) -

I(k,t,s)—1

1 L o ((KL? 5.0 KTL? 2KTSd 4KTG 9
_ (277 -5~ 48¢°n <b + K¢ + b log . + loglog = | Z |zit1 — 4]
i=I(ko,to,s0)
KIL? KTL? 2KTSd 4KTG
+ 48 [ —— + K2¢* + log + loglog——
b Pb 5
I(ko,to,s0)—1
(I(k, t, S) — I(ko, to, 80)) NK
X 7 S lwigr — @l
i=1(0,t0,s0)
| Ukt 8) = I(ko.to, 50)) A KT ”O’t‘i’)‘l T
KT 1+1 Z;
i=1(0,0,50)

+n(I(k,t, 5) = I(ko, Lo, 50))7?

with probability at least 1 — 3q.
We can choose ) = O(1/L A \/b/K /L A 1/(K¢) AV/Pb/(vVKTL)) such that p < 1/(8L) and

KIL?
48¢%n ( + K% +

KTL? 2KTSd AKTG cy
log <
b Pb

+ loglog——
€
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for some constant ¢,, € (0,1/4). Then, the above result can be simplified as

I(k,t,s)—1
n
F@1ke.) < F(@1kooto,s0)) — 5 Z [V f (:) I
’L‘:I(ko,to,Sg)
I(k,t,s)—1

1
~ & Yoo =l

i=1I(ko,to,50)

Cl (I(k’t’s) _I(koathSO)) ANK I(ko’§0)1

+ 5 e i1 — i
i=1(0,to,50)
+ (I(k7tvs) —I(k‘o,to,So))/\KT I(O’tO’ZSO)l || . _ HQ
KT Tit+1 T
i=1(0,0,s0)

+n(I(k,t,s) — I(ko,to,s0))r? )
with probability at least 1 — 3q. O
Also, we bound || 7(k ¢.5) — Z1(ko,to,50) ||*- Note that

I(k,t,s)—1

”xl(k,t,s) _irl(ko,lfo,so)”2 < (I(k7t7s) _I(kOvtOwSO)) Z HxiJrl —(E1||2

i=I(ko,t0,50)

<8n(I(k,t,s) — I(ko,to, 30)){f(xl(k'o,to,so)) — [(@r(kt,5))

I(k—1,t,s)

1
—— Y i — @l

8n i=1I(ko,t0,50)

I(ko,to,50)—1

[ I(k‘,t,s)—](k‘o,to,SO ANK

+ ( I )) Z ||$i+1 _ wiHQ
77 ’i:](o,to,So)
(I(k,t,5) — I(ko,to, s0)) A KT "0 ,

+ T S lwig — il

i:I(0,0,So)
+n(I(k,t,s) — I(ko,to, so))rz}.

for every k, kg € [K — 1], t,to € [T — 1] and 5,809 € [S — 1] (I(k,t,s) > I(ko,1o,S0)) with
probability at least 1 — 3q.

By the way, we also derive (loose) almost sure bound as follows: From (I)) and the fact that
lre,t,s) = Vi (@100, 1? < 3(AKG? +4KG? +4TG?) < 36 KT'G? almost surely, it holds that

f(xl(k,t,s)) - f(xf(kg,to,so)) S 3677KT(I(]<57 tu S) - I(k07 t07 SO))C’V2 + W(I(k7 t7 S) - I(k07 th SO))T2
< 36nK2T%SG? + nKTSr?
< 36nK2T%S(G? +r?) 6))

almost surely.
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Proof of Corollary[d.2]
Using Propositiond.1| with I(k, ¢, s) = KTS and I (ko, to, so) = 0, we have

nKTS’fl
flarrs) < flwo) =5 D V()]
1=0
KTS—-1
1 o — 2|2 + nKTSr?
87 Z ||$z+1 xz|| +n .
1=0

Then, —|[Vf(z:)|* < —(1/2)|VF@)|? + IV f(@:) = F@)I° < =2V (@rie,s)]I* +
n?L*r? < —(1/2)||V£(T5)]|* + r? gives

KTS-1
Jexrs) < flwo) = Y IVA@E)IP
1 KTS—lle , ,
" 3 ; [@ip1 — @i||” + 2nKT'Sre.
Choosing ¢, < 1/4 immediately leads the desired result. O
B.4 Escaping Saddle Points
Given {x; fi:gs_l, we introduce the concept of coupling sequence [10]. Given zy(x, t,,s0)- l€t

{e;}2_, be the normalized eigenvectors of V f( I(ko,to,s0)) associated with the eigenvalues \; <
co- < Ag. We set enin i= e1 and Ay := A;. We assume that A := — A5, > /pe.

Then, for given I >1 (ko,to,s0), we define coupling sequence {z} KQSS 1 as follows: (1)

(€5 emin) = — (&5 emin); Q) ({1 €5) = ({7, €;) for j € {2,...,d}z;7and (3) All the other

randomness is completely same as the one of {z;}X197! Let ry := |(€7, €min)|. Note that

(67 — & emin)] = 2ro and thNus 167 — &5l = 2ro. Also, observe that 27, | — az:%Jrl =

77(5; — 5%7 €min)€min. We define I used in the definition of the coupling sequence as follows:
I(k07t07 80)7 (1/(77A) < \/F)

= ) I(khto,s0) =1, (VK <1/(n\) < K)
) 1(0,t0 +1,80) — 1, (K <1/(n\) < KT)
1(0,0,s0 + 1) — 1. (KT < 1/(n\))
Here, &/, is the minimum index k that satisfies k > ko and k& = 0 (mod[+v/K]). We can easily check
that T — I(ko, to, 50) < 1/(7])\)
Note that
qr
Plro>——=)>1- 6
( 0= 2\/§) >1—-q (6)
from the arguments in Section A.2 of [8].

To prove Proposition[4.3] first note that the following result:

Proposition B.3. Let kg € [K] U {0}, to € [T — 1] U {0} and sp € [S — 1] U {0}. Fix any
Je{1,...,1(0,0,5) — I(ko,to, s0)} and F > 0. Under the same conditions as Proposition
it holds that

min {f(xl(ko,to,sowj) — F(@1(kotos0))s F @k 10,50)407) — f(l“}(ko,toso))}

I(k‘(),to,S())fl I(O,to,SO)fl
2¢c JNK JNKT
< -F+ — K E ||.%'i+1 - 331”2 + T E ||.%'i+1 - 331”2
i:[(o,to,SO) i:I(0,0,Sg)

or ¥ € [J]: max {[21(ko.t0,50+7 = T0k0 0250) |12 15 ktorso)+ = Tckontons I}

< 8nJ (F + 2nJr?)

27



with probability at least 1 — 6q.
From the bounds of ||k t0,50)+7 —

Proof First note that x; = 2} for i < I(ko,%o,s0).
2
2 and ||xI Foto,s0)+T T (ko to 50)|| , we can see that

ko,t(J,So)
_ 2 / o 2
Max 3 [|Z1(ko,to,50)+7 — LI (ko,to,s0) I 7||xl(ko,tg,so)+J xl(ko,to,SO)H
1 I(ko,to,SO)JrJfl
<8 J<m flxr ko,tg,so)) - f(xl(kg,toso)JrJ) T8 Z Hxi+1 - 33i||2,
n i:I(ko,to,So)

I(k:o,t(],So)ﬂ*J*l

1
— F (@ ko tos0)47) — 3 Z 74y — ]2

f(xlI(ko,tmso)) 1
i:[(ko,to,sa)

I(ko,to,50)—1 I(0,t0,80)—1
c JANK JANKT
+ O (IO sl + LK S i — il |
2\ K KT
1=1(0,t0,80) 1=1(0,0,s0)

for every J € [J] with probability at least 1 — 6q.
We define I(ky,ts,s7) == I(ko,to,s0) + J. Note that s; > so. From (@),
I(k07to,80)+J—l

1
S 1 (ko to,50)+7) — % Z i1 — ai?

f(xl(ko,to,SO)) -
i=1(ko,t0,50)

= f(mf(ko,to,So)) - f(ml(ko,to,sn)JrJ)
I(}{?U,to,SO)+J71

1
= > [zipr — a]?

+ f(xl(ko,t0,80)+j) - f(xl(ko,to,SQ)+J) - 8
n
’L:I(k)(),to,SQ)

< f(xf(ko,toyso)) - f(ml(koytoﬁso)+t7)
I(ko,tg,80)+J71

1
~ & > i1 — ]|

n i:I(ko,tQ,So)
I(0,ty,s5)—1

I(ky,ty,ss)—1
-J)NK - J)NKT
D D e e L S AR

! K K i=I(0,ts,5) i=1(0,0,55)
+0(T = J)r?
< F (@1 (kosto,s0)) = (T 1k to,50)+7)
I(ko,to,s0)—1 1(0,t0,50)—1
T D D T D D T
K i=1(0,t0,50) i=1(0,0,50)
+ ner.
IC-Ier<e,1f78r the last inequality, we used the fact that 7(0,t;,s5) > I(0,to,S0). Also, we assumed
n < 1/8.

Similarly, we can show that
I(ko,to,s0)+J—1

1
- f(m/l(ko,to,sU)JrJ) - % Z ||5‘72+1 - QC;HQ

!
f(xl(k:g,to,so))
i=1(ko,t0,50)

S f(xll(ko,to,SO)) - f(x/I(ko,t07SO)+J)

ey ._7 ANK I(ko,to,s0)—1 , ._7 AKT I1(0,t0,80)—1 ,
+— E i1 — 2" + KT E |l zip1 — @il
n ) )
i=1(0,t0,50) i=1(0,0,s0)
+nJr.
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Therefore, we get

max {Hxl(koyto,so)nLJ — LI(ko,to,50) ||27 Hxll(ko,to,so)JrJ - x/I(ko,tO,so)HQ}

< SWJ{—min {f(ﬂfl(ko,to,so)hﬂ — F( @1 (ko t0s0))s F @k t0,50)47) — f(x/l(ko,toso))}

I(k:[),t(],S())fl I(O,to,sa)fl
2, [ TAK , JAKT , ,
A X > i+ = 2ill” + == | > [@it1 — ™ | + 20T
i=1(0,t0,s0) 1=1(0,0,s0)

for every J € [J]. Now, suppose that

min {f(xl(ko,t0,80)+3) - f(xf(k(),toso))’ f(xll(ko,tg,so)-&-j) - f(x/l(ko,toso))}

I(ko,to,s0)—1 1(0,tg,s0)—1
2077 j/\K 2 jAKT 2
> —]:Jr? K E zit1 — il TR ‘ E [@igr — @l ] (D)
i=1(0,t0,50) i=1(0,0,50)

Then, using (7)), we obtain

maX{||xI(k07t0,So)+J — L1(ko,to,s0) ”2) H'T/I(kmto,so)—i-J - x/I(lcmto,so) ||2}
< 8T (F + 2nTr?).

This finishes the proof. O
We fix kg € [K —1],tg € [T —1], sp € [S—1] and jl(ko,to,So) € N. Let ‘FI(k07tO,SO) =
crnJ, I(k07t0,50)7’2. From this definition, @) immediately implies that
f(xl(ko,to,so)—i-g]) - f(xf(kmtoasu))
I(’Co,to,SO)fl I(O,to,SO)fl
c JANK JANKT
< ' Z [ —xi||2+W Z [zip1 —zil|* | + 0T
K i=1(0,t0,50) i=1(0,0,s0)
I(k}(),to,SU)*l I(O,to,SO)fl
2 en | Trko to,s0) N K T1(ko to,s0) N KT
A D D AR T > i —af?
F g i=1(0,t0,50) i=1(0,0,50)
(®)

for every J € [T (ko,t0,5)] With probability at least 1 — 3¢. Here, for simplifying the notations, we
set F 1= Fl(ko to,s0) A4 T 2= Ti(ko to.50)-

We want to show the following proposition:

Proposition B.4. Under the same conditions as Proposition it holds that

max {||$1(ko,to,50)+J — LI (ko,to,s0) ||27 Hx/I(ko,to,so)JrJ - x/I(ko,to,so)Hz} > 8(cr + 2)772727"2

for some J € [J] with probability at least 1 — 3q.

Proof. We consider the event H that is an intersection of (@), (T4) and (T3) (derived later), which

holds probability at least 1 — 3¢g. From now, the arguments are conditioned on H. Observe that
8T (F +2nTr?) = 8(cr + 2)n> T >r2.

Suppose that

2 2 72,2
8% {21k 10,5019 = k0 0,500 12 15 torso)+ = Tckontons) I} < 8oz + 22?2,

which implies

max{”xf(ko,tmso)-ﬁ-t] - II(kO7tO;SO)H’ ”xll(k-o,to,so)—&-J - mll(ko,to,so)H} <2 V 2(8-7: + Q)WJT'
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for every J € [J]. Then, we have
max {21k 10,509 = F1k0.t0,50) s 1¥0 hotonsor 7 — Frtkotons |}

< maX{HxI(ko,to,So)*H - xl(ko,to,so)H’ Hxll(ko,tg,so)—&-J - 'r/l(ko,to,so)H} +nr

<A4ver+2nJr =: Ua.

We will derive a contradiction. Now, we consider the quantity ||z; — #/||2 for i > I. w; denotes

x; — x;. Since & = &, for i # I, for I > I, we have that
Wr+1 = T1+1 — JUir+1

=wr —n(vr —vp) — (& — &)

=wr —n(Vf(zr) = Vf(27) +vr = V() — v + Vf(27))

=wr —n((H + Ap)wr +v; — Vf(zr) —v; + V(7))

=1 =nH)wr —n(Arwr + yr)
I
= (L —gH) & —nd (1 —nH) T (A + ),
i=I

where H = V2 (F1(kq,15,50))» Di = Iy (V2 (0 + (1 — 0)x}) — H)db, yi = v; — V f(z;) —
v + Vf(x}) and &i=¢& — & Let A := —Amin (V2 f(Z1(ko to,50)) > +/PE- For the last inequality,

we used T Ty = ch

First we give an upper bound of the term ||5(1 — nH)I_ff}H. Since 5} = &5 — & = 2(&7, €min)€min,
we have

(1 — M) " TE = 2n(1 + N (€7, emin) €min-

Since 79 = 2[(£7, €min)|, we have
[ =m0y &g = n1 4 ) Trg = U1). ©

From now, we will show that the following claims hold for I € {0, ..., I(ko,to, s0) + J} with
probability at least 1 — ¢ using mathematical induction:

lwrll < (e - n(1+nX)" 1o =: Uw(T)
for cf&'jger = é(l) > 0, and

VKL VKTL
||y1||<cupper UA<L+\%+KC \/PT()>(1+ )‘) T0—Uy()

for some cfff,)per = @)(1) > 0. Observe that Ug, U,, and U, are monotonically increasing with respect
tol forl >1T ). First we check the case I € {0,..., I }. In this case, the both claims trivially holds
from the definition of {x/ }K TS=1 pecause w; =1; = 0fori < I. Suppose that the two claims hold
for the cases {0,..., I} with [ > I. We want to show that the two claims also hold for the case
I+1>1.
I I
lwrall <0 (14N " Awill + 0> (14N luill + Ug(T +1).
i=T i=T
Here we used inequality (9). Observe that
[Aswi|| < [[Aifflwil
< AllUw (0)
< NAilUwW(I +1)
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and
1
1A < p / 10; + (1 — )% — Fr(s0.00) |0

< pmax{[|zi = Tr(g.t0.50) s 15 = 7010 10,500 I}
< pUa.
Hence, we get
I
1> (14007 Al
i=TI
< (I = D)pUaUy (I + 1)
<npTJUaUy(I + 1) (10)
Similarly, from the inductive assumption on |y;||,

I
1Y (L+n0) "y

i=1
VKL VKTL 7
<CI(1:L1}3per’r] nAJ - 77<L+\/6 + K¢+ NI (L+nN)"rg
Cu ern)\j L+ vEL +KC+ 1L
<= ( KL ) Uu(1). (1n)
Cupper

These results imply

B eAT -1 (L 4 YEL | ¢4 YETL

Pl S Uat (T (mﬁ il ) Uw(I) + Ug(I +1)
Cupper
< et T - (L+ L+ K SOL)
< | npJdUa + (w) =) Uy (I +1).
Cupper Copper

Here, we again used the monotonicity of U, (¢) with respect to 7. Now, we define 7 := 7, (ko to,s0) ‘=
¢z /(M) (< ez /(ny/pg)) for some c; = O(1) > 2, which does not depend on index I(ko, to, so)

and will be determined later. Also, we set cg‘ﬁ%er > 3 and c,(l%)per = c%%er These definitions

with appropriate 7 < 1/(cs (L + VEL/vVb + KC + VETL/VPb))} x 1/(6c58her) = O(1/L A
VB/K/L) AN1/(KC) AVP/(VETL) and ¢, < 1/(24v/cr + 2% clipher) give

1 1
npJUn < deer +4x n*J?pe < 6elw) = 18 12
Cupper
and
cﬁ%)pernkj-n@Jr%ﬂLKCJr fpi;f) 1 _1 (13)
Cgig%)er GCl(fgg)er Rt

Hence, we obtain

4
lwrsall < UL +1) < Uu(l +1).

Next, we consider the quantity ||yry1||. Let k, ¢, sbe I +1 = I(k,t,s). We define

al(n,t,s) = gl(n,t,s) - g?zfi,t,s) + vfpt,s (ml(nfli,s)) - vfpf,,s (xl(n,t,s))7

6I(n,t,s) = prt,s (zl(m,t,s)) - vfpf s (xl(ﬁ—l,t,s)) + Vf(xl(n—l,t,s)) - vf(xf(n,t,s))7
P 7rcf

71(077"5) = % Zp:l(ggzg()),‘r,s) - 951(7()) 7,8) + Vf($](077_175)) - Vf($](07775)).
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Similarly, we define

O/I(K,t,s) = gll(n,t,s) - (gﬁe(i,t,s))/ + vfpt,s ('rll(n—Lt,s)) - vfpt,s (xll(n,t,s))7

ﬂ}(n,t,s) = prt,s(zir(m,t,s)) = Vipe. (95}(?_1,@5)) + Vf(l"/z(n—u,s)) - vf(x,[(m,t,s))’
P Y

N0ms) = P et (G10r) = G50 + VI @021, = VI @r0,0.0)

that are associated with sequence {x;};’il(ko’tm%). Let Gy(pt,s) = Qr(i,t,5) — o/I(mys), Br(rt,s) =
Br(st,s) — ﬁ}(mys) and V(. t,5) = Vi(s,t,s) — v}wt’s). Then we further define

i k—1 A
f}](k,t,s) = Zg:;) C}I(nﬂ,t,s)a
Bi(k,t.s) = Zf;f) Br(k+1,t,5)5
Cf(o,t,s) = ZT:o ’YI(o,T+1,s)

These definitions give

Yr+1 = V141 — Vf($1+1) - U}H + Vf(ib"/fﬂ)
= Af(k,t,s) + Bi(k,t,s) + Cro,t,s)
+ 01(0,0,5) = VI (Z100,0,5)) — ”}(o,o,s) + Vf(xll(o,o,s))

This implies

lyreall = llvrsr = Vif(@r1) = v + V@)l

< HAI(k,t,s) +HBI(k,t,s) + é](O,t,s)

Here, we used the fact that v;(9,0,5) — V f(21(0,0,5)) — ”3(0 0,5 Tt Vf(x}(o 0 S)) =0.

Bounding ||A1(k,t,s) |

Observe that & (k, t, s) satisfies
E[@[(Ii,t, S) | ]:I(m—l,t,s)] = 0

Let

- (o)
ul,I(m,t,s)

= Vg(xl(n,t,s)v Zl,](f-c,t,s)) - v‘e(ilj(;{yt,s)a Zl,I(rc,t,s)) - (vg(xf(/{—l,t,s)v Zl,I(/-i,t,s)) - vg(x/](nfl,tys)v Zl,](f-c,t,s))
=+ (vfpt,s (xl(nfl,t,s)) - vfpt,s (xll(n—l,t,s))) - (vfpt,s (xl(m,t,s)) - vfpz,s(x}(m,t,s)))'
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Note that E[ﬂl(o})(m)s) |Fr(n,t,5)-1] = 0and Gy, 4 5) = (1/D) Z?/:l ﬁl(z)(n’t +)- Observe that
[t

= ||v£(xl(rc,t,s)7 Zl,](n,t,s)) - Vg(x/[(;{’t,s)a Zl,I(/-i,t,s)) - (vg(ml(n—l,t,s)v Zl,](f-c,t,s)) - vg(fll(nfl_’tys)a Zl,](n,t,s)))
+ (vfptﬂs (xI(”_lvt’S)) - vfpt,s (17}(;@—1,15,3))) - (vfpt,s (xl(mt,s)) - vfpt,s (xll(n,t,s)))”

1
/ VQK(HJ:I(H,LS) + (1 - G)x/[(n,t7s)7 Zl,[(/{,t,s))de(xl(mt,s) - m/l(n,t,s))
0

1
- /0 VQE(QZ‘I(Mth,s) + (1 - 9)'1:,1(,@_171575)’ Zl,[(n,t,s))de(l‘l(nfl,t,s) - x/[(n_17t75))

= Hey o0 WI(mts) T By ey I(ts) WI(stys) — (Hap g WIn—1,t8) T D2y yiy I 1,6,5) WI(r—1,t,5))

1
+ A V2fpt,s (amI(K,t,S) + (1 - e)xll(nfl,t,s))de(xl(&t,s) - x/I(n,t,s))

1
- /0 vzfpt,,s (GII(H—I,t,S) + (1 - Q)I}(m—l,t,s))de(xf(ﬁ—lvtvs) - Il[(m—l,t,s))

+ Hpr Wirt,s) T Dy I(0st,5) WI(rstys) — Hpy s Wik—1,0,8) T Dy o I(r—1,6,5)WI(k—1,t,5)) ]
SN He i) = Mo (Wige,t,s) — Wits—1,8,9)) |
+ H(Al(f-;,t,s),zl,,(m,S) = Af(n,t,s) Wikt || + H(AI(K—I,t,S),zLI(,{mS) — Af(=1,t.8))WI(k—1,t,9) |
< 2L[|wr(p,t,s) = Wi(k—1,t,9)
+ meaX{Hxl(n,t,s) = Z(ko,to,50) I, ||9C/1(~,t,s) — Z1(ko,to.50) I,
121k~ 1.0,8) = Tx(kortorso) I 1T (n—1,,8) = Trkoto,s0) 1 W ge,. )| + wrge—1.0.9)
S 2L||wr(st,5) — Wi(s—1,t,5) || +4pUaUw (I +1).

Here, H. = V(Trhoitors0):2)s Hpro = Voo Frthortorso))s Det(uts) =
1 1

Jo (V20 p(s,5) + (1 — H)x’l(&ts),z) —H.)df and A, | r(uits) = fo (V2 Sp, (0% 1(0s) +

(1- Q)x’l(mns)) —Hyp,..)do.

We define

FN) iy = 2Ll Wi 0) = Wia.ts) || + 4pUAUw (I +1).

Here, for the last inequality, we used the inductive assumption on ||wy(, )| for I(k,t,s) <
I(k — 1,t,5) and the proven bound for |[w(s+)||. Also, we used the simple fact that (1 +
nA) I (:ts)=I(ko to,s0) < (1 4 p))T+1—1 (ko 0.50) Hence, we have

$2

2

~(a B PG
P} T )| > 5 | Brimr ) < 2e 2240 ey

for every s € R and k € [k]. Also note that {ﬁz((?(n ‘ s)}?il is i.i.d. sequence conditioned on

S1(k—1,t,s)- Also note that ||d1(,{,t)s) || < 8G almost surely from Assumption From these results,
we can use Lemmawith A = 8kG and a = & (¢’ is some positive number and will be defined

later) and get
k—1
L (@ 2\ 2KTSd SKG
se << brit (JI(H+1,t,s)) +¢&" | | log p + loglog7 (14)

forevery k € [K]U{0},t € [T — 1] U {0} and s € [S] U {0} with probability at least 1 — ¢ for
some constant ¢ > 0. Note that this event always holds under H.

HAI(k,t,s)
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Bounding ||Bz(k,t,s)||

Observe that

Bf(k,t,s) = prt,s(xl(k?,t,s)) - prt,s (]"I(O,t,s)) + vf(xI(O,t,s)) - Vf(xl(k,t,s))
Vo @) = Vi (@r0,06)) + VI @r0,0s) = V@ 1k 4.5)

1
= /O V2 fpr (02 110, + (1= )21y ) AO(T 1 (1t,5) — Thrs )
1
- /0 V2 fp . (02 10,,5) + (1= 02704 ))d0(21(0.8,5) — T(0,1.5))
1
+/0 V2 (02 (1,5 + (1= O (g0 )0 11 t,5) = Tt )

1
- /0 V2 (02 10.4,8) + (1= 0)27(0,4.6))d0(T1(0.6,5) — T(0,1.5))
= (Hpt,s + Apt,s,l(n,t,s))wl(kﬁt,s) - (Hpt,s + Apt,S,I(O,t,s))U}I(O,t,s)
+ (H 4 Aro,t,)Wr0,t,5) = (H + Argot,s))Wikt,5)
= (Hp,.. — H)(Wi(kt,s) — Wr(0,1,5))
+ (Arktss)pee — DIkt,s)Wtk,t,s) — (A10,t8).p0. — DI(0,t,5) ) WI(0,¢,5)-

This implies that

HBI(k,t,s) < Cllwrh,t,s) — Wr(o,t,s) || +4pUAUw (1 + 1)
k=1
< CZ 101 (kt1,t,5) = Wi t,s) | +4pUaUw (I +1).
k=0

Bounding ||él(0,t,s) |

The argument is similar to the case of ||A1(k’t’5) ||. From Lemma the third term |\CA’1(0¢,S) || can
be bounded as

CA’I(O,t,s)

t—1
¢ ~(7) 2 ~ 2KTSd TG
<
~ VPKb ((Tz_:o (UI(O,TH,S)) >+5> <log p + loglog = (15)

foreveryt € [T'— 1] U {0} and s € [S — 1] U {0} with probability at least 1 — ¢, where

o%,m) = 2L||wro,r,s) — Wr(0,r—1,5) || +4pUaUy(I +1).

Here, we used the facts that {g%()) re) g%grifs) +V fp(210,7-1,5)) = Vp(Z1(0,7,5)) } =1 has mean

zero and each of them is constructed from Kb i.i.d. data samples, and {(g?(% re) (g?’(’())rifs))’ +
Vip (1:’[(0,7_1,8)) -V (x’l(()ms))}f:1 possesses the same property.
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Hence, we have

lyreall
= llorg1 = Vf(xri1) = vig + V(@)
< HAI(k,t,s) + HBI(k,t,s) + “él(o,t,s)
k—1
2 1 2 2772 24
< cy | 8L ZT‘lwI(n-i-lts)*wI(ﬁts)H +32Kp UAUHJ(I+1) +e
k=0
k—1
+ O wrgette,s) = Wil +4pUsUn (I + 1)
k=0
t—1
¢ 2 2 2772 2=
+ Wi 8L Z lwr.r+1,5) = Wro.rs) 1> + 32T p*?UR U (I + 1)? + €
7=0

=

2KTSd SKTG
X 4 /log + loglog

Now, we further bound the term ||w(,c41,7,5) = Wr(s,7,5)]|-

To do this, it is important to carefully distinguish the three cases: I(k+1, 7, s) = T+1,I(k+1,7,5) <
T+landI(k+1,7,8)>1+1.

For the former case, note that [|wy, , — wfl| = [Jwy,, || = nro. Also note that [[wr(xy1,75) —
Wi(k,7,s) || = 0 for [(k +1,7,5) < I+1.

Casel 1/(n)\) < VK.

In this case, [ = I(ko,to, So). Suppose that s = so and t = to. Then, since 1/(n\) < V'K, it holds
that

1 1 7727“2
Z ﬁ”wl(nﬂ,ns) - wl(n,t,s)H2 < b Z |wisr — wiH2 + b :
r=0 "t PEI(0,8,8),. T(h—1,6,8) P\ {T}
1 774)\2[(7”2
=3 > ) ||wi+1_wiH2+T0
ie{I(Ovtvs)7--<7I(k_17tvs)}\{1}
and
Z [Wr(st1,t,8) = Wik ,t,) || < Z [wit1 — wi +nro
= ie{I(0,t,s),....1(k—1,t,s)}\{I}
S Z ||’LU1;+1 fw,-H +T]2AKT0.

i€{1(0,t,s),....I(k—1,t,s)}\{I}

-1
Also, Zj—:o Hw1(077+1,s) — Wi(0,7,s) ||2 =0

Next, suppose that s = sg and ¢ > to. Since 1(0,t,s) > I(ko,to, 50), [|Wr(ko+1,t0,50) = WI(kosto,s0) I
does not appear in the two terms

k—
<3 Z [116e 1.0 = W10
bn b I(k+1,t,s) I(k,t,s)
k=0 —

and
k—1

Z le(n+1,t,s) - wl(n,t,s) ||

rk=0
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Also, since I(ko, to, s0) > 1(0,0, s),

t—1
Y Mwro 1,5 = wir0ll* = > lwro,r+1,6) = Wrom,9)1° + [Wr(0,00+1,6) = Wr0,80,) I
Y 7={0,....t=1}\{to}

<K > lwigr = wil|?

i€{1(0,0,8),...,1(0,t,8)— 1\ {I(0,t0,50),.-.,] (0,t0+1,80)—1}
+ 2K > w1 —wil|* + 2n°rg
PE{1(0,t0,9),.-+1(0,t0+ 1)~ T}\{I(koto,50))
<2K Z lwigs = wi* + 207rg
i€{1(0,0,5),...,1(0,t,s)—1}\{I(ko,t0,50)}
=2K Z lwig1 — wz”Q + 27727%

i€{1(0,0,5),-..,1(0,t,5)—L}\{T}

Finally, when s > s, ||w7,,; — w7l| never appears in the bound of [|y;||.

CaseIL. VK < 1/(n)\) < K.

In this case, I = I (k{,to, so) — 1, where k{ is the minimum number that satisfies k, > ko and
ko = 0 (mod[v/K1). Note that b, = [v/Kb.

Suppose that s = s and ¢ = t¢. Then, since 1/(nA) < K, it holds that

o 1 nr2
Z HwI(KH,t,s) - wI(H,t,s)”2 < - Z ||w7i+1 - wi||2 + -2
—0 br-@-&-l b . ~ \/f?b
m= i€{I(0,t,8),....I(k=1,t,8)}\{I}
and

k—1

D W) — Wil < > w1 —will +nro

k=0 i€{1(0,t,s),....I(k—1,t,s) }\{I}

< > [wit1 —wi]| +7*AKTo.

i€{I(0,t,s),....1(k—1,t,s)}\{I}

AlSO, Zi;l() HwI(O,T-‘rl,S) — Wr(o,7,s) ||2 =0.

Next, suppose that s = sg and ¢ > to. Since I(0,t,5) > I(ko,t0,50), |Wr(ko+1,t0,50) = WI(ko,to,s0) |l
does not appear in the two terms

k—1 k-1
1 2 1 2
Z 7“wl(n+l7t,s) — Wi(k,t,s) || < - Z ||wl(n+1,t7s) — Wr(k,t,s) H
k=0 b'{+1 b k=0
and
k—1
Z le(n—i-l,t,s) - w](n,t,s) ||
k=0

Also, similar to Case I, since I (k, to, so) > 1(0,0, s),

t—1
Z ||wI(0,7'+1,s) - wI(o,T,s)H2 <2K Z |lwit1 — wi||2 + 27727“8
=0 i€{1(0,0,s),...,1(0,t,5)—1}\{I(ko,t0,50)}

=2K Z Hwiﬂ —w7;||2+2’l727"8.
i€{I1(0,0,s),...,1(0,t,s)—1}\{T}

Finally, when s > s, ||w7,,; — wyl| never appears in the bound of [|y;||.
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CaseIIL K < 1/(n)\) < KT.

In this case, [ = I1(0,to + 1,80) — 1. Since I + 1 = I(k,t,s) > I,if s = sp, then we can see that
t > to + 1> to. Then, ||wy,,; — wg|| does not appear in the two terms

k-1

1
D5

||wl()<,+1,t,s) — Wr(k,t,s) H2

HMF

1
)~ Wi 0> < P

and
k—1
D wrterts) = Wiget,s)ll
k=0
Observe that
t—1
Z ||wI(0,T+1,s) - wI(O,‘r,s)||2 = Z le(o,r+1,s) - wI(o,r,s)||2 + ||wI(0,to+1,s) - wI(O,to,s)||2
=0 7={0,....,t=1}\{to}
<K > [wigr —wil?
i€{1(0,0,8),...,1(0,t,5)—1}\{I(0,t0,50),....[ (0,0 +1,50) —1}
+2K Z ||’wi+1 —w;|* + 2n*rd
iG{I(O,tO,S),...,I(O,t0+1,s)72}
< 2K lwittr — wil|* + 202rg.

i€{I1(0,0,s),...,1(0,t,s)—1}\{T}

When s > so, ||wz, ; — wgl| never appears in the bound of ||y711].

Case IV. KT < 1/(n)).

In this case, I = 1(0,0,s9 + 1) — 1. Since I + 1 = I(k,t,s) > I, we know that s > so + 1 > sq.
Hence, ||w7, ; — wy|| never appears in the bound of [|y;1]-

In summary, we have

HyI+1||
1 (n2A2K + 1/\/?) n?r} N
< qe (82 5 > |wigr — ws|? + ; + 32K p2UR U, (I +1)2 4+ &
ie{I(0,t,s),...,] (k—1,t,s) \{I}
2
+¢ > wit1 — will + n*AK7o | + 4pUaUs (I +1)
ie{I(0,t,s),....1(k—1,t,8)}\{T}
C
+ 8L2 | 2K Wiy — wi||2 +2n2r2 | + 32702020, (I +1)2 + &
\/m Z H i+1 1” n 0 1Y A u( )

i€{1(0,0,s),...,1(0,t,s)—1}\{T}

2KTSd S8KTG
x 4 [log . + loglog Ea
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Now, we bound ||wy(s+1,7,5) = Wr(k,r,s)|| fOr the case I(x +1,7,5) > T+1.

le(nJrl,T,s) - wl(ka,T,s) ||

_ I(k,T,8)
_ ,,7(1 o nrH)I(nJrl,T,s)*Ié-Ti n Z (1 B n/H)I(n,-r,s)fz(Aiwi + yz)
i=T
~ I(k,T,s)—1
— (=) T ey N (1= ) T (A + )
i=T
_ H—ﬁzH(l _ nH)I(mt,s)—IéT
I(k,T,8)—1
+n Z 777-[(1 - nH)I(H7T7S)_1_1(Aiwi + yz) - n(AI(K,T,s)wI(N,T,s) + y[(n,‘r,s))
i=I
<7 HnH(l - nH)I(”’t’S)ing
I(k,T,s)—1
+n Y HH’H(l — ) TN A i A+ il 4 0| A Wik rs) + Vi)l
i=T
< 772)‘(1 + n)\)](n,t,s)—fro
I(k,T,s)—1 .
+n Z ’r]>‘(1 + nA)I(H’t’S)iliz + e ”A?wl + yl” + nHAI(K,T,S)wI(K,T,S) + YI(k,7,s) H
. IN I(Kz, t7 S) —1

For the second inequality, we used the following two facts:
(1= )& < A+ m2) g
and

&

HA—nH)|| <oA1 +90) + ——
InH (1 = n1) || < mAQL+ a0 + 5=
for J € NU {0}. The former inequality holds because €I~ = 2<§I~, €min)€min and eni, is the
minimum eigenvector of . The latter inequality is the direct result of the from Lemma[B.1]

Then, we further bound the upper bound as follows:

||wI(/€+1,T,s) - wl(n,'r,s) H
< 772)\(1 + n)\)[(fc,t,s)—lro

I(k,7,8)—1
e

+n Z (’/])\(1 + T]A)I(K’t’s)ilii + I(Iits)—l) ”Alw7 + yl” =+ n||AI(K,T,S)wI(R,T,S) + Y1(k,7,5) ||
i=T T
< 772)\(1 + n)\)[(m,t,s)—fro

+4e(1 + log T )npUaUy(I) + 2e(1 + log T )n(1 + nA\T)U,(I).

1
< de(1 + log T )mpUsUy (I) + +2e(1 +logT)n(1 +nAT) | Uy(I)
(v) VKL VKTL ’
Cupper <L+ BV +KC+ VPb )

= Uu*,(I).

For the first inequality, we used ||A;|| < pUa, the inductive assumptions on ||w;|| and ||y;|| for
i < I(k,t,s)—Tand >3;_, 1/(i+1—1p) <1+ log(i' +1 —1ig) ford’ > ig.
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Concretely, we computed

I(k,7,8)—1

K,t,8)—1—1 €
> (77/\(1 +pA) (b1 I(/<;ts)—z) (| A |
i=1 B
I(k,T,8)—1 ' e
< X (77)\(1 )b =y W) pPUAU (1)
i=T T
< pUA(1 + e(1 4+ logT))U, (1)
< 2e(1 410gT)pUAUy(I).
Also, we computed
I(Hi)_l n>\(1+n)\)l(n,t,s)—1—i+ € ||y ||
< I(k,t,s) — !
i=T
I(k,7,s)—1 e
< A1 A I(k,t,s)—1—1
= Zf (" (L+m) T Tmts) —i
VKL VKTL 7
x <£%>pern A <L+ g TR T | () T
VKL VKTL 7
<c (y) 3)\2._7 L+ + 14+ n\ I(m,t,s)—l—lr
uppern \/E C \/ﬁ ( n ) 0
VKL VKTL N
+ ) e(1+logT )\ L+ YEL L key 14 Ay (mts) =1y,

<e(l+1ogT)(1+nAT)Uy(I).

Using the bound of ||wy(,c41,7,5) = Wr(w,r,s) |, We get

Hy1+1||

N2\2K + 1/\/?) n2r2
b

< <c |8L2 (KUﬁ,(I)-f— (

b

+¢ (KUU;(I) +n*AKro) + 4pUnUy (I + 1)

(2K2TU(I) + 2n%rd) 4+ 32T p?UR U, (I + 1)? +E/}

\/ 8KTG
+ loglog——
€
2v/2 C\F L 4evVKTL\ 22en\WWKL  2v/2cL
<{< C+m>Uw(I)+< \/B +K1/4\[
+ <4fcf 4+ Nﬁcﬁ) pUAU (I + 1) + 2eVE }
PKb
S8KTG
\/log + loglog =
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Under b > 1/(K'/?n*(L + VKL/Vb+ K¢+ VKTL/VPb)?pe), from A > ,/pg, we have

22 KL 2+v/2cL 4cL
VZe\VEKL | 2V2 FAKC + e
Vb K1/4\/b VPKD
KL \/ KTL KL vKTL
<n MH\@C L+ vE + K¢ +4c L+L+7 A
Vb \f VPb Vb VPb
VKL VKTL
<12¢ L+ —+K(+ —— | A
<12cn ( 7 ¢ =
Also, under b > K and b > T'/(PK), we have
W2VE | AVVT
NG VPKD
We choose & such that & < 7*L?A?rg /(64(log 25159 + loglog 855 )¢?). Then, it holds that
VKL VKL VKTL
< <4e + K I+ 12en| L+ ———+ K(+ AT
lyr 11l { ( 7 \/— 7 NG ¢ Vi nArg
KT
+ 24cpUpaU,, (I + 1) } \/ loglog8 = ¢ +0.25U,(I +1).

From the definition of Uy (I):

1

Uq(I) == 4e(1 +log T )npUnUw(I) +
oer (L + YL + K+ YETL)

+2e(1 +1ogT)n(1 +nAT) | Uy(1),

=
we get
lyr+all < {4c (c&iper +2e(1+logT)n (VZL + K+ \Z%) (1 +nAJ)> Uy(1)
+ 12¢n <L+ \/5{; + K¢+ \/5;7?> nAro
o (e bt a5 4 e YT ) st

2KTSd KT
X \/log 5 + loglog8 = ¢ +0.25U,(I +1).
q

From the definitions of J and Ua with r = ¢, with ¢, = 5(1), we have

(w)

Cupper
pUAUW(I) < pUn b0 —_U,(I+1)
Cgf))per"])\ (L + % + K¢+ \I/(P%L)
Y ———) (w)
= e ;’\'220777/)5 (v) \/cfuiper VETL Uy(I+1)
n Cu%pern(L‘FT“r‘KC'f' JBb )
4c, 2
< ST (T4 1),
n (L K+ T
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Here, for the last inequality, we used A > /pe and cl(f{))per = cffﬁl))er.

Therefore, we arrive at

1 VKL VKTL
< <4c + 2¢e(1 4 logJ + 14+9A\7) | U, (I

||y1+1|| { <Cl(lp)per ( 2 ) ( \/E C \/m)( n )) y( )

12

+ o Uy(I+1)
c
upper
96ce v/ cr + 2¢7

_|_

+ 64ce(l +logJ)e,vVer +2¢g | Uy(I + 1)}
(L4 + Ko+ YT

2KTSd S8KTG
X \/log . + loglog = +0.25U,(I +1).

We set cUper = ciher = max{37480\/10g% + loglog #5<} . Then, since n\J < cg,

if we choose 7 such that (L + VKL/Vb + K¢ + VKTL/VPb)) < 1/(48ce(1 + c¢z)(1 +
log.J) \/bg%m + loglog 85T<)  the first term can be bounded by 0.25U,, (1 + 1).

Next, from the definition of 051‘7{,)19% we can see that the second term is bounded by 0.25Uy(I +1).

Finally, we can choose 7 such that 1)(L + K L/vb+ K¢ +VKTL/VPb)) > é(\/cT]+ 1/(cq)).

Then if we appropriately choose ¢, < 6((\/077 + 1/c7)/(Ver + 2¢7)), the third term can be
bounded by 0.25U, (I + 1). Therefore, we conclude that

[yreall < Uy (I +1).

This finishes the proof of the mathematical induction.

Let J :=J — (I — I(ko,to, s0)). From @), and , we have

I+J
||wl(ko,to,so)+.7|| = (1 - 777'[ ng n Z 777'1 I+j l(A w; + yz)
i=I
> |In(1 — nH)7 &7
I+J
—In Z 777_[ I+.7 zA w;
+J I
—ln > @ =)y,
i=I
Z 1
N1+ 907 1o — —5—=Uu(I(ko, to, s0) + 7
3Cupper

(1 4+ 77)\)57"0
==

Now, we define c 7 as the minimum positive number that satisfies

cq > 14 2log(48vVer + 2TV d/q).

From (), we can see that

1 J
2n( +3n)\) 70 TN
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This is because we have

log ((1 + nA)j) = Jlog(1+n))

_ 1
Zj<1_1+m>

o CJ — ].
2
> log(48V/er +2JVd/q)
and thus
20(1 + )7 rg o n+ N7 gr
3 - 3Vd
>4 x4dver+2nTJr =4UA.

Here, the first inequality holds from @ This contradicts with ||wr(k.5,50)+7 | < 2UA.

Proof of Proposition[4.3]
Now, we prove Proposition[#.3] Combining Proposition [B.3]with Proposition[B.4] we have

min{f(x[(k07t0750)+s7[(k0,t0,50)) - f(xf(ko»toso))’ f(xll(k'()7t0750)+s71(k0,t0,50)) B f(xlf(k’oytoso))}

S - ‘FI(k‘(),to,Sg)

I (Ko to,50)—1 1(0,t0,50)—1
2y [ Ti(ko,to,s0) N K T1(ko to,50) N KT
+— lhoto-s0) 72 OKO) Z | 2ig1 *%‘Hz + tho OK;Z Z lzit1 — fEiH2
" i=1(0,t0,50) i=1(0,0,50)
with probability at least 1 — 9q.
Finally, since {x; } X1 has the same marginal distribution as {z;} 575 we conclude that
f(xl(k()wt(),sﬂ)“rjI(kU,to,so)) - f(xf(ko,toso))
< = Fl(ko.to,s0)
I(ko,to,So)fl I(O,to,SQ)fl
2c jjk’ ,8 NK j[k, ,s NKT
Dl e D DI R R > e — il
N i:I(O,tO,So) i:I(0,0,So)
(16)
with probability at least 1/2 — 9¢/2. This finishes the proof of Proposition4.3] O

B.5 Finding Second Order Stationary Points

Let Ry = {x € RY|Vf(z)] > e}, Ro := {z € RY|VFf ()] < eAMuin(V3f(2)) < —\/Pe}
and R3 := R?\ (R1 URy) = {z € RY|||Vf(2)]| < e Admin(V2f(z)) > —/PE}.

We define

. _Jem+ 1 (Ebm eERLU Rg)
m tm + T (0, € Ra2)

with ¢ := 0. Note that 7, < cz/(n./p€). Let M := min{m € N|E[¢,,,] > KT'S/8}. Observe
that 1py < M x cg/(ny/pE) < (KTS/8) x cg/(ny/pe) because txrg/s > KTS/8 always
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holds. We define S as the minimum number that satisfies 5 > (S/8) x c7/(ny/p)) V S with
S = O(1 + (f(To) — f(z.))/(nKTe?)), where in the definition of 7 we set S < S. Then
1y < KTS always holds. We will use Propositions 4. 1] andw1th S« S. S(Lm) denotes the
maximum natural number s’ satlsfylng tm > 1(0,0,s") and t(¢,,) denotes the maximum natural
number t’ satisfying ¢,,, > I(0,t', s(tm)). We w111 show that z; € Rg for some ¢ € [K'TS]U{0} with
probability at least 1/2. Let E; is the event that Ty ¢ Rgforalli’ <iforie [KTS]U{0}. Note
that £, 1 C E; for every i. We can say that the objective of this section is to show P(Exrs) < 1/2.
Proposition B.5. Suppose that Assumptions|1} 2} B | and Bl hold. Under K = O(L/¢ Nb A PO/T),
if we appropriately choose n = O(1/L AN 1/(KC) A \/b/K /L AVPb/(VKTL)) and r = O(e),

then it holds that

M-1
™ ~ n ~ 2
—E < — «) + — P(z, R
£ Elmle” < f(30) f(x)+64m21 (Z.,, € Ra)e
Proof of Proposition[B.5|

First, we consider the difference E[f(z,,,.,) — f(x.,.)]-

Bounding E[f(wlnn+1) - f(xb'ln,) /‘fbm € Rl]

Let H; be the event where . ) with I(ko, to, So) < tm and I(k,t,s) < ty,41 holds. Note that
P(Hy|Z,, € R1) > 1— 3q. From Propos1t10n 4 4.3]and (5), we have for every g € (0,1/6),

E[f(me+1) - f(me)|l.Lm € Rl]
=E[f(2,.4,) — f(2.,)|70,, € Ra, Hi]P(Hi|z,,, € R1)

+E[f(z,,,,) — f(@,)|F., € R, HYP(HE|Z,, € Ry)
< - (1-3)2B||Vf (., )|

Ti(kts) € Ru, Hi) +nr?
tm—1
eno | (bmg1 — tm) ANK <
—E
e I >

i1 — i
i=1(0,t(tm),5(tm)
1(0,t(tm),s(em))—1
i (bm+1 _KL;) NKT Z lwir1 — 2l|2|7,., € Ry, Hy | P(H1[7,, € Ry)
i=1(0,0,5(tm))
+ 3¢ x 36nK2*T?S(G? + %)
n 2
8

< — + 2nr?

Ly —1
_ K us
i CJE (Lm-H Iém) A Z ||37i+1 — l‘in
n i=1(0,t(tm),5(tm)
I(0,t(tm),s(tm))—1
(bm+1 —tm) NKT ’|z z
KT -z(o%:( ) s = @ill*[@0,, € Re, Hy | P(Hy 2., € R1)

+ 3¢ x (36nK>T2S(G? +r?)

_|_

< - 22 + 2nr?
8

tmm—1

+ClE (g1 — tm) N K Z

i1 — xi?
K

i=1(0,t(trm),8(tm)
I(0,t(tm),s(tm))—1

(tms1 — tm) NKT
KT Z

+ i1 — 2l*|Z.,, € Ra
i=1(0,0,8(tm,))

+ 3¢ x 36nK>T?S(G? + r?).
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For the second inequality, we used 1/(1 — 3¢) < 1/2 and —||Vf(z1pus)l?
~(U2DIVF @ )P IV @1h,09) = F @i )1 < =NV F @ rig,e,0) I +0>L2r?
— (/2 f(Z1(t,))]I* + 72 since n < 1/L.

Thus, setting ¢ := (ne%/16) /(96 K2T?S(G? + nr?)) and ¢, < 1/1/96, we get

<
<

E[f(me,+1) - f(me)‘ibm € Rl]

< - %52 + 3nr2
Lm—1
Cn (bmt1 — tm) N K 9
+ ;]E e > [@i+1 — 4|

i=I(0,t(tm ),5(tm)
(tms1 — tm) ANKT I(O’t(bm)zsum))l
m+1 7 ‘m

* KT

[zip1 — 2l ?[Z.,, € Ra
i=1(0,0,5(tm))

< — EE[Lm+1 — Lm‘%im S Rl]EQ

- 32
e [l — ) AK R
+ R m+1 Km Z i1 — ng”2
! i=1(0,t(tm),s(tm)
1(0,t(tm),8(tm))—1
lm+1 — lm AN KT "
Lo KT) > [zip1 — 2l *[Z.,, € Ra| - (17)

i=1(0,0,5(tm))

Here, we used E[ty, 41 — tm| T4, € R1] = 1.

Bounding E[f(z,,,,,) — /(z.,,)[%,, € Ra]

H, denotes the event where (16) with I(ko, to, So) < tm holds. Note that P(Hs|Z,, € Ra) >
1/2 — 7¢/2 by Proposition Let ¢ € (0,1/14) and with ¢ > 16. We will use Proposition 4.3]
and (5).

E[f(xbm+1) - f(xbm”gbm € RQ}
- E[f(me+1) - f(me)|§Lm € RQ,H?MP(Hﬂgbm € RQ)

FE[f (@0 11) — [(@0,)|F0, € Ro, Hi, HS|P(Hy, HY [, € R2)
+E[f(20,,,) — f(@,)|F., € Ra, HS, HYP(HE, HY|Z,,, € Ry).

The first term can be bouded as

Elf(z.,..) — f(2.,,)|7., € Re, Ho]P(Ha|7,,, € Ra)

S {_E[‘FLM|ZELM S R27H2]

—1
2¢ b1l — tm) N K g
+ R ( + = ) Z HxiJrl _ ‘Tz”?
i=1(0,8(em )5 (i)
I(0,t(tm),s(tm))—1
b+l — tm) N KT _
+ ( + KT) Z ||.’£¢+1 — (Ei||2|l'Lm S RQ,HQ }P(H2|$Lm S Rg)
iZ](O,O,S(Lm))
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Here, the inequality holds from Proposition[#.3] The second term can be bounded as

E[f(xbmﬂ) - f(xlwn)|5hn € Ro, Hy, Hg]P(HlaHgﬁbm € Ra)

2 ~
S {]E[]:Lm xbm € R27H17H2c]
CF
tm—1

eno | Cmsr — ) NE 'R

e s D D L
i=1(0,t(tm),s(tm)
I(0,t(tm),s(tm))—1
a1 — tm) N KT >~

+ (bmt1 KT) _I(O;( ; lziv1 — =|%|7.,, € R2,H17Hg }]P)(Hlngwbm € Ra).

Here, we used (8).

Finally, the last term can be bounded as

Elf(20,,,) — f(20,)|T,, € Ro, HS, HSP(HY, HY|Z,,, € R2)
< 36nK>T2S(G? +r*)P(HS, HY|Z,, € Ry).

From these bounds, we have

E[f(me+1) - f(me)|§Lm € RQ]

1 7q 2
< - = = = - —
= (2 2 ) [ L?n‘xbm € R2]

CF
Lm—1
3c (Lerl - Lm) NK A\
o | S e
i=1(0,t(tm),5(tm)
I(0,t(tm),s(tm))—1
L — ) N KT I~
g Lt KT) > [ie1 — zi]?[7.,, € R2

i=1(0,0,8(tm))
+ 3¢ x 36nK>T2S(G? 4 %)

2
< - LB, R, € R’
-1
3c (tmt1 — tm) N K ‘T
+—'E K 4 Z [ip1 — ai?
i=1(0,t(tm),5(tm)
I(0,t(tm),8(tm))—1
(tmt1 — tm) N KT -
+ ®T > [zis1 — il ?[Z.,, € Ra

=1(0,0,s(tm))
+ 3¢ x 36nK>T?S(G? + r?)

Here, for the first inequality, we used the facts that 7, only depends on the start point z,, € Ro
and does not depend on Hs, which only captures the randomness after iteration index ¢,,, and
P(H;|T,,, € Ra,E,,) > 1/2—T7q/2. For the last inequality, we used Fy (s ¢,s) = c;njl(k,tﬁs)rz

with cx > 16 and r = c,€2.
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Thus, setting ¢ := (cxc2ne?/16) /(96 K2T2S(G? + nr?)), we get

Elf (@) = f(20,)]T0, € Rel

2
CFC.T

S - TE[ZNL‘%LWL € RQ]EQ
tm—1
3cy (bmg1 — tm) N K < 5
o E e ) |zit1 — il

i=1(0,t(tm),5(tm)

(L =t ) ANKT I(O,t(Lm),Zs(Lm))—l

+ i1 — ail|*|7.,, € Re

KT _
i=1(0,0,8(tm))
crcine?
16
crcin - 9
— ——Eltmt+1 — tm|T.,, € Rale
16
tm—1
3¢y | (tmg1 — tm) NK < 9
—E i1 — L
X . DR

i=1(0,t(tm),5(tm)

(tmt1 — tm) N KT I(0,t(tm),s(tm))—1
i >

T [@is1 — 2?7, € Ra

+

i=1(0,0,8(tm))

Bounding E[f(z,,,,,) — f(x.,.)|T.,, € R3]

Similar to the arguments for bounding E[f (z,,, . ,) — f(.,,)|T.,, € R1], we have

]E[f(me-H) - f(xbm)|5[/7n € R3]
Ly —1
c b1 — tm) N K <
R e D D i
i=I(0,t(tm),s(tm)

I(0,t(tm),s(tm))—1

L, — i) NKT T
4 L KT) > i1 — zil?[7.,, € Rs
i=1(0,0,5(tm))
, 2
n CFcym T L A 2
(32 16 ) [bmt1 = tm[2,, € Ral + 55 A =3~ + 3
L 71
c (tms1 — tm) NK A\
+ ZUE K > 41 — 23]
i=I(0,t(tm),8(tm)
I(0,t(tm),s(tm))—1
lm —lm ANKT z
+ (s KT) > @1 — x|, € Rs

1=1(0,0,8(tm))

Here, we used the fact that E[,, 11 — ¢ |T5,, € R3]P(Z,,, € R3) = P(7,,, € R3).
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Hence, combining (I7), (I8) and (T9) yields

E[f(xbm+1) - f(me)]
2 2
n o CFGN 2 N CFGN 2 ~ 2
< (X E - i P
< (32 A 16 > [tmt1 — tm]e” + <32 A 16 —|—377cr> (Z,,, € R3)e
tm—1
3c b1 — tm) N K <
+—'E (b1 K ) Z i1 — zi?
i=I(0,t(tm),8(tm)
I(0,t(tm),s(tm))—1
g et ) AR
KT ' 1+1 7
1=1(0,0,8(tm))

2 2
< - C'FlCG’“nE[Lm_H —im)e? + (C}—ICGW + Sncf) P(z,, € R3)e

tm—1
3¢ (Lm 1— Lm) AN K m
Ml Yo llri -l
i=1(0,t(tm),5(tm)
(b1 — ) A FT T lem )7 2
' KT > lTis1 — 4]
i=1(0,0,5(tm))

under ¢, < 1/4/2cx. Summing this inequality from m = 1 to M — 1 results in

E[f(‘rLM) - f(x())]
crcin crcin =
FCr 2 FCr 2 ~ 2
< — 16 Elear)e” + (16 +3770,,) mzz:lP(me € R3)e
M-—1 Lty —1
3 m —tm /\K N
+ ﬁ]E Z (L +1 Ié ) Z H55i+1 _ xi”Q
n m=1 i=1(0,t(tm),8(tm)
I(0,t(tm),s(tm))—1
L — ) N KT
+ ( m+41 K;) | Z Hxi+1 _ $z||2 (20)
1=1(0,0,s(tm))
Here, we used the definition ¢; = 0.
— f(=,,,)]- For

By the way, from (4) and , we can also derive a different bound for E[f(z,,, . )
every g € (0,1/6), we have
E[f(xbm+1) - f(xbm)]
= E[f(a?Lm,+1) - f(sz)|H1]P(H1)
Bl (1) = ) | HPP(HC)
Lm+171
D Nwivr =@l P Hy | P(Hy) + 20r°E i 41 — tn| HiJP(H)

1
< -(1- 3(1)@153

i:L7rL
_ ANK =
L G | Lt KLm) > i1 — |
n i=I(0,t(tm),5(tm)

I(O7t(Lmr)75(Lm,))_1
41 — tm) N KT
+( . KT) Z 2ip1 — i ||| Hy | P(Hq)
i=1(0,0,8(tm))

+ 3¢ x 36nK2T?S(G + ).
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Observe that

Lm,+1—1
—E| > lwip1 —@?[Hy | P(Hy)
tm41—1 tm41—1
=—E| > e —al?| +E| Y i — ol ?H | P(HY)
tmy1—1
< -E Z llziv1 — x|%| + 3¢ x 1920*(KTG? + r?)

Here, for the inequality, we used
i — all* < 3n?[oi — V(@) + 30?|V £ (@) || + 3n*r?
<960 KTG? + 3n*°G* + 3n*r?
<1920*(KTG? 4 r?%)
Hence, with ¢ := nr? /{(96 K*T?S(G + nr?) + 72n(KTG? + 12)(cy [/ (n/pE))} we get
E[f(QijJA) - f(mbm)]
1 Lm+171
2
T l D lwin —

1=lm

+ 277’1"2]E[Lm+1 — i)

1
1 (bms1 —tm) NK g
+—E 7 > i1 — 2|
i=1(0,t(im),5(tm)
(Lm+1 _ Lm) /\ KT I(Ovt("’m)as(Lm,))_l 9
+ BT > @51 — il
i=1(0,0,5(tm))
+ 77T2
1 tm41—1
< - @E [ 0 N =il | + 30 Bl g1 — ]
tm—1
2¢ (bmt1 —tm) NK <
+—'E % > 41 — ai?
i=I(0,t(tm),8(tm)
(Lm+1 _ Lm) ANKT I(0,t(tm),s(tm))—1 ,
+ T > [@ip1 — ]| -

i=1(0,0,8(tm))

Summing this inequality from m = 1 to M — 1 gives
Elf(zn) = f(2o)]

1 M—1 tmt1—1
< " 16y [ o Nz -l
m=1

i=tm

+ 3777’2E[LM]

M-1 tm—1

c (tmt1 — tm) N K
+ ;”E > e > [ ip1 — ai?
m=1 i=I(0,t(tm),8(tm)

I(Ovt(Lm,)vS(Lmr))_l
(tm+1 —tm) NKT
+ *T > i1 — 2|
i:I(0,0,S(Lm))
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Combining this inequality with (20), with we obtain

E[f (@.0,) = f(20)]

1 (”C’%" -0t ) Elurle® + 3 (ﬂ” +30ct) 3 B@, € R
2\ 16 r 2\ 716 e
1 e 2

- ﬁIE l; lzir1 — 2| 1

g |3 (Commml AE RNy
no | = i=1(0,t(m)5(em)

I(0,t(tm),s(tm))—1
+ (bmt1 = tm) NKT (Ol

*T | i1 — @]
1=1(0,0,5(tm))

‘We want to show that

v —1

> llwipr — @il)?

i=0
M-—1 tm—1

1 (tmt+1 — tm) N K <

> 1 Z K Z [

m=1 i=1(0,t(tm),s(tm))

n (tma1 — tm) NKT I(O’t(bmﬁiw(l‘m))_l |zt — a2

KT Tit1 — |

i=1(0,0,5(tm))

To prove this inequality, we fix i’ € [tps — 1] U {0} and show that the coefficient of ||z 1 — 2 ||?
of the left hand side is greater than or equal to the one of the right hand side. At first, the coefficient
of ||zy41 — x4||? of the left hand side is trivially 1. Next we consider the right hand side. Let
s’ be the natural number that satisfies 1(0,0,s") < i’ < I(0,0,s" + 1). Also, ¢’ be the natural
number that satisfies 1(0,¢',s") < i’ < I(0,¢ + 1,s"). We define m, := {m € N|I(0,t,s") <
tm < I(0, +1,5")} and mgy := {m € N|1(0,0,s") < ¢, < I(0,0,5 + 1)}. We can see that the
coefficient of ||z;4 1 — 4||? in the right hand side is

1 (" (tmt1 — tm) N K
1 Z I7 T 700,t(0m)s5(em)) <t/ <tm—1

m=1

N (tmt1 — tm) NKT
+ Z KT L1(0,0,5(0m) < <1(0,t(tm), 5 (1)) ~1

m=1

(bmt1 — tm) NK (bmt1 — tm) NKT
([ gt 57 () )

mem; meEmo

<

B~ =

1 (bmt1 — tm) N K (tmt1 — tm) NKT
=—|1 1
|t Kot ) KT

mem \{max{m1}} memy\{max{my}}

<1

Here, for the first inequality we used the facts that (i) 7(0,¢(tm ), $(tm)) <’ < 1y — 1) implies m €
my and (i) (0,0, s(¢y,) <4’ < I(0,t(tm), $(tm))—1 implies m € ms. To show (i), note that ¢,,, <
I(0,¢', ") implies t,, —1 < " and ¢y, > 1(0,¢'+1, ") implies I(0, ¢(¢,), $(tm)) > 1(0,t'+1,5") >
. Similarly, to show (ii), observe that ¢, < I(0,0,s’) implies i’ > t,,, > 1(0,t(tm), $(tm)) — 1
and ¢, > I1(0,0,s + 1) implies ¢/ < 1(0,0,s" + 1) < I(0,0, s(¢y,)). For the last inequality we
used Zmeml\{max{ml}}(Lm+1 —tm) < K and Zmemg\{max{mg}}([’7’L+1 —tm) < KT.
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We choose ¢,, < 1/128. Then, we obtain

f(@s) = f(@o) <E[f(20y) — f(z0)] + 1

9 5 M-1
< - (2 - actn) Blare? + (22 4 3k 3 Bz, € Ra)e’

Here, for the first inequality, we used E[f(z,,,)] > f(z«) and E[f(x0)] < f(Z0o) +(V f(T0), E[zo —
Zol) + (L/2)||xo — Zol|*> = f(Zo) + n*Lr?/2 < f(Zo) + nr? by the smoothness of f. For the
second inequality, we used the above bounds with the definition of ¢,, for E[f(x,,,) — f(xo)]. This
finishes the proof. O

Proof of Theorem [4.4]

Now, we choose S > 48(f(xo) — f(x.))/(2nKTe?) = O((f(z0) — f(4))/(nKTe?). Note that
Elear] = KT'S/8 = 6(f (o) — f(2+))/(cine?).

Suppose that P(z,, € R3) < 3/4 for every m € [M — 1]. Then, since cxcn/32 — 3¢2n — (3/4) x
(crc?n/32 + 3c2n) > 1/4(cx/32 — 21)c2n > ¢2n/4 under cx > 32 x 22, we have

c2n
f(z) = f(2o) < —%]E[LM}&
and thus
4(f(zo) — f(z4))

E[LM] S C%?7€2

from Proposition|B.5| This contradicts the previous lower bound of E[¢5]. Therefore, we conclude
that there exists m € [M — 1] such that P(z; € R3) > 3/4. Remember that F; is the event that

Ty ¢ Rg forall ¢ < i. This implies P(EC ) > 3/4, and thus P(E,,, ,) <1/4.

LM —1

Finally, we bound P(Exrg). From the definition of M, we have E[cp;_1] < KT'S/8. Thus, from
Markov’s inequality, it holds that P(v5,—1 > KTS) < 1/8.

This yields

P(Exrs) =P(Exrs|tvi—1 > KTS)P(ipy—1 > KTS) +P(Exrs|ipv—1 < KTS)P(up—1 < KTS)
<1x é +P(E,, )
<1/2.

This finishes the proof. O
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