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ABSTRACT

The empirical success of deep learning is often attributed to SGD’s mysterious
ability to avoid sharp local minima in the loss landscape, as sharp minima are
known to lead to poor generalization. Recently, evidence of heavy-tailed gradient
noise was reported in many deep learning tasks, and it was shown in (Simsekli
et al.,2019azb) that SGD can escape sharp local minima under the presence of such
heavy-tailed gradient noise, providing a partial solution to the mystery. In this work,
we analyze a popular variant of SGD where gradients are truncated above a fixed
threshold. We show that it achieves a stronger notion of avoiding sharp minima: it
can effectively eliminate sharp local minima entirely from its training trajectory.
We characterize the dynamics of truncated SGD driven by heavy-tailed noises.
First, we show that the truncation threshold and width of the attraction field dictate
the order of the first exit time from the associated local minimum. Moreover, when
the objective function satisfies appropriate structural conditions, we prove that as
the learning rate decreases the dynamics of the heavy-tailed truncated SGD closely
resemble those of a continuous-time Markov chain that never visits any sharp
minima. Real data experiments on deep learning confirm our theoretical prediction
that heavy-tailed SGD with gradient clipping finds a "flatter" local minima and
achieves better generalization.

1 INTRODUCTION

Stochastic gradient descent (SGD) and its variants have seen unprecedented empirical successes in
training deep neural networks. The training of deep neural networks is typically posed as a non-
convex optimization problem, and even without explicit regularization the solutions obtained by SGD
often perform surprisingly well on test data. Such an unexpected generalization performance of SGD
in deep neural networks are often attributed to SGD’s ability to avoid sharp local minimaﬂ in the loss
landscape, which tends to lead to poor generalization (Hochreiter & Schmidhuber} 1997} Keskar et al.}
2016} [Li et al.| 2018b; [Jiang et al., [2019); see Appendix [D|for more details. Despite significant efforts
to explain such phenomena theoretically, understanding how SGD manages to avoid sharp local
minima and end up with flat local minima within a realistic training time still remains as a central
mystery of deep learning. E] Recently, the heavy-tailed dynamics of SGD received significant attention,
and it was suggested that the heavy tails in the stochastic gradients may be a key ingredient that
facilitates SGD’s escape from sharp local minima: for example, |Simsekli et al.| (2019azb)) report the
empirical evidence of heavy-tails in stochastic gradient noise in popular deep learning architectures
(see also (Hodgkinson & Mahoneyl [2020; [Srinivasan et al., 2021} |Garg et al.| 2021))) and show that
SGD can escape sharp local minima in polynomial time under the presence of the heavy-tailed
gradient noise. More specifically, they view heavy-tailed SGDs as discrete approximations of Lévy
driven Langevin equations and argue that the amount of time SGD trajectory spends in each local
minimum is proportional to the width of the associated minimum according to the metastability
theory (Pavlyukevich| 2007} Imkeller et al., 2010afb) for such heavy-tailed processes.

"We use the terminology sharpness in a broad sense; we refer to Appendix for a detailed discussion.
2To see a detailed discussion on existing results on selection of local minima from the stability perspective
and the novelty of our analysis, see Appendix
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Figure 1: (Left) Histograms of the locations visited by SGD. With truncated heavy-tailed noises,
SGD hardly ever visits the two sharp minima m; and mgs. The objective function f is plotted at the
bottom, and dashed lines are added as references for the locations of local minima. (Middle) Typical
trajectories of SGD in different cases: (a) Heavy-tailed noises, no gradient clipping; (b) Heavy-tailed
noises, gradient clipping at b = 0.5; (c) Light-tailed noises, no gradient clipping; (d) Light-tailed
noises, gradient clipping at b = 0.5. The objective function f is plotted at the right of each figure,
and dashed lines are added as references for locations of the local minima. (Right) First Exit Time
from Q9 = (—1.3,0.2). Each dot represents the average of 20 samples of first exit time. Each dahsed
line shows a polynomial function c; /n® where j3 is predicted by Theorem and ¢; is chosen to fit the
dots. The non-solid green dot indicates that for some of the 20 samples of the termination threshold
5 x 107 was reached, and hence, it is an underestimation. Results in (Left) and (Middle) are obtained
under learning rate 77 = 0.001 and initial condition Xy = 0.3.

In this paper, we study the global dynamics and long-run behavior of heavy-tailed SGD and its
practical variant in depth. While in full generality the structure of gradient noises in SGD is state-
dependent, in this work we focus on the role of noise magnitude and analyze the setting where each
SGD update is perturbed by iid heavy-tailed noise. In particular, we consider an adaptive version of
SGD, where the stochastic gradient is truncated above a fixed threshold. Such truncation scheme is
often called gradient clipping and employed as default in various contexts (Engstrom et al., [2020;
Merity et al.l 2018} |Graves| 2013} [Pascanu et al., 2013 Zhang et al.,[2020; |Gorbunov et al., 2020).
We uncover a rich mathematical structure in the global dynamics of SGD under this scheme and
prove that the asymptotic behavior of such SGD is fundamentally different from that of the pure form
of SGD: in particular, under a suitable structural condition on the geometry of the loss landscape,
gradient clipping completely eliminates sharp minima from the trajectory of SGDs. This provides a
critical insight into how heavy-tailed dynamics of SGD can be utilized to find a local minimum that
generalizes better.

Figure[T](Left, Middle) clearly illustrates these points with the histograms of the sample trajectories of
SGDs. Note first that SGDs with light-tailed gradient noise—(c) and (d) of Figure E] (Left, Middle)—
never manages to escape a (sharp) minimum regardless of gradient clipping. In contrast, SGDs
with heavy-tailed gradient noise—(a) and (b) of Figureﬂ] (Left, Middle)—easily escapes from local
minima. Moreover, there is a clear difference between SGDs with gradient clipping and without
gradient clipping. In (a) of Figure [I] (Left), SGD without gradient clipping spends a significant
amount of time at each of all four local minima ({m1, ma, ms, m4}), although it spends more time
around the wide ones ({my,m4}) than the sharp ones ({m1, m3}). On the other hand, in (b) of
Figure [I] (Left), SGD with gradient clipping not only escapes from local minima but also avoids
sharp minima ({my, m3}) almost completely. This means that after we run SGD for long enough
(more precisely, the required run length ¢ /1 is of polynomial order; see Theorem , it is almost
guaranteed that it won’t be at a sharp minimum, effectively eliminating sharp minima from its training
trajectories.

We also propose a novel computational strategy that takes advantage of our newly discovered global
dynamics of the heavy-tailed SGD. While the evidence of heavy tails were reported in many deep
learning tasks (Simsekli et al., [2019bja; |Garg et al.,[2021}; |Gurbuzbalaban et al., |2020; Hodgkinson
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& Mahoney, [2020; |[Nguyen et al., [2019; [Mahoney & Martin, 2019; Srinivasan et al.| 2021; |Zhang
et al., [2020), there seem to be plenty of deep learning contexts where the stochastic gradient noises
are light-tailed (Panigrahi et al.,2019) as well. E] Guided by our new theory, we propose an algorithm
that injects heavy-tails to SGD by inflating the tail distribution of the gradient noise and facilitating
the discovery of a local minimum that generalizes better. Our experiments with image classification
tasks, reported in Tables[I]and 2] illustrate that the tail-inflation strategy we propose here can indeed
improve the generalization performance of the SGD as predicted by our theory.

The rest of the paper is organized as follows. Section [2|formulates the problem setting and character-
izes the global dynamics of the SGD driven by heavy-tailed noises. Section [3| presents numerical
experiments that confirm our theory. Section[d]proposes a new algorithm that artificially injects heavy
tailed gradient noise in actual deep learning tasks and demonstrate the improved performance.

Technical Contributions: 1) We rigorously characterize the global behavior of the heavy-tailed
SGD with gradient clipping. We first focus on the case where the loss function is in R! with
some simplifying assumptions on its geometry. Even with such assumptions, our theorem involves
substantial technical challenges since the traditional tools for analyzing SGD fail in our context due to
the adaptive nature of its dynamics and non-Gaussian distributional assumptions. For example, while
the unclipped pure SGD can be analyzed by partitioning its trajectory at arrival times of large noises
(as in|Pavlyukevich| (2005)) and [Imkeller et al.|(2010a)), such an approach falls short in our context.
Instead, we developed a set of delicate arguments for dealing with SGD’s (near) regeneration structure
and the return times to the local minima, as well as controlling the probability of atypical scenarios
that would not arise in the unclipped case. Moreover, as evidenced by our R¢ results in Appendix
the approach developed here is critical in extending the analysis to general loss landscapes.

2) We propose a novel computational strategy for improving the generalization performance of SGD
by carefully injecting heavy-tailed noise. We test the proposed algorithm with deep learning tasks
and demonstrate its superiority with an ablation study. This also suggests that the key phenomenon
we characterize in our theory— elimination of sharp local minima—manifests in real-world tasks.

2 THEORETICAL RESULTS

This section characterizes the global dynamics of SGD with gradient clipping when applied to a
non-convex objective function f. In Section and [2.2] we make the following assumptions for
the sake of the simplicity of analysis. However, as our multidimensional result in Section [2.3]and
the experiments in Section [3]and ] suggest, the gist of the phenomena we analyze—elimination of
sharp local minima—persists in general contexts where the domain of f is multi-dimensional, and
the stationary points are not necessarily strict local optima separated from one another.

Assumption 1. Let f : R — R be a C? function. There exist a positive real L > 0, a positive

integer Ny, and an ordered sequence of real numbers my, 51, M2, 82, , Sp,—1, M, SUch that
(1) =L < my < 51 < mg < 83 < - < Sppn—1 < My, < Ly (2) fi(x) = 0iff z €
{m1,81,  , Snp—1, M 5 (3) For any x € {my,ma,--- ,my,. }, f"(x) > 0; (4) For any
x € {51,582, , Snpm—1} [ (x) <O.

As illustrated in Figure 2] (Left), the assumption above requires that f has finitely many local minima
(to be specific, the count iS ny;,), all of which contained in some compact domain [— L, L]. Moreover,
the points s1, - - - , Sp,,,—1 naturally partition the entire real line into different regions Q; = (s;-1, $;)
(here we adopt the convention that sp = —00, s,,,,, = +00). We call each region (2; the attraction
field of the local minimum m;, as the gradient flow in 2; always points to m;.

Throughout the optimization procedure, given any location x € R we assume that we have access
to the noisy estimator f'(x) — Z,, of the true gradient f'(x), and f'(z) itself is difficult to evaluate.
Specifically, in this work we are interested in the case where the iid sequence of noises (Z,,),>1 are
heavy-tailed. Typically, the heavy-tailed phenomena are captured by the concept of regular variation:
for a measurable function ¢ : R — R, we say that ¢ is regularly varying at +-oco with index 3
(denoted as ¢ € RVp) if lim, o0 ¢(tz)/d(z) = t# for all t > 0. For details on the definition and
properties of regularly varying functions, see, for example, chapter 2 of Resnick| (2007). In this paper,

3For a detailed comparison to existing works on heavy-tailed phenomena is SGD, see Appendix@
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we work with the following distributional assumption on the gradient noise. Let
H (z)2P(Z, >x), H (z)2P(Z, < —z), H(x)2 H,(z)+ H_(z) =P(|Z,| > ).

Assumption 2. EZ; = 0. Furthermore, there exists some o € (1,00) such that function H (x) is
regularly varying (at +00) with index —a. Besides, regarding the positive and negative tail for
distribution of the noises, we have

. Hy(z) - ()
m H() ' A H(z) =p-=1-ps

where py and p_ are constants in interval (0, 1).

Roughly speaking, Assumption [2]means that the shape of the tail for the distribution of noises Z,,
resembles a polynomial function =, which is much heavier than the exponential tail of Gaussian
distributions. Therefore, large values of Z,, are much more likely to be observed under Assumption 2]
compared to the typical Gaussian assumption. The index « of regular variation encodes the heaviness
of the tail—the smaller the heavier—and we are assuming that the left and right tails share the same
index a.. The purpose of this simplifying assumption is clarity of presentation, but our R results in
Appendix [[|relax such a condition and allow different regular variation indices in different directions.

Our work concerns a popular variant of SGD where the stochastic gradient is truncated. Specifically,
when updating the SGD iterates with a learning rate 7 > 0, rather than using the original noisy gradient
descent step (f'(X,,) — Z,), we will truncate it at a threshold b > 0 and use ¢, (n(f(X,) — Z,))
instead. Here the truncation operator . (-) is defined as

¢e(w) £ w-min{l,c/|w|} Yw e R, c> 0. (D

Besides truncating the stochastic gradient, we also project the SGD into [—L, L] at each iteration;
recall that L is the constant in Assumption[I] That is, the main object of our study is the stochastic
process { X'} ;>0 driven by the following recursion

X2 op (X}’_l —w(n(f'(X]_1) - Zj)))' @

The projection ¢, and truncation ¢} here are common practices in many learning tasks for the
purpose of ensuring that the SGD does not explode and drift to infinity. Besides, the projection also
allows us to drop the sophisticated assumptions on the tail behaviors of f that are commonly seen in
previous works (see, for instance, the dissipativity conditions in|[Nguyen et al|(2019)). For technical
reasons, we make the following assumption about the truncation threshold b > 0. Note that this
assumption is a very mild one, as it is obviously satisfied by (Lebesgue) almost every b > 0.

Assumption 3. Foreachi = 1,2,y min{|s; — m;|, |s;—1 — m;|}/b is not an integer.

2.1 FIRST EXIT TIMES

Denote the SGD’s first exit time from the attraction field Q; with o;(n) = min{n > 0: X7 ¢ Q,}.
In this section, we prove that o;(n, ) converges to an exponential distribution when scaled properly.
To characterize such a scaling, we first introduce a few concepts. For each attraction field €;, define
(note that [z] = min{n € Z:n >z}, |z] =max{n € Z:n < z})

ri = min{|m; — s;_1|,|si —mal}, 17 = [ri/b]. 3)

Note that [*’s in fact depend on the the value of gradient clipping threshold b even though this
dependency is not highlighted by the notation. Here r; can be interpreted as the radius or the effective
width of the attraction field, and [} is the minimum number of jumps required to escape €2; when
starting from m;. Indeed, the gradient clipping threshold b dictates that no single SGD step can travel
more than b, and to exit {2; when starting from m; we can see that at least [r;/b] steps are required.
We can interpret [ as the minimum effort required to exit £2;. In this sense, [} is an indicator of the
width of the attraction field ;. Theorem|I]states that [} dictates the order of magnitude of the first
exit time as well as where the iterates X! land on at the first exit time. For each (2;, define a scaling

function \;(n) = H(1/n) ((1/77)H(1/77))l:71 . To stress the initial condition, we write P, for the
probability law when conditioning on X} = z, or simply write X/ ().
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Figure 2: Typical transition graphs G under different gradient clipping thresholds b. (Left) The
function f illustrated here has 3 attraction fields. For the second one 5 = (s1, $2), we have
59 —mo = 0.9, my — s1 = 0.6. (Middle) The typical transition graph induced by b = 0.5. The entire
graph G is irreducible since all nodes communicate with each other. (Right) The typical transition
graph induced by b = 0.4. When b = 0.4, since 0.6 < 2b and 0.9 > 2b, the SGD can only exit
Q9 from the left with only 2 jumps if started from ms. Therefore, on the graph G there are two
communication classes: G1 = {my, ma}, Go = {ms}; G; is absorbing while G is transient.

Theorem 1. Under Assumptions there exist constants q; > 0 Vi € {1,2,--- ,ny,} and
¢i; > 0V5€{1,2, -, npin} \ {3} such that

(i) Suppose that x € Qy, for some k € {1,2,--+  nyin}. Under P, the scaled first exit time
qr Ak (n)or(n) converges in distribution to Exp(1) asn |, 0.

(ii) Fork,l € {1,2,--  nun} such that k # 1, we have lim,,_,, P‘”(ng(n) €M) = qr1/qn-

The proof and discussion are deferred to Appendix E} The constants g;, g;,; are explicitly identified
in terms of the gradient flows perturbed by Pareto jumps in Section C of Appendix. We note here that
Theoremimplies (i) for X to escape the current attraction field, say €2;, it takes O (1 / /\i(ﬂ)) time,
and (ii) the destination is most likely to be reachable within [} jumps from m;.

2.2  ELIMINATION OF SMALL ATTRACTION FIELDS

Under proper structural assumptions on the geometry of f, the sharp minima of f can be effectively
eliminated from the trajectory of heavy-tailed SGD, facilitating the discovery of flat minima. This is
somewhat surprising given that gradient clipping mechanism makes the SGD iterates move slower.
The intuition behind this is that for narrow basins, applying gradient clipping has virtually no effect
on the order of exit time; whereas for a wide basin that requires multiple jumps to escape under the
clipping scheme, the clipping of gradients significantly slows down the escape and makes SGD stay
longer. In other words, gradient clipping only makes SGDs stay longer in the wider (better) basins.

Now, we introduce a few new concepts. Similar to the the minimum number of jumps [} defined in
, we define the following as the minimum number of jumps to reach Q; from m; for any j # i:

i — {[(53‘—1 —m;)/b] if j >4,
ST [mg — s5)/b]if j <

Recall that Theorem [T] dictates that X7 is most likely to move out of the current attraction field, say
;, to somewhere else after O (1 oy (n)) time steps, and the destination is most likely to be reachable
within [} jumps from m,;. Therefore, the transitions from €; to §2; can be considered typical if §2;
can be reached from m; with [ jumps—that is, [; ; = [7. Now we define the following directed
graph that only includes these typical transitions.

“4)

Definition 1 (Typical Transition Graph). Given a function f satisfying Assumption[I|and gradient
clipping threshold b > 0 satisfying Assumption E] a directed graph G = (V, E) is the corresponding
typical transition graph if (1) V = {mq,--- ,my,,. }; (2) An edge (m; — m;) is in E iff l; j = .

Naturally, the typical transition graph G can be decomposed into different communication classes
G1,--- ,Gx that are mutually exclusive by considering the equivalence relation associated with
the existence of the (two-way) paths between ¢ and j. More specifically, for i # j, we say that
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i and j communicate if and only if there exists a path (m;, mg,,- - ,ms,,m;) as well as a path
(m;, My, M m;) in G; in other words, by travelling through edges on G, m; can be reached
from m; and m; can be reached from m;.

We say that a communication class G is absorbing if there does not exist any edge (m; — m;) € E
such that m; € G and m; ¢ G. Otherwise, we say that G is transient. In the case that all m;’s
communicate with each other on graph G, we say G is irreducible. See Figure 2] (Middle) for the
illustration of an irreducible case. When G is irreducible, we define the set of largest attraction fields
MYE £ {m; 0 i =1,2,-  nin, Ij = "8} where I""* = max; [3; recall that [} characterizes

the width of €2;. Define the longest time scale A€ () = H(1/n)((H(1/n)/n))" . Note that this
corresponds exactly to the order of the first exit time of the largest attraction fields; see Theorem I]
The following theorem is the main result of this paper.

Theorem 2. Let Assumptions[I{3|hold and assume that the graph G is irreducible. For any t > 0,
B>1+ (a— 1)l and x € [-L, L],

1 [t/n”]
[t/n%] /0 H{X[IUJ (z) € U Qj}du -0 )

jim; ¢ Mlarse

in probability as n — 0.

The proof is deferred to Appendix [Hl Here we briefly discuss the implication of the result. Suppose
that we terminate the training after a reasonably long time, say, [¢/7” ] iterations. Then the random
variable that converges to zero in eq. (5] is exactly the proportion of time that X spent in the
attraction fields that are not wide. Therefore, by truncating the gradient noise of the heavy-tailed
SGD, we can effectively eliminate small attraction fields from its training trajectory. In other words,
it is almost guaranteed that SGD is in one of the widest attraction fields after sufficiently long training.
Meanwhile, despite the asymptotic nature of Theorem 2] it has been confirmed in our simulation and
deep learning experiments that the elimination effect can be observed under typical choices of 7.

Theorem [2)is merely a manifestation of the global dynamics of heavy-tailed SGD. The main messages
of the next theorem are: (a) under clipped heavy-tailed noises, the dynamics of X! for small 1) closely
resemble that of a continuous-time Markov chain; (b) this chain only visits local minima of the largest
attraction fields of f, thus minima in small attraction fields are completely avoided.

Theorem 3. Let x € ); for somei = 1,2, Nin. IfAssumptionshold and G is irreducible,
then there exist a continuous-time Markov chain'Y on M€ and a random mapping T satisfying

o m(m) =mifm € Mlree;
s 7(m) is a random variable that only takes value in M'"¢ if m ¢ M'a"se,

such that the scaled process {X[?t//\’”’f‘"(n)J () : t > 0} converges to process {Yi(mw(m;)) : t > 0}
in the sense of finite-dimensional distributions: for any positive integer k and any 0 < t1 < t5 <

-+ - < tg, the random vector (X{’tl/)\,“,‘g[,(n)J (z),--- ,Xftk/m,ge(n” (fv)) converges in distribution to
(Yo (rma)) - Vi (m(ma)) ) as L0,

In section D of Appendix, we detail the proof, the exact parametrization of the generator matrix of
process Y, and the distribution of random mapping 7 (-). Here we add some remarks. Intuitively
speaking, this result tells us that, regardless of where we initialize the SGD iterates, the dynamics
of the clipped heavy-tailed SGD converge to a continuous-time Markov chain avoiding any local
minima that is not in the largest attraction fields. Second, under small learning rate > 0, if X]!(z) is
initialized at x € €2; where €); is NOT a largest attraction field, then SGD will quickly escape €2; and
arrive at some {); that is indeed a largest one—i.e., m; € M large; such a transition is so quick that,
under time scaling A!*'¢(n), it is almost instantaneous as if X (x) is actually initialized randomly at
some of the largest attraction fields. This randomness is compressed in the random mapping 7. In
Section|B] we discuss how our characterization in Theorem 3| are more general and applicable in the
machine learning context than metastability results cited in (Simgekli et al.| 2019b); in Section [H] we
see that the regularization effect of truncated heavy-tailed noises described in Theorem 3]is of great
generality and can still be observed locally when the irreducibility condition is removed.
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2.3 TR? EXTENSIONS OF THE THEORETICAL RESULTS

We focused on the R! case so far, for the clarity of the exposition. In this section, we informally
reiterate that the same effect under truncated heavy-tailed noises persists in high-dimensions. Rigorous
statements are provided in Appendix [l We consider a setting similar to those in Imkeller et al.
(2010a) and analyze the first exit time o(n,z) = min{k > 0 : X;'(z) ¢ G} from an open,
bounded domain G with smooth boundary. For some f : R? — R, the SGD iterates X Z (z) =
X! () — o (VF(X]_, (%)) + nZy) are subject to the standard Ly norm clipping with threshold
b > 0, iid noises Z,, with heavy tails that resemble 1/ with o > 1, and initial condition X/ (z) = z.
Assume that the origin O is the only attractor in G for the ODE &(t) = —V f(x(t)). Also, let [;; be
the minimum number of jumps required for the ODE (t) to escape from G provided that (0) = 0
and the Ly norm of all jumps are less than b. The following informal version of Theorem [I.2] states
that, under the presence of heavy-tailed noises and gradient clipping, the first exit time from a region
in R? is of order O(1/n't(@=15), Therefore, the order of first exit times from different regions
in R are still dictated by the geometric characterization lg, i.e. the minimum number of jumps
required for escape, and those with largest I; may dominate the SGD trajectory as i | 0. Furthermore,
we extend the analysis to the generalized case where the distribution of noises Z,, exhibits strong
preference of certain directions and has different heavy-tailed indices « along different directions.
We give the details of the R results in Section and provide a proof in Section

Theorem 4 (Informal). Under certain regularity conditions, for Lebesgue almost every b > 0, there
exist ¢ > 0 and \(n) that is regularly varying w.r.t ) with index 1 + (o — 1)l such that

Ao (n, ) = Exp(q)asn 0 Vo € G.

3 SIMULATION EXPERIMENTS

We empirically demonstrate that, (a) as indicated by Theorem |1} the minimum jump number defined
in (3) accurately characterizes the first exit times of the SGDs with clipped heavy-tailed gradient
noises; (b) sharp minima can be effectively eliminated from such SGD; and (c) these properties are
exclusive to heavy-tails. Under light-tailed noises, SGDs are trapped in sharp minima for a long time.
The test function f € C?(R) is the same as in Fig. (Left,e). my and mg are sharp minima in narrow
attraction fields, while ms and my are flatter and located in larger attraction fields. Heavy-tailed
noises have tail index o = 1.2, and light-tailed noises are N'(0, 1). See Appendixfor details.

First, we compare the first exit time of heavy-tailed SGD (when initialized at -0.7) from Qo =
(—1.3,0.2) under 3 different clipping mechanism: (1) b = 0.28, where the minimum jump number
required to escape is [* = 3; (2) b = 0.5, where [* = 2; (3) no gradient clipping, where [* = 1
obviously. According to Theorem [T} the first exit times for the aforementioned 3 clipping mechanism
are of order (1/n)*%, (1/n)** and (1/n)!2 respectively. These theoretical predictions are accurate
as demonstrated in Figure[I] (Right). Next, we investigate the global dynamics of heavy-tailed SGD.
We compared the clipped case (with b = 0.5) against the case without clipping. Figure[T](Left, a, b)
show the histograms of the empirical distributions of SGD, and Figure EKMiddle, a,b) plots the SGD
trajectories. Without gradient clipping, X,, still visits the two sharp minima m;, mg. Under gradient
clipping, the time spent at mj, ms is almost completely eliminated and is negligible compared to
the time X, spent at mo, m4 in larger attraction fields. This matches the predictions of Theorems
[213t the elimination of sharp minima with truncated heavy-tailed noises. We stress that the said
properties are exclusive to heavy-tailed SGD. As shown in Figure[T[Left,c,d) and Figure[T{Middle,
c,d), light-tailed SGD are easily trapped at sharp minima for extremely long time.

Figureillustrates the same phenomena in R?, where f has several saddle points and infinitely many
local minima—the local minima of {29 form a line segment, which is an uncountably infinite set.
Under clipping threshold b, attraction fields £2; and {2, are the larger ones since the escape from
them requires at least two jumps. This suggests that the theoretical results from Section [2]hold under
more general contexts than Assumptions[I}{3] In the next section, we provide experimental evidence
that suggests that truncated heavy-tailed noise improves the generalization of SGD in deep learning.
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Figure 3: Experiment result of heavy-tailed SGD when optimizing the modified Himmelblau function.
(a) Contour plot of the test function f. (b) Different shades of gray are used to indicate the area of the
four different attraction fields €21, o, 23, 24 of f. We say that a point belongs to an attraction field
Q; if, when initializing at this point, the gradient descent iterates converge to the local minima in €2;,
which are indicated by the colored dots. The circles are added to imply whether the SGD iterates can
escape from each €2; with one large jump or not under clipping threshold b. (¢) The time heavy-tailed
SGD spent at different region. An iterate X}, is considered “visiting” €2; if its distance to the local
minimizer of 2; is less than 0.5; otherwise we label X, as “out”. (d) The transition trajectories of
heavy-tailed SGD. The dots represent the last “visited” attraction field at each iteration.

4 HEAVY-TAILED SGD IN DEEP LEARNING: AN ABLATION STUDY

In this section, we verify our theoretical results and demonstrate the effectiveness of clipped heavy-
tailed noise in training deep neural networks. Contrary to the report in (Simsekli et al.,|2019a), heavy-
tailed noise may not be ubiquitous in image classification tasks. For instance, the non-Gaussianity
assumption on SGD noise is disputed by experiments in (Panigrahi et al., 2019) for ResNet (see
(He et al.}[2016)). For tasks considered in this section, the gradient noise is not heavy-tailed when
models are randomly initialized (see Appendix [A)). Motivated by the absence of heavy-tailed noises
in image classification, we make the SGD noise heavy-tailed. Let 0 be the current model weight
during training, gs () be the typical small-batch gradient, and g p(6) be the true (deterministic)
gradient evaluated on the entire training dataset. Then by evaluating gsg () — gap(6) we obtain
a sample of the gradient noise. Due to the prohibitive cost of evaluating gcp(6), we instead use
gsB(0) — grp(0) as its approximation where g, 5 denotes the gradient evaluated on a larger batch.
This is justified by the unbiasedness in E;,g[gr,5(0)] = gap(0). For some heavy-tailed random
variable Z, by multiplying Z with SGD noise, we obtain the following perturbed gradient:

gheavy(e) = gSB(e) + Z(gSB*(H) - gLB(0)> (6)

where S B and S Bx are two mini batches that may or may not be identical. We use the following
update recursion under gradient clipping threshold b: X" | = X, — 03 (119neavy (X)) Where ¢y, is
the truncation operator. We consider two different implementations: in our method 1 (labeled as “our
1” in Table |I|) S B and S Bx are chosen independently, while in our method 2 (labeled as “our 2” in
Table[T), we use the same batch for SB and SBx. In summary, by simply multiplying gradient noise
with heavy-tailed random variables, we inject heavy-tailed noise into the optimization procedure.

We conduct an ablation study and benchmark the proposed clipped heavy-tailed methods against
the following optimization methods. LB: large-batch SGD with X!, | = X! — ngr5(X}]); SB:
small-batch SGD with X,/ ; = X — ngsp(X}!); SB + Clip: the update recursion is X', , =
X! — op(ngsp(X])); SB + Noise: Our method 2 WITHOUT the gradient clipping mechanism,
leading to the update recursion X!, ; = X} — gneavy (X})).

The experiment setting and choice of hyperparameters are adapted from (Zhu et al., 2019). We
consider three different tasks: (1) LeNet (LeCun et al., |1990) on corrupted FashionMNIST (Xiao
et al.l2017), (2) VGGI11 (Simonyan & Zisserman, |2014) on SVHN (Netzer et al.,[2011), (3) VGGI11
on CIFAR10 (Krizhevsky et al., [2009) (see Appendix [A] for details). Here we highlight a few
points: First, within the same task, for all the 6 candidate methods will use the same 7, batch size,
training iteration, and (when needed) the same clipping threshold b and heavy-tailed RV Z for a fair
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Table 1: Test accuracy and expected sharpness of different methods across different tasks. The
reported numbers are the averages over 5 replications. For 95% CI, see Appendix [A]

Test accuracy LB SB SB +Clip SB + Noise Our 1 Our 2
FashionMNIST, LeNet  68.66% 69.20% 68.77% 64.43% 69.47%  70.06%
SVHN, VGG11 82.87% 85.92% 85.95% 38.85% 88.42% 88.37%
CIFARI10, VGG11 69.39% 74.42% 74.38% 40.50% 75.69%  75.87%
Expected Sharpness LB SB SB +Clip SB + Noise Our 1 Our 2
FashionMNIST, LeNet  0.032 0.008 0.009 0.047 0.003 0.002
SVHN, VGG11 0.694 0.037 0.041 0.012 0.002 0.005
CIFARI10, VGG11 2.043 0.050 0.039 2.046 0.024 0.037

Table 2: Our method’s gain on test accuracy persists even when applied with techniques such as data
augmentation and scheduled learning rates. For 95% CI, see Appendix [A]
CIFAR10-VGG11 Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Average

SB+Clip 89.40% 89.41% 89.89% 89.52% 89.47% 89.54%
Our 1 90.76% 90.57% 90.49% 90.85% 90.79%  90.67 %
Our 2 90.67% 90.23% 90.52% 90.13% 90.70% 90.45%
CIFAR100-VGG16 Rep 1 Rep 2 Rep 3 Rep 4 Rep 5 Average
SB+Clip 55.76% 56.8%  56.38% 56.35% 56.32% 56.32%
Our 1 6743% 65.12% 65.14% 6596% 63.57% 65.44%
Our 2 67.19% 61.17% 60.97% 64.75% 60.90% 62.99%

comparison; the training duration is long enough so that LB and SB have attained 100% training
accuracy and close-to-0 training loss long before the end of training (the exception here is “SB +
Noise” method; see Appendix E]for the details); Second, to facilitate convergence to local minima for
our methods 1 and 2, we remove heavy-tailed noise for last final 5,000 iterations and run LB insteacﬂ

Table[T]shows that in all 3 tasks both our method 1 and our method 2 attain better test accuracy than
the other candidate methods. Meanwhile, both methods exhibit similar test performance, implying
that the implementation of the heavy-tailed method may not be a the deciding factor. We also report
the expected sharpness metric E,, . zr(o,521)|L(0* +v) — L(6*)| used in|Zhu et al.| (2019); Neyshabur
et al. (2017b) where N(0, 51) is a Gaussian distribution, §* is the trained model weight and L is
training loss. In our experiment, we use § = 0.01 and the expectation is evaluated by averaging
over 100 samples. We conduct 5 replications for each experiment scenario and report the averaged
performance in Table[I} Smaller sharpness of our methods 1 and 2 confirms that they encourage
minimizers with a “flatter” geometry, thus attaining better test performances.

The ablation study in Table[T]shows that both heavy-tailed noise and gradient clipping are necessary
to find a flat minima and hence achieve better generalization, which is predicted by our analyses.
SB and SB + Clip achieve similar inferior performances, confirming that clipping does not help
when noise is light-tailed. SB + Noise injects heavy-tailed noise without gradient clipping, which
achieves an inferior performance. This poor performance—even after extensive parameter tuning
and engineering (see Appendix [A]for more details)—demonstrates the difficulty on the optimization
front, especially when heavy-tailed noise is present yet little effort is put into controlling the highly
volatile gradient noises. This is aligned with the observations in Zhang et al.| (2020); Gorbunov et al.
(2020) where adaptive gradient clipping methods are proposed to improve convergence of SGD in the
presence of heavy-tailed noises. This confirms that gradient clipping is crucial for heavy-tailed SGD.

Lastly, Table |2 shows that even in the more sophisticated settings with training techniques such
as data augmentations and scheduled learning rates, truncated heavy-tailed SGD still manages to
consistently find solutions with better test performance. For experiment details, see Appendix[A] In
Table we also report the sharpness of the obtained solutions.

“The proposed method can be interpreted as a simplified version of GD + annealed heavy-tailed perturbation,
where a detailed annealing is substituted by a two-phase training schedule. In the first exploration phase the
clipped heavy-tailed noises drive the iterates to explore the loss landscape and identify “wide” attraction fields.
In the second exploitation phase, removing the artificial perturbation accelerates convergence to local minima.
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A DETAILS OF NUMERICAL EXPERIMENTS

A.1 DETAILS OF THE R! SIMULATION EXPERIMENT

The function f used in the experiments is

f(@) = (x + 1.6)(z + 1.3)%(z — 0.2)%(z — 0.7)%(z — 1.6)(0.05[1.65 — z[)**
1 1 1
(1 )(1 )(177 —5(z +0.8)(z + 0.8 )
( To0rrd@ 052/ \' T 014w 1 1o 7 P +08)(w +08))
(A.1)
—L n.”115‘1 >
H_I\——
Qq Q,
Figure A.1: Tllustration of the test function f used in the R! experiment.

As shown in Figure@ the four isolated local minimizers of f are m; = —1.51,s1 = —1.3,mg =

—0.66, 52 = 0.2, m3 = 0.49,s3 = 0.7, my4 = 1.32, and in our experiment we restrict the iterates
on [—L, L] with L = 1.6. The heavy-tailed noises we used in the experiment were Z,, = 0.1U, W,
where W,, were sampled from Pareto Type II distribution (aka Lomax distribution) with shape
parameter o = 1.2, and the signs U,, were iid RVs such that P(U,, = 1) = P(U,, = —1) = 1/2.

In the first exit time experiment, we tested three different settings: (a) b = 0.28 (so that [* = 3);
(b) b = 0.5 (so that [* = 2); (c) no gradient clipping (so that [5 = 1). For the first case, we
tested learning rates {0.1,0.05,0.03,0.02,0.01,0.005,0.003, 0.001}, while for the other two cases,
we tested learning rates {0.1,0.03,0.01,0.003,0.001,0.0003,0.0001}. For each case, we ran the
simulation 20 times and plotted the average of the 20 exit times. Lastly, to prevent excessively long
running time of the experiment, the simulation was terminated when the iteration number reached
5 x 107. This threshold was reached only in the setting with 7 = 0.001,b = 0.28.

Next, we present extra sample paths of SGD when applied to function f in eq. in Figure|A.2
and The blue curve on the right side of each plot shows f rotated by 90 degrees, and the
dashed lines indicate the locations of local minima. For better readability of the figures, we plotted
X, for every 5,000 iterations. To generate these plots, we initialized the SGD iterates at 0.3 (so
that it is in 23 = (0.2,0.7)) and fixed the learning rate as n = 0.001. Again, we tested both with
gradient clipping (with b = 0.5) and without gradient clipping. Moreover, we also tested light-tailed
noises where we use N (0, 1) as the distribution for noises Z,,. For each sample path of X,,, we run
10,000, 000 iterations. In the left plots of Figure[A.2] one can see that with clipped heavy-tailed
stochastic gradients, the SGD iterates almost always stay around the wide attraction fields, and the
sharp minima are almost completely eliminated from the trajectories of SGD. In comparison, in the
right plots of Figure[A.2] one can see that without gradient clipping, the heavy-tailed noises will drive
SGD to spend substantial amount of time in all the different local minima, including the sharp ones.
Lastly, from Figures|A.3| one can see that under light-tailed noises and small learning rates, SGD
cannot escape a sharp minima once trapped there.

A.2 DETAILS OF THE R% SIMULATION EXPERIMENT

As illustrated in the contour plot in Figure [3| (a), the function f in this experiment is a modified
version of Himmelblau function, a commonly used test function for optimization algorithm. The
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Figure A.2: Five sample paths of SGD under heavy-tailed noises with gradient clipping (left) and
without gradient clipping (right). Note that in each case, SGD sample paths exhibit similar patters:
SGD almost completely avoided sharp minima with gradient clipping, whereas SGD spent significant
amount of time at the sharp minima without gradient clipping.
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Figure A.3: Five sample paths of SGD under light-tailed noises with gradient clipping (left) and
without gradient clipping (right). Note that regardless of the use of gradient clipping, SGD never
manages to escape the local minimum that it started from.

modifications serve two purposes. First, as shown in Figure 3| (b), for the modified function the four
attraction fields 1, Q9, Q3, Q4 have different sizes; in particular, under gradient clipping threshold
b = 2.15, from the local minimizers of ), and €2 (indicated by red dots in the corresponding area)
at least two jumps are required to escape from the attraction field, while from the local minimizer in
Q3 or ) it is possible to escape with one jump. Therefore, for the minimum jump number required
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to escape, we have [ =[5 = 2 > [§ = [} = 1 in this case. Second, for the modified test function f,
the local minimizer in {25 is not a single point but a connected line segment, which is indicated by the
dark line in bottom-left region in Figure 3| (a) and the red line segment in in Figure 3| (b). Therefore,
the modification allows us to test the heavy-tailed SGD methods on a more general loss landscape.

Now we describe the construction of the test function f. Let h be the Himmelblau function with
expression h(z,y) = (22 +y — 11)% + (z + y? — 7)2. Next, define the following transformation

for coordinates: ¢(x,y) = (a:(exp(co(a: —¢z)+ 1)), y(exp(co(z — ¢z) + 1)) Let the composition

be hy(z,y) = h(¢(x — ag, y)) To create the connected region of local minimizers, define the
following locally “cut” version of h:
i(z,y) = Yz € [bi,b,], |y —ay| < by},

h*(x,y) = (1 —i(z, y))h¢($, y) +i(z,y) min{h¢,($, y), c1ly — ayllll}'
In other words, by taking minimum of the original hg and a polynomial function w.r.t. i around
the original local minimizer of €25, we obtain a function A* that attains local minimum on an entire
line segment with y = a,,. Lastly, the test function we use in the experiment is f = 0.1~*, with
a; =1.5,ay = —2.9,b; = =5.5,b, = —0.5,b, = 2.0,¢cp = 0.4,¢; = 12.

In the experiment, we initialize the SGD iterates X, at X, = (2.9, 1.0), which is very close to the
local minimizer in the small attraction field 23. For both the clipped and unclipped SGD, we perform
updates for 3 x 107 steps, under learning rate 5 x 10~* and heavy-tailed noise Z, = 0.75W}, where
the iid samples W, are isotropic and the law of |||, the size of the noise, is Pareto(1.2). For
clipped SGD, we use threshold b = 2.15. To prevent the iterates from drifting to infinity, after each
update X, is projected back to the Lo ball centered at origin with radius 4.2 whenever X, leaves this
ball.

44 4
3 3
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(a) with gradient clipping (b) no gradient clipping

Figure A.4: Heat map of SGD iterates when optimizing the modified Himmelblau function.

In Figure we use the 3 x 107 steps of SGD iterates (for both the clipped and unclipped case)
to create heat maps showing locations of SGD iterates. From this figure, two points can be made
clear: first, the heavy-tailed SGD does spend much less time at the two small attraction fields when
gradient clipping is applied; second, in {22 (the bottom-left attraction field) the SGD iterates frequent
the entire connected region of local minima instead of a certain point on this line segment.

A.3 DETAILS OF THE ABLATION STUDY

We first mention that the all experiments using neural networks are conducted on Nvidia GeForce
GTX 1080 Ti. For the ablation study, the experiments and scripts are adapted from the ones in|Zhu
et al](2019)F]

In Figure[A.5] we display the gradient noise distribution in the three tasks of the ablation study after
the model is randomly initialized.

>https://github.com/uuujf/SGDNoise
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(a) Corrupted FashionMNIST

(b) SVHN, VGG11

(c) CIFAR10, VGG11
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Figure A.5: Distribution of gradient noise in different tasks of the ablation study.
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Figure A.6: Test accuracy of the proposed clipped heavy-tailed methods vs. test accuracy of vanilla
SGD in the ablation study.

The experiment setting and choice of hyperparameters are mostly adapted from the experiment in
(2019). We consider three different tasks: (1) training LeNet on corrupted FashionMNIST
dataset; specifically, we use a 1200-sample subset of the original FashionMNIST training dataset,
and for 200 samples points in the training set we randomly assign a label instead of using the correct
ones; (2) VGG11 on SVHN dataset, where we use a 25000-sample subset of the training dataset; (3)
VGGI11 on CIFAR10, where we use the entire training set. For all tasks we use the entire test dataset
when evaluating test accuracy.

Table A.1: Test accuracy (percentage) and expected sharpness of different methods across different
tasks. The reported numbers are the averages and 95%CI over 5 replications.

Test Accuracy Corrupted FMNIST, LeNet SVHN, VGG11 CIFAR10, VGGI11
LB 68.7+0.4 82.94+0.4 69.410.5

SB 69.2+0.8 85.94+0.2 74.4+0.4

SB + Clip 68.8+0.6 85.91+0.2 74.4+0.8

SB + Noise 64.4+3.4 38.9424.1 40.5+25.1

Our 1 69.5+0.8 88.4+0.2 75.7£1.1

Our 2 70.1+0.4 88.4+0.2 75.9+0.7
Expected Sharpness ~ Corrupted FMNIST, LeNet SVHN, VGG11 CIFARI10, VGG11
LB 0.03240.006 0.69410.048 2.04340.083

SB 0.008+0.001 0.03740.007 0.05040.013

SB + Clip 0.00940.001 0.04140.006 0.03940.019

SB + Noise 0.04740.02 0.01240.009 2.046+2.4

Our 1 0.00340.0003 0.002+0.0007  0.024+0.005

Our 2 0.002£0.0002 0.005+0.004 0.037+0.007
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Table A.2: Hyperparameters for training in the ablation study

Hyperparameters FashionMNIST, LeNet SVHN, VGG11 CIFARI10, VGGI11
learning rate 0.05 0.05 0.05

batch size for gsp 100 100 100

training iterations 10,000 30,000 30,000

gradient clipping threshold 5 20 20

c 0.5 0.5 0.5

« 1.4 1.4 1.4

Table A.3: Sharpness of different methods across different tasks. The reported numbers are the
averages over 5 replications.
PAC-Bayes Sharpness  Corrupted FMNIST, LeNet SVHN, VGG11 CIFAR10, VGGI11

LB 5.9 x 103 2.97 x 10*% 4.87 x 10*
SB 3 x 103 6.9 x 103 7.2 %103
SB + Clip 3.3 x 103 7.3 x 103 6.8 x 103
SB + Noise 3.1 x 103 7.76 x 10* 6.74 x 104
Our 1 1.9 x 103 2.1 x 108 4.8 x 103
Our 2 1.6 x 103 2.3 x 103 5.8 x 103
Maximal Sharpness Corrupted FMNIST, LeNet SVHN, VGG11 CIFAR10, VGGI11
LB 1.01 x 10% 3.78 x 10*% 5.46 x 107
SB 4.9 x 103 9.1 x 103 8.5 x 103
SB + Clip 5.4 x 103 9.3 x 103 8 x 103
SB + Noise 5.4 x 103 1.19 x 10° 1.18 x 10°
Our 1 3.2 x 10° 2.5 x 103 5.8 x 103
Our 2 2.5 x 108 2.8 x 103 6.5 x 103

The heavy-tailed multipliers Z,, used in this experiment, whenever heavy-tailed noise is needed, are
Z, = cW,, where W,, are iid Pareto(a)) RVs. For each task, we first randomly initialize each model,
and then run the 6 candidate methods in parallel starting from the same randomly initialized model
weights for a fair comparison.

The hyperparameters in training for each task are listed in Table[A.2} The same set of hyperparameters
is used for all methods in the same task. Whenever gradient clipping scheme is applied, we clip
the gradient if its L, norm exceeds the threshold given in Table[A.2] The exception here is the “SB
+ Noise” method: we use learning rate n = 0.005; for FashionMNIST task we train for 100,000
iterations and the heavy-tailed noise is removed for the final 50,000 iterations; for SVHN and
CIFARI10 tasks, we train for 150,000 iterations and heavy-tailed noise is removed for the last 70,000
iterations. Besides, for this method we always clip the model weights if its L., norm exceeds 1.
The reason for the extra tuning and extended training in “SB + Noise” method is that, without the
said modifications, in all three tasks we observed that the model weights quickly drift to infinity and
explodes; even with the weight clipping implemented, the model performance stays at random level
with no signs of improvements if we do not tune down learning rate.

In Table[A.3] we also report the sharpness of solutions under different shaprness metrics. First, the
PAC-Bayes Sharpness metric (see equation (53) in Jiang et al. (2019)) is defined as 1/02 where o
is equal to the smallest § that induces a 0.1 expected sharpness, and reflects the sharpness/flatness
parameter used in studies on generalization gaps under the PAC-Bayes framework (see Neyshabur et al.
(2017a)). Besides, the Maximal Sharpness metric (see equation (54) in|Jiang et al.|(2019)) is defined
as 1/02 where o is equal to the smallest radius & that makes max|,| <5 |L(0" +v)— L(0")| > 0.1,
and metrics of form max, <4 |L(6* 4v) — L(60*)| can be considered as a proxy for the spectral norm
of the Hessian at the solution (see Dinh et al.|(2017)). It worth noticing that, for all three sharpness
metrics, the smaller the value is the "flatter” the loss landscape is around the solution. Lastly, for
evaluation of the PAC-Bayes Sharpness and Maximal Sharpness metrics, we conduct binary search
as in Algorithm 2 of Jiang et al.|(2019) with ¢; = 0.01,¢, = 0, M; = 10 and My = 100; in our
setting we always evaluate the training loss using one sweep of the entire training set, so M3 is a
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Table A.4: Results and 95% CI in the experiments with data augmentation.
Test Accuracy SB + Clip Our 1 Our 2
CIFAR10, VGG11  89.5+0.2 90.7£0.1 90.5£0.2
CIFAR100, VGG16 56.3£0.3 65.4+1.2 63.0£2.5
Expected Sharpness  SB + Clip Our 1 Our 2
CIFAR10, VGG11 ~ 0.174£0.005  0.09+0.004 0.10+0.003
CIFAR100, VGG16 0.86+0.02  0.44+0.05  0.484+0.07

Table A.5: Sharpness of solutions obtained by different methods in CIFAR10/100 tasks with data
augmentation. Numbers reported here are the average of 5 replications.

CIFAR10-VGGI11 SB+Clip Ourl Our 2
Expected Sharpness 0.167 0.085 0.096
PAC-Bayes Sharpness  1.31 x 10* 9 x 103 10*
Maximal Sharpness 1.66 x 10* 1.29 x 10*  1.22 x 10%
CIFAR100-VGG16 SB+Clip Ourl Our 2
Expected Sharpness 0.857 0.441 0.479

PAC-Bayes Sharpness  2.49 x 10* 1.9 x 10*  1.98 x 10*
Maximal Sharpness 2.75 x 10*  2.12 x 10* 2.16 x 10*

case-specific and is equal to the number of batches of the training set under the batch size for the task
at hand.

In Figure[A.6 we plot the test accuracy of our method against that of the SGD for all 5 replications
and 3 tasks.

A.4 DETAILS OF CIFAR10/100 EXPERIMENTS WITH DATA AUGMENTATION

For both methods, we train the model for 300 epochs and set the initial learning rate as 0.1. In our
method, the training can be partitioned into two phases. In the first phase (the first 200 epochs),
the learning rate is kept at a constant. In the second phase, for every 30 epoch we reduce the
learning rate by half. Also, an L, weight decaying with coefficient 5 x 10~ is enforced. As for
parameters for heavy-tailed noises in eq. (6), we use ¢ = 0.5 and & = 1.4 in the first phase, and
in the second phase we remove heavy-tailed noise and use SB to update weights. In both methods
for the small-batch direction gsp the batch size is 128, while for gr, 5 we evaluate the gradient on
a large sample batch of size 1,024. Under the epoch number 300 and batch size 128, the count of
total iterations performed during training is 1.17 x 10°. To augment the dataset, random horizontal
flipping and cropping with padding size 4 is applied for each training batch. Lastly, gradient clipping
scheme is applied for both methods, and we fix b = 0.5. In other words, when the learning rate
is 17 (note that due to the scheduling of learning rates, n will be changing throughout the training),
the gradient is clipped if its Ly norm is larger than b/7. The scripts are adapted from the ones in
https://github.com/chengyangfu/pytorch-vgg-cifar10.

These results are presented in Table[2] Furthermore, in Table[A.5|we see that our truncated heavy-
tailed method also manages to find solutions with a flatter geometry.

A.5 DISCUSSION ON GRADIENT NOISE DISTRIBUTIONS IN THE EXPERIMENTS

In this subsection, we (i) present the empirical evidence that supports our characterization of the
baseline model—i.e., the absence of heavy tails in the gradient noise—and (ii) clarify that the
emergence of heavy-tails in the *stationary distribution* of SGD (argued in Hodgkinson & Mahoney
(2020); \Gurbuzbalaban et al.|(2020)) does not contradict the observed absence of heavy tails in the
*gradient noise* of SGD. This allows us to study the impact of truncated heavy-tails in the gradient
noise separately from the choice of hyper-parameters.

We start with our observations on the noise distributions. In view of the well-established wisdom in
heavy-tail literature that there is no single perfect tail estimator, we analyzed the stochastic gradient
noise with four different methods: QQ plot, empirical mean residual life (EMRL), Hill plot, and
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PLFIT (Clauset et al.| 2009). We applied these estimation/diagnostic tools (i) at the beginning of
the training, (ii) halfway through the training, (iii) at the end of the training. Throughout all our
experiments, we consistently observe strong evidence that the gradient noises are light-tailed, and
even if (against all odds) the noises were from a heavy-tailed distribution, the tail index should be far
greater (hence, the resulting tail is much lighter) than the heavy-tails we inject (or the popular alpha
stable assumption), and hence, the point we make with our tail-inflation experiment is still valid. We
summarize the results as follows.

First, QQ plots below (Fig. clearly show that the tails in noise distribution are always
much lighter than the Pareto distributions with o = 2 or even 10. Therefore, the typical power-law
assumption, especially the alpha-stable distributions in [Simgekli et al.| (2019b) (with « € (0, 2)),
seems far from the distribution of the actual data we obtained in the image classification tasks. In fact,
the tail of the noise distributions seems to be between that of lognormal and normal distributions,
implying that it is lighter than any power-law distribution.

Pareto, o = 2 Pareto, « =5  Pareto, o« = 10 Lognormal Normal

Figure A.7: Ablation Study, Corrupted FMNIST & LeNet: At the beginning

Pareto, o« = 2 Pareto, « =5  Pareto, o = 10 Lognormal Normal

Pareto, o« = 2 Pareto, « =5  Pareto, o = 10 Lognormal Normal

Figure A.10: Ablation Study, SVHN & VGG11: At the beginning

Pareto, o« = 2 Pareto, « =5  Pareto, o = 10 Lognormal Normal

Figure A.11: Ablation Study, SVHN & VGGI11: Half way through the training
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Figure A.14: Ablation Study, CIFAR10 & VGG11: Half way through the training

Pareto, o« = 2 Pareto,« =5  Pareto, o« = 10 Lognormal Normal

Figure A.15: Ablation Study, CIFAR10 & VGG11: At the end of training

Pareto, o = 2 Pareto,a =5  Pareto, o« = 10 Lognormal Normal
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Figure A.16: Data Augmentation, CIFAR10 & VGG11: At the beginning

Pareto, o = 2 Pareto, « =5  Pareto, o« = 10 Lognormal Normal

Figure A.17: Data Augmentation, CIFAR10 & VGG11: Half way through the training

Next, we |

Fig. [A.22)

plotted the empirical mean residual life (EMRL) of the gradient noise distributions in
[A.26] It is well known that the mean residual life blows up to infinity if and only if the

distribution is heavy-tailed (more precisely, long-tailed). However, from the figures, one can see that
none of the EMRL exhibits such a pattern in any case tested in our experiments. Instead, we see clear

downward

trends, which strongly suggest light tails, in all the tested cases.
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Pareto, o« = 2 Pareto, =5  Pareto, o« = 10 Lognormal Normal

Figure A.20: Data Augmentation, CIFAR100 & VGG16: Halfway through the training

Pareto, a = 2 Pareto, « =5  Pareto, a = 10 Lognormal Normal

Figure A.21: Data Augmentation, CIFAR100 & VGG16: At the end of training
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Figure A.22: Plots of empirical mean residual life for noises in FMNIST&LeNet Task throughout
training
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Figure A.23: Plots of empirical mean residual life for noises in SVHN& VGG 11 Task throughout
training
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Figure A.24: Plots of empirical mean residual life for noises in CIFAR 10& VGG 11 Task throughout
training
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Figure A.25: Plots of empirical mean residual life for noises in dataAug, CIFAR 10& VGG 11 Task
throughout training
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Figure A.26: Plots of empirical mean residual life for noises in dataAug, CIFAR 100& VGG 11 Task
throughout training

If we assume a power-law tail, the Hill estimator is a classical tail index estimator with a long
history in extreme value theory literature. A critical algorithmic parameter of the Hill estimator is
the number of order statistics used in the estimation, and the Hill plot is a popular exploratory tool
for investigating the Hill estimators with different numbers of order statistics. Although it is well
known that Hill estimators and Hill plots are fallible if the power-law assumption is not satisfied, (and
hence, it is not suited for deciding whether a given set of samples are from light-tailed distribution or
heavy-tailed distribution; in particular, the method will return some power-law tail index o whether
or not the samples are from a heavy-tailed distribution or a light-tailed one) we present the Hill plot
to see what would be the estimated tail indices if the gradient noises hypothetically followed a power
law. In the Hill plots shown in Fig. [A.27HA.31] we presented the rescaled version (altHill) of the Hill
plots (see Chapter 4.4 in (Resnick, [2007))) for the following reason. Hill estimator is a consistent
estimator of the power-law index when the proportion of the samples used approaches 0, and altHill
plots allow us to scrutinize the estimated indices under a small proportion of samples. In particular,
the points around the red dashed lines correspond to estimation using the top 1% of the samples. We
can see that most Hill plots stay well above 10 for the most part and almost never drop below 2. This
strongly suggests that even if the gradient noises are from a heavy-tailed distribution, it is likely to
have a very high power-law index (implying relatively lighter tails), and hence, we cannot expect to
observe a prominent heavy-tailed behavior from them.

A popular data-driven approach with statistical guarantees (again, under the assumption that the
samples are indeed from a heavy-tailed distribution) to select the number of order statistics in the
Hill plot is PLFIT (Clauset et al.l 2009). We estimated the power-law indices using the python
implementation (Alstott et al., [2014) of PLFIT. The numbers are presented in Table All the
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Beginning Middle End

Figure A.27: altHill Plots for noises in FMNIST&LeNet Task throughout training. Dashed Red Line:
Estimation based on the largest 1% data
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Figure A.28: altHill Plots for noises in SVHN& VGG 11 Task throughout training. Dashed Red Line:
Estimation based on the largest 1% data
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Figure A.29: altHill Plots for noises in CIFAR 10&VGG 11 Task throughout training. Dashed Red
Line: Estimation based on the largest 1% data
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Figure A.30: altHill Plots for noises in Data Augmentation, CIFAR 10& VGG 11 Task throughout
training. Dashed Red Line: Estimation based on the largest 1% data

estimations are at least 5 for all cases tested in our experiments, and most of the time, the estimation
is above 10. Again, this means that even under the hypothetical assumption (against what the QQ
plots and EMRLs suggest) that the gradient noises were from a heavy-tailed distribution, the tail
indices of the gradient noises should be large, and hence, the gradient noises in our experiments
have much lighter tails than any a-stable distribution (which requires o < 2) or the heavy-tailed
noises we injected during tail inflation experiments (o« = 1.4). In summary, extensive statistical
analyses above suggest the absence of heavy tails in the gradient noises in our experiments. Therefore,
the characterization of the vanilla SGD as the light-tailed (or at least lighter than the inflated tails)
benchmark in our experiments is valid, and our ablation study is well grounded.
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Figure A.31: altHill Plots for noises in Data Augmentation, CIFAR 100& VGG 16 Task throughout
training. Dashed Red Line: Estimation based on the largest 1% data

Table A.6: Power-law Indices Estimation throughout the Training, using PLFIT. All the estimations
are at least 5 for all cases tested in our experiments, and most of the times the estimation is above
10. This means that even under the assumption that the gradient noises were from a heavy-tailed
distribution, they should have much lighter tails than any a-stable distribution (which requires o < 2)
or the heavy-tailed noises we injected during tail inflation experiments (o = 1.4).

Task Beginning Middle End
FMNIST, LeNet 14.3 14.2 16.5
SVHN, VGGl11 5.0 5.2 12.5
CIFARI10, VGG11 9.2 6.6 7.0
dataAug, CIFAR10, VGG11 16.2 16.2 8.5
dataAug, CIFAR100, VGG16 35.1 14.4 5.35

Next, we compare our work to recent literature on heavy-tailed phenomena in stationary distribution
of SGD; see, for instance, [Hodgkinson & Mahoney| (2020); |Gurbuzbalaban et al.| (2020). To be
specific, Hodgkinson & Mahoney| (2020); |Gurbuzbalaban et al.| (2020) show that heavy tails can
arise in the stationary distribution of SGD through multiplicative dynamics, and the tail index of the
resulting stationary distribution can be characterized by the learning rates and the magnitude of noises
(through batch size). However, the results in|Hodgkinson & Mahoney| (2020); Gurbuzbalaban et al.
(2020) do not imply the existence of heavy tails in the gradient noises. In both papers (as well as other
works in the literature), the “heaviness” of the tail of the gradient noise (e.g., power-law index « in
heavy-tailed cases) is fixed in the model (same as in our setting) and not entangled with the learning
rate or batch size. For example, By, in (5) of [Hodgkinson & Mahoney| (2020) corresponds to the
gradient noise, and its tail index doesn’t depend on the learning rate or the batch size. In particular,
the change of learning rate does not induce heavy tails in By. On the other hand, we focus on the
impact of the heavy-tails *in the gradient noise* and the truncation scheme for (any) fixed batch size
and small learning rates on the global dynamics of SGD. In view of this, it should be clear that our
analysis can be decoupled from the choice of batch size or the impact of the learning rate on SGD’s
stationary distribution. Therefore, our observation and the design of the experiments are compatible
with the aforementioned references.

B IMPLICATIONS OF THE THEORETICAL RESULTS

Systematic control of the exit times from attraction fields: In light of the wide minima folklore,
one may want to find techniques to modify the sojourn time of SGD at each attraction field. Theoreml[T]
suggests that the order of the first exit time (w.r.t. learning rate n) is directly controlled by the gradient
clipping threshold b. Recall that for an attraction field with minimum jump number [*, Theorem I]
tells us the exit time from this attraction field is roughly of order (1/7)'*(@=D!"  Given the width
of the attraction field, its minimum jump number [* is dictated by gradient clipping threshold b.
Therefore, gradient clipping provides us with a very systematic method to control the exit time of each
attraction field. For instance, given clipping threshold b, the exit time from an attraction field with
width less than b is of order (1/7)®, while the exit time from one larger than b is at least (1/7)?*~1,
which dominates the exit time from smaller ones.
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The role of structural properties of G and f: Recall that in order for Theorem 3| to apply, the
irreducibility of G is required. Along with the choice of b, the geometry of function f is a deciding
factor of the irreducibility. For instance, we say that G is symmetric if for any attraction field 2; such
thati = 2,3, - , nymn — 1 (so that €; is not the leftmost or rightmost one at the boundary), we have
gii—1 > 0,¢;,i4+1 > 0. One can see that G is symmetric if and only if, forany ¢ = 2,3, -, npin — 1,
|s; —m;| V |m; — s;—1] < I}, and symmetry is a sufficient condition for the irreducibility of G. The
graph illustrated in Figure 2fMiddle) is symmetric, while the one in Figure 2{Right) is not. As the
name suggests, in the R! case the symmetry of G is more likely to hold if the shape of attraction
fields in f is also nearly symmetric around its local minimum. If not, the symmetry (as well as
irreducibility) of G can be violated as illustrated in Figure[2} especially when a small gradient clipping
threshold b is used.

Generally speaking, our results imply that, even with the truncated heavy-tailed noises, the function
f needs to satisfy certain regularity conditions to ensure that SGD iterates avoid undesirable minima.
This is consistent with the observations in |Li et al.| (2018b): the deep neural nets that are more
trainable with SGD tend to have a much more regular structure in terms of the number and shape of
local minima.

Heavy-tailed SGD without gradient clipping: It is worth mentioning that our results also charac-
terize the dynamics of heavy-tailed SGDs without gradient clipping. For instance, since the reflection
operation at +L restricts the iterates on the compact set [—L, L], if we use a truncation threshold b
that is large than 2L, then any SGD update that moves larger than b will definitely be reflected at +=L.
Therefore, the dynamics are identical to that of the following iterates without gradient clipping:
Xg,unclipped =L (Xmunclipped _ nf/(XZinllclipped) + 77Zn) ) (B.l)

n—1
The next result follows immediately from Theorem [I]and [H.2]

Corollary B.1. There exist constants q; > 0Vi, q; ; > 0] # i such that the following claims hold
for any i and any x € ;.

1) Under P,, q;H(1/n)o;(n) converges in distribution to an Exponential random variable
with rate 1 asn | 0;

2) Foranyj = 1,2, - Ny, such that j # 1,

liﬁ)l Po(X7 () € Y) = €/

3) LetY be a continuous-time Markov chain on {mq,--- ,my,,, } with generator matrix Q
parametrized by Q; ; = —q;, Qi j = g;,5. Then
n,unclipped
Xya (i) (@) = Yelmi) asn L0
in the sense of finite-dimensional distributions.

At first glance, Corollary may seem similar to the results in Simsekli et al.|(2019a) and [Pavlyuke+
vich| (2007). However, the object studied in|Simsekli et al.| (2019a)); Pavlyukevich| (2007) is different:
they study the following Langevin-type stochastic differential equation (SDE) driven by an c-stable
Lévy process L; with scaling factor > 0:

AY]" = —f/(Y;")dt + ndL,.

In particular, Pavlyukevich|(2007) studies the metastability of ¥;" and concludes that as 7 |, 0, the first
exit time and global dynamics of Y,” admit a similar characterization as described in our Theorem
Then Theorem 4 in |Simsekli et al.|(2019a)) argues that when the learning rate 7 is sufficiently
small, the distribution of the first exit time of the SGD X! and that of the Lévy-driven Langevin SDE
Y," are similar. However, the analysis of [Simsekli et al.|(2019a) hinges critically on the assumption
that L is symmetric and a-stable. While such an assumption is convenient for their analysis, it is a
strong assumption. It implies that the gradient noise distribution belongs to a very specific parametric
family and excludes all the other heavy-tailed distributions. In particular, the assumption precludes
analysis of any heavy tails with finite variance. On the contrary, our work directly analyzes the SGD
X! and reveals the heavy-tailed SGD dynamics at a much greater level of generality. Specifically,
we allow the noise to have general regularly varying distributions with arbitrary tail index—which
includes a-stable distributions as a (very) special case—and extend the characterization of global
dynamics of heavy-tailed SGD to the adaptive versions of SGD where gradient clipping is applied.
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C GEOMETRIC CHARACTERIZATION [* AND EXISTING SHARPNESS METRICS

Throughout the paper, we have been using the term sharp minima when describing the elimination
effect of truncated heavy-tailed SGD, while appealing to [*, the minimum number of jumps requires
for escape defined in eq. (3), when rigorously presenting our theoretical results about dynamics
of truncated heavy-tailed SGD. Despite the possible ambiguity of its use in the main paper, the
terminology sharpness is meant to familiarize our rather technically involved notion of how heavy-
tailed SGD behave. To resolve the potential confusions, in this section we provide a detailed
discussion on the relationship between our geometric characterization [* and the existing sharpness
metrics.

In light of recent discovery that all local minima might be global minima for over-parametrized
deep neural nets (see Li et al.|(2018a)), one popular explanation for the generalization gap between
different local minima (for instance, between solutions found by GD and SGD) is that the geometry
around the solution is closely related to its performance in the test setting. After the seminal work
by [Keskar et al.[(2016)), a myriad of attempts have been made to provide empirical or theoretical
evidences for the link between the sharpness of a local minimum and its generalization performance;
See, for instance, |Xie et al.| (2020); Jiang et al.| (2019); [He et al.| (2019); [Zhou et al.| (2020). In
summary, there exist at least four different classes of sharpness metrics among the current literature:

(a) spectral norm of the Hessian at the local minimum, one surrogates of which is the maximal
sharpness type of metrics; a variant used in Xie et al.|(2020) based on corresponding large
deviation theory is the eigenvalue of the Hessian along certain escape directions;

(b) expected sharpness type of metrics that evaluate the general fluctuation of the loss function
within a L, ball of centered at the local minimum (see Zhu et al.| (2019));

(c) complexity metrics based on PAC-Bayes theory (see, for example, [Neyshabur et al.| (2017a));

(d) geometric property of a domain or the entire attraction field instead of the local minimum
itself; see the mass of a Radon measure m (W) over the domain W in Theorem 1 inZhou
et al.| (2020).

Under such taxonomy, the [* characterization proposed in this paper falls into category (d). Indeed,
it describes the minimum effort required for escaping the domain rather than the geometry merely
around a certain neighborhood of the local minimum. Here we have two remarks on the definition
of [*. First, for a given loss landscape, this quantity [* is dictated by the gradient clipping threshold
b > 0. In fact, this concept is tailored for the gradient clipping case, as in the unclipped case with
heavy-tailed SGD, for any attraction field €2; we always have [; = 1. Second, it is analogous to
the term m (W) in|Zhou et al.| (2020) in the sense that it reflects the volume of the attraction field
(when compared to a given threshold b). Therefore, we stress that a more precise interpretation of
1*, as well as other metrics in class (d), is that they characterize how wide or narrow each minimum
(attraction field) is, and a more a clear description of our theoretical results Theorem E]-E] is that
truncated heavy-tailed SGD effectively avoids all the narrow minima when learning rate is small
enough.

While one can intuitively see that wide minima are more likely to be flat ones, we acknowledge the
existence of counterexamples where a sharp minimum lies in a wide attraction field. Nevertheless,
as the variety of definitions for sharpness keeps growing in existing literature, it becomes rather
unlikely for one geometric characterization to always agree with (or be equivalent to) other existing
approaches. More importantly, the aim of this paper is not to establish {* as the orthodox geometric
property when studying generalization gap. Instead, as demonstrated in Table and in
modern deep learning tasks the truncated heavy-tailed method (which prefers solutions with high
I* as indicated by our theoretical results) obtains solutions that generalize better and exhibit flatter
geometry when evaluated under different sharpness metrics. This observation is well aligned with the
recent large-scale empirical study in Jiang et al.|(2019)), suggesting that in typical training setting it is
beneficial to find wider minima (characterized by [*) in order to achieve a flatter geometry and better
generalization performance.
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D ON THE RELATIONSHIP BETWEEN SHARPNESS AND GENERALIZATION

In principle, a sharp minimum does not necessarily lead to poor generalization in the sense that it
is possible to construct pathological counterexamples in theory or in specific experiment settings;
see, for example, Dinh et al.| (2017); Neyshabur et al.| (2017a). However, the loss geometry that
arises in practice seems to exhibit a strong correlation between the sharpness and the test error. For
instance, sharpness-aware optimization methods (Foret et al [2020; [Kwon et al., 2021 improve
generalization across various tasks and achieve state-of-the-art performance on the CIFAR dataset.
Also, one of the authors of the aforementioned paper Neyshabur et al.| (2017a) continued investigating
different complexity measures and conducted much larger scale experiments in|Jiang et al.| (2019).
Among more than 40 complexity measures from theoretical and empirical studies in the literature
tested in|Jiang et al.[(2019)), the sharpness metrics are the top ones for predicting the generalization
performance. In our own experiments, we also show that sharpness and test accuracy are highly
correlated.

E STABILITY-DRIVEN ANALYSES ON SGD

'Wu et al|(2018) takes the perspective of linear stability and establishes conditions for SGD to be
attracted to or avoid certain solutions based on learning rate, batch size, and the concept of non-
uniformity of local minima. Inspired by (Wu et al.l [2018)), (Jastrzebski et al.| [2020) analyzes the
trajectory-wise stability of SGD and found that a “break-even point” partitions the training procedure
into two phases: the implicit regularization effects in SGD due to a larger learning rate becomes
visible in the second phase after this “break-even point”. Similarly, (Cohen et al., 2021) reports that
typical GD trajectories in standard image classification tasks can be partitioned into two phases: in
the first “progressive sharpening” phase the sharpness of the Hessian monotonically increases, while
in the second phase we observe the “edge of stability” regime where the sharpness of Hessian hovers
slightly above the critical value 2/7 and the training loss slowly decrease in an oscillating fashion.

Compared to the aforementioned stability analyses, one major difference of our heavy-tailed regime
is that, even under gradient clipping, the trajectory cannot be partitioned into such “phases” and the
traditional sense of stability around certain local minima is nullified by the constant basin hopping
and exploration behaviors under heavy-tailed noises. In particular, the polynomial order of the exit
time in heavy-tailed SGD dictates that, when compared to exponentially long exit time in vanilla
SGD (see [Xie et al.| (2020)), the iterates won’t become “stabilized” and keep staying around a
certain region in a typical training procedure. Instead, our work characterizes the metastability of
the truncated heavy-tailed SGD (i.e. constantly transitioning between different wide minima) that
cannot be observed in GD or light-tailed SGD. More importantly, compared to the aforementioned
stability related analyses, our work provides a very tight characterization of the global dynamics and
distributions of the entire sample path.

F EXISTING ANALYSES ON HEAVY-TAILED PHENOMENA IN SGD

We start with one clarification: what has been established in [Hodgkinson & Mahoney| (2020);
Gurbuzbalaban et al.| (2021); [Wojtowytsch| (2021); Mori et al.[(2021)) is that the stationary distribution
of the SGD (or the corresponding continuous-time SDE) can be heavy-tailed, and the heavy tailes
therein can depend on various training hyperparameters. This, however, does not imply that the
gradient noise is heavy-tailed. In particular, the heavy-tail index (or heavy-tailedness itself) of the
gradient noise will not be affected by hyperparameters such as the learning rate.

To be specific, [Hodgkinson & Mahoney| (2020); |Gurbuzbalaban et al.[(2021) show that heavy tails
can arise in the stationary distribution of SGD through multiplicative dynamics, and the tail index of
the resulting stationary distribution can be characterized by the learning rates and the magnitude of
noises (through batch size). Similarly, the SDEs studied in/Wojtowytsch|(2021)); [Mori et al.|(2021)) are
both driven by light-tailed (Gaussian) perturbations, and the authors show that even under light-tailed
perturbations, heavy tails can arise in the stationary distribution through multiplicative dynamics, and
the tail index of the resulting stationary distribution can be characterized by the learning rates. In
comparison, we focus on the impact of the heavy-tails in the gradient noise and the truncation scheme
on the global dynamics of SGD. Our results show that, under heavy-tailed noises, the power-law
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index « for the tail in noises also characterizes the first exit time and global dynamics of SGD
with no dependence on other training hyperparameters (at least in the asymptotic scheme). In other
words, when the driving force of the dynamics is heavy-tailed, its “heavy-tailedness” (i.e., the same
index «) characterizes the “heavy-tailedness” of the entire SGD without dependency on the other
hyperparameters, and its effect on the entire SGD path (rather than just the stationary distributions)
admits a very clear and tight expression, as characterized in theoretical results in this work.

G PROOF OF THEOREM [T

This section proves Theorem [T} We first start with providing the definitions of ¢; and ¢; ; that appear
in the statement of the theorem. Let Leb. denote the Lebesgue measure restricted on [0, c0), and
define a (Borel) measure v, on R\{0} as follows:

ap+
$a+1

ap_

Vo(dz) = 1{x > 0} P!

+ 1{z < 0}

i -1
where «, p_, and p. are constants in Assumption 2. Define a Borel measure jz; on R% x <R+)
as the product measure

pi = (va)' x (Leby )t~ (G.1)
We also define mappings h; as follows. For a real sequence w = (w1, w2, - -+ ,w;») and a positive

real number sequence t = (t;)ﬁzz, definet; =t} =0andt; =) +t5+ -+t forj =2, 1%

Now we define a path x : [0, 00) — R as the solution to the following ODE with jumps:

X(0) = @r(mi + @p(w1)); (G.2)
&
X(t;) = or (X(t;—) + @p(wy)), Vi=2,-- 1. (G.4)

. -1
Now we define the mappings h; : R4 x <R+) — R as

It is easy to see that h;’s are continuous mappings. With these mappings, we define the following
sets:

. -1
E; 2 {(w,t) CRY x (R+) Chi(w,t) ¢ Q) (G.5)
. 1r—1
Ei; 2 {(w,t) CRY x (R+) Chi(w,t) € Q) (G.6)
Lastly, the constant g; and g; ; are defined as follows:
¢ = pi(Eq), qij = pi(Esj) Vi # j. (G.7)

Before we move on to the proof of Theorem[I] we add a few remarks regarding the intuition behind
it.

* Suppose that X is started at the i local minimum m; of f, and consider the behavior of
X7 over the time period H; £ {1,...,[t/n]} for a sufficiently large ¢. The heavy-tailed
large deviations theory Rhee et al.| (2019)) and a heuristic application of the contraction
principle implies that the path of X F’n /] OVer this period will converge to the gradient
flow of f, and the event that X F’n /] €scapes ; within this period is a (heavy-tailed) rare
event. This means that the probability of such an event is of order (1/7)(*~1% . Moreover,

whenever it happens, it is almost always because X is shaken by exactly I} large gradient

noises of size O(1/n), which translates to [ jumps in X?n/n] ’s path, while the rest of its

path closely resemble the deterministic gradient flow. Moreover, conditional on the event
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that X! fails to escape from €2, within this period, the endpoint of the path is most likely to
be close to the local minima, i.e., X Ft ] e This suggests that over the next time period
Hy 2 {[t/n] +1,[t/n] +2,...,2[t/n]} of length [t/n], X7 will behave similarly to its
behavior over the first period H;. The same argument applies to the subsequent periods
Hs, Hy, ... as well. Therefore, over each time period of length [¢/7], there is (1/7)(®~1D4
probability of exit. In view of this, the exit time should be of order (1/7)'*+(*=Dk and
resemble an exponential distribution when scaled properly.

* Part (i) of Theorem[I]builds on this intuition and rigorously prove that the first exit time is
indeed roughly of order 1/\;(n) ~ (1/1)'(®~1L and resembles an exponential distribu-
tion.

* Given this, one would expect that X ;’ (1)’ the location of SGD right at the time of exit, will

hardly ever be farther than [}'b away from m;: the length of each update is clipped by b, and
there will most likely be only [;* large SGD steps during this successful attempt. Indeed, from
the definition of ¢; ;’s above, one can see that ¢; ; > 0 if and only if inf cq, |y —m4| < I]b.

Summarizing the three bullet points here, we see that the minimum number of jumps [} dictates how

heavy-tailed SGD escapes an attraction field, where the SGD lands on upon its exit, and when the
exit occurs.

Now we are ready to start proving Theorem I} First, note that Assumption 1 implies the following:

* Thereexistcy > 0,¢9 € (0,1) suchthatforany x € {my,s1, -, Snpue1, My J» [Y—2| <
607
| ()| > coly — x|, (G.8)
and for any y € [—L, L] such that |y — 2| > ¢g forall z € {mq,s1, -, Sn—1, Mny }»
we have
| (y)] > co; (G.9)
* There exist constants L € (0,00), M € (0, 00) such that |mg| < L, |my,, | < L, and (for
any z € [—L, L])
|f'(@)] < M, [f"(z)] < M. (G.10)
Recall that for ¢ > 0, the truncation operator was defined as
ve(w) £ p(w,c) & (wAc)V(—c), YwER, (G.11)

and the SGD iterates were defined as
X7 = (X7 = oo (0 (X2) = Zus1)) ). G.12)

Here n > 0 is the learning rate (step length) and b > 0 is the gradient clipping threshold. Also, recall
that for any k € [nmin], we let
or(n) = min{n >0: X ¢ Qx}

to be the time that X exists from the k—th attraction field 2;. Meanwhile, given the gradient
clipping threshold b, recall that

min{m; — s;_1,8; — m;}, (G.13)
[r:/b]. (G.14)

T

i

1>

Intuitively speaking, [} tells us the minimum number of jumps with size no larger than b required
in order to escape the attraction field if we start from the local minimum of this attraction field €2;.
Lastly, recall the definition of H(-) = P(|Z;| > -) and

ni) 2 () (FE2)
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The proof of Theorem [I] hinges on the following two lemmas that characterize the behavior of X!
in two different phases respectively. Let k € [nmn] and z € Q. We consider the SGD iterates
initialized at Xg = z. In the first phase, the SGD iterates return to [my — 2¢, my + 2¢|, a small
neighborhood of the local minimizer in attraction field €2 ; in other words, it ends at

ﬂ(e]fgm( €) = min{n >0: X € [my — 2¢,my, + 2¢]}. (G.15)
During this phase, we show that for all learning rate 7 that is sufficiently small, it is almost always
the case that X! would quickly return to [my, — 2¢, my, + 2¢|, and it never leaves 2 before ﬂgfu)m.

Lemma G.1. There exists some c € (0,00) such that for any k € [Ny, the following claim holds
for all € > 0 small enough:

. . log(1/e¢)
hm lnf IP (X € Q V’I”L S r(ekLBrn ) ) Tr(eku)rn ) < 67) = 1
nd0 ye[—L,L]: yE(sx—1+e€,8,—€) k [ ! (77 )] 1 (77 ) - n

During the second phase, X! starts from somewhere in [my, — 2¢,my, + 2¢] and tries to escape from
Q, meaning that the phase ends at o (n). During this phase, we show that the distributions of the
first exit time o (7n) and the location ng(n) do converge to the ones described in Theorem |1 as
learning rate 7 tends to 0.

Lemma G.2. There exist constants ¢; > 0Yi € [ny] and g; j > OV € [uin] with i, # i such
that the following claim holds: given any C' > 0,u > 0 and any k,l € [n,;,] with k # 1, we have

lim sup sup P, (qk)\k(n)ak(n) > u) <C+exp(—(1-Cu) (G.16)
nd0  z€[—L,L], z€(mi—2¢,mp+2¢)

lim inf inf ( A )> —Ctexp(—(1+4C)u) (G17
IIEIIL%)H z€[—L,L], w€1(171wk72e7mk+26) ak k *P ( ( )U) ( )
C
Jim sup sup ]P’w( 7 o € Ql) Tt tC (G.18)
nd0  z€[—L,L], x€(my—2€,mp+2¢) k
. . . le -
lim inf f Pz( € ) G.19
H?&Jn w€[-L,L], £€l(171nk—25,mk+2e) o1(n) ! ( )

for all € > O that are sufficiently small.

Now we are ready to show Theorem [T}

Proof of Theorem[I] Fix some k € [nmin) and x € QN [—L, L]. Let g, and gy, ; be the constants in
LemmalG.2]

We first prove the weak convergence claim in Theorem [Ii). Arbitrarily choose some u > 0 and
C € (0,1). It suffices to show that

lim sup P, (gp Ak (n)ok(n) > u) < 2C + exp ( - (1- C)u),
nl0

lim inf P, (qe e (n)ok(n) > u) > (1 — C’)( —C+exp(—(1+ C)u))
nl0
Recall the definition of the stopping time I}(elfu)m in eq. 1i Define event
clog(1/e
Ak(n7 ) {XTI € Qk Vn € [ r(etu)rn(nv )] iz—l'gtcu)m< ) < M}

Ui

where ¢ < oo is the constant in Lemma First, since © € Q) = (Sx—1, Sk), it holds for all € > 0
small enough that = € (sg_1 + €, s — €). Next, one can find some € > 0 such that

* (Due to Lemma[G.1)
P, ((Ax(n,€))) < C Vn sufficiently small;

* (Due to eq. (G:I6)eq. (G.I7) and strong Markov property) For all 7 sufficiently small,
Po (M (n) (0 (n) = Tikim(n,9)) > (1 = O | Ai(n, ) < C +exp (= (1= C)),

P (@) (o) = Tim(1,0)) > 1 | Au(1,€)) = =C+ exp (= (1+ ).
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Fix such e. Lastly, for this fixed €, due to A, € RV_1_4x(o—1)(n) and @ > 1, we have giAx (1) -

clog(1/e)
n

Po(qrAr(m)ok(n) > u)
<P, ((4x(n, 9))°) + Px({qm(mok(n) >u} N A4x(n,0)
<C+P, ({Qk)\k mok(n) > u} N Ag(n, e ))

=C+P, (Qk/\k n (U iz—i'g:um )) u— Qk)\k( ) retu)rn 777 ‘ Ak: 777 )) : Pw(Ak(n7€))

< Cu for all n sufficiently small. In summary, for all 7 sufficiently small, we have

<C + o (@A) (o) = Tém(1,9)) > (1= Chu| Ax(n.))
<2C +exp(—(1- C)u)
and

P (qe A (n)ow(n) > u)
Po ({ade(mon(n) > u} N Ax(n, )

(

P (@M ) (o) = T (1,9)) > 1 = G ()T (1:) | Aw(n,€)) - Pa(Ai(n,€))
P, (QkAk n)(7(n) = Tt (1, €)) > 1 = @M () Tt (7, ‘ Ag(n, € )) (1-0)

P (@) (0(0) = Té(0,€)) > u | Ax(n,e)) - (1= C)

(1 —C)(—C’+exp(— (1+C)u))

so this concludes the proof for Theorem [Ifi).

Y

(\ARY]

v

In order to prove claims in Theorem ii), we first observe that on event Ay (7, €) we must have
o(n) > ﬂ(e]fu)m(n, €). Next, arbitrarily choose some C' € (0, 1), and note that it suffices to show that
P, (Xg(n) e e ((1 -C) q"’;;C,C’ + qk’;:C) holds for all i sufficiently small. Again, we can
find € > 0 such that

* (Due to Lemma[G.1)
P, ((Ax(n,€))) < C Vn sufficiently small;

* (Due to eq. (G:I8)eq. (G.19) and strong Markov property) For all 7 sufficiently small,

w1=C _p (X ()te‘Ak n, € )) < Bt 0
qk qk

In summary, for all 7 sufficiently small, we have
Po (X7, () € ) < Po((Ax(n.0)7) +Po({X2, ) € 2} 0 Aclr, )
<O+, (X2, €| Ay ))&(Ak(n,e))

<C4 gy +C
dk
and
Po (X2, € ) 2 P ({X0, ;) € U} 0 Ax(01,6))
= Po (X7, ) € U | Ak(n, ) Pa(Ar(n, )
> (-0t
dk

and this concludes the proof. O
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The rest of this section is devoted to the proofs of Lemma[G.I)and Lemma[G.2} Specifically, Lemma
[G.T]is an immediate Corollary of Lemma[G.T3] the proof of which will be provided below. The proof
of Lemma can be found at the end of this section.

G.l PROOFs OF LEMMA[G.1][G.2]

The following three lemmas will be applied repeatedly throughout this section. The proofs are
straightforward but provided in Section [K|for the sake of completeness.

Lemma G.3. Given two real functions a : Ry — Ry, b: Ry — Ry such that a(e) | 0,b(e) | 0 as
€ 1 0, and a family of geometric RVs {U (¢) : € > 0} with success rate a(¢) (namely, P(U(€) > k) =
(1 — a(e))* for k € N), for any ¢ > 1, there exists ey > 0 such that for any € € (0, €),

exp(— c~a(e)> S}P’(U(e) > L) Sexp(— ale) )

b(e) b(e) c-ble)
Lemma G.4. Given two real functions a : Ry — Ry, b: Ry — Ry such that a(e) | 0,b(e) | 0
and
(€)/b(€) = 0

as € | 0, and a family of geometric RVs {U (¢) : € > 0} with success rate a(e) (namely, P(U(e) >
k) = (1 —a(e€))* for k € N), for any ¢ > 1 there exists some ey > 0 such that for any € € (0, €o),

a(e)/(c-b(e)) < PU(e) < 1/b(e)) < c- ale) /b(e)

Lemma G.5. Suppose that a function g : E +— R (where E is an open set in R?) is g € C*(E) and
||V29(~) H < C on its domain E for some constant C' < oo. For a finite integer n, a sequence of

vectors {z1,- - ,zn} in R, and vectors x,& € E,n > 0, consider two sequences {x, }x—o,... n and
{ZTk }k=0,... n constructed as follows:

o =X
xp =Tp—1 +nVg(xp—1) + 0z Vk=1,2,---,n
3?0—.1’

:Ek: - xk*l +77Vg(/fk:71) vk = 1727 N

If we have that the line segment from xy, to Ty, is contained in E andn ||z1 + - - + zi||+ ]|z — Z|| <€
forallk =1,2,---  nforsomec > 0, then

lzx — Zi|| < - exp(nCk) Vk=1,2,--- n
To facilitate the analysis below, we introduce some additional notations. First, we will group the
noises Z,, based on a threshold level § > 0: let us define
Z30" & Z,1{n| Zy| < 8}, (G.20)
z20m & 7 1{n|Z,| > 6}. (G.21)

The former are viewed as small noises while the latter will be referred to as large noises or large
jumps. Furthermore, for any j > 1, define the j" arrival time and size of large jumps as

T} (9) £ min{n > T 1 (6) = mlZyu| > 6}, Ty (6)=0 (G.22)

( ) = ZT,?7(5)~ (G.23)

Next, for any € > 0, let Q;(¢) = [m; — €, m; + €] be an e— neighborhood of the local minimum m;,
and S;(€) = [s; — €, 8; + €] be an e— nelghborhood of the local maximum s;.

For most part of this section, we will zoom in on one of the local minima m; and its attraction field
Q; = (s;—1, ;). Without loss of generality, we assume m; = 0, and denote the attraction field as
Q = (s_, s4). (If m; happens to be the local minimum at the left or right boundary, then the attraction
field is [- L, s4) or (s_, L] where the SGD iterates will be reflected at +L.) Henceforth we will drop
the dependency on notation ¢ when referring to this specific attraction field until the very end of this
section. Throughout the proof, the following (deterministic) dynamic systems will be used frequently
as benchmark processes to indicate the most likely location of the SGD iterates. Specifically, given
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any z € Q, we use X,,(x) to indicate that the starting point is x, namely Xo(z) = . Similarly,
consider the following ODE x"(¢; ) as

x1(0;z) = x; (G.24)
dx"(t; ’
% - (X"(t;x)). (G.25)

When we use update rate = 1, we will drop the dependency of 1 and simply use x(¢; z) to denote
the process.

Based on Assumption 3, we know the existence of some constant € € (0, ¢p) (note that € is the
constant in eq. (G.8)) such that

r = min{—s_, sy}, (G.26)

I* 2 [r/b], (G.27)

(I* = 1)b+ 100l*€ < r — 100{*€ (G.28)

r 4+ 1000 < I*b — 100" €. (G.29)

Here r can be understood as the effective radius of the said attraction field. Also, we fix such € small
enough so that (let ¢ = — f’(—L), % = — f’(—L)), we have

0.9¢L < —f'(x) < 1.1¢t Vo € [-L, —L + 1004, (G.30)

0.9c¢% > —f'(x) > 1.1c% Va € [L — 100¢, L]. (G.31)

Similar to the definition of ODE x”, let us consider the following construction of ODE X" that
can be understood as x"7 perturbed by [* shocks. Specifically, consider a sequence or real numbers

0=t <ty <tz <--- <t and real numbers wy, - -- ,w;- where |w;| < b for each j. Let
t=(t1, - ,t;+),w= (wy,--- ,w;). Based on these two sequences and rate n > 0, define X" (¢; x)
as
X"(0, 23 t, w) = r(z + wp(w1)); (G32)
dx"(t, x;t -
w = (Rt astw)) VEE (bt ) (G.33)
X'(tj, s t,w) = op (X7(t—, 2 t, W) + op(w;)) Vj=2,-- 1 (G.39)

Again, when p = 1 we drop the notational dependency on 7 and use X to denote the process. Now
from eq. eq one can easily see the following fact: there exist constants £, > 0 such that

x(t,0; t7 w) ¢ Q (note that the starting point is 0, the local minimum) only if (under the condition
that \w]| <b ])

ti—tj 1 <t Vj=23-. 1" (G.35)
lw;| >6 Vj=1,2,--- 1" (G.36)

The intuition is as follows: if the inter-arrival time between any of the [* jumps is too long, then the
path of X" (¢; =) will drift back to the local minimum m; so that the remaining I* — 1 shocks (whose
sizes are bounded by b) cannot overcome the radius r which is strictly larger than (I* — 1)b; similarly,
if size of any of the shocks is too small, then since all other jumps have sizes bounded by b, the
shock created by the [} jumps will be smaller than (I* — 1)b + 100€, which is strictly less than r. We
fix these constants ¢, § throughout the analysis, and stress again that their values are dictated by the
geometry of the function f, thus do not vary with the accuracy parameters € and § mentioned earlier.
In particular, choose ¢ such that § < €.

In our analysis below, e > 0 will be a variable representing the level of accuracy in our analysis.
For instance, for small ¢, the chance that SGD iterates will visit somewhere that is e—close to s_ or
s+ (namely, the boundary of the attraction filed) should be small. Consider some € € (0, ¢g) where
€o is the constant in Assumption 1. Due to eq. (G.8)eq. (G.9), one can see the existence of some
go > 0,c¢1 < oo such that

o |f'(z)| > go for any x € Q such that |z — s_| > €, ||z — s4| > €o;
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s Let fopg(z,1) £ min{t > 0: x"(t,x) € [—¢,¢|} be the time that the ODE returns to a
e—neighborhood of local minimum of {2 when starting from . As proved in Lemma 3.5 of
Pavlyukevich| (2005)), for any = € Q such that |x — s_| > ¢, |z — 54| > €, we have

R log(1/e
tope(x, 1) < Clg(n/) (G.37)
and we define the function
t(e) 2 ¢y log(1/e). (G.38)

In short, given any accuracy level ¢, the results above give us an upper bound for how fast the ODE
would return to a neighborhood of the local minimum, if the starting point is not too close to the
boundary of this attraction field €.

For the first few technical results established below, we show that, without large jumps, the SGD
iterates X! (x) are unlikely to show significant deviation from the deterministic gradient descent
process y'! (x) defined as

yo(z) =z, (G.39)
Yi(@) = ¥i_i(@) = nf (¥i_,(@). (G.40)

We are ready to state the first lemma, where we bound the distance between the gradient descent
iterates y? (y) and the ODE x" (¢, x) when the initial conditions z, y are close enough.

Lemma G.6. The following claim holds for all n > 0: for any t > 0, we have

s, (s, ) =y, W) < 2nM + |x — y|) exp(nMt)
se|0,t

where M € (0, 00) is the constant in eq. (G.10).

Proof. Define a continuous-time process y”(s;y) = y’[s | (y), and note that

X(s,z) = X"(|s],2) — i £ (u, 7)) du

Ls]
x"(|s], z) =x—n/0 £ (x"(u, x))du
Ls]
¥, =y(lsly) =y —n / (5" (u, ).

Therefore, if we define function
b(u) = Xn(”? $) - yn(uv y)7
from the fact |f'(-)] < M, one can see that |b(u)] < nM + |z — y| for any v € [0,1) and
)

[b(1)] < 2nM + |z — y|. In case that s > 1, from the display above and the fact | f"/(-)| < M, w
now have

¥, (@) — X"(s, )] < [b(| )] + M;
LSJ
|b( |<77M/ u)|du.

From Gronwall’s inequality (see Theorem 68, Chapter V of |Protter] (2005), where we let function
a(u) be a(u) = |[b(u + 1)]), we have

¥, (@) = X"(s, )] < (200 + [¢ — y]) exp(nMt).

This concludes the proof. O
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Now we consider an extension of the previous Lemma in the following sense: we add perturbations to
the gradient descent process and ODE, and show that, when both perturbed by [* similar perturbations,
the ODE and gradient descent process should stlll stay close enough. Analogous to the definition

of the perturbed ODE z" in eq. ( | -eq. , We can construct a process Y7 as a perturbed
gradient descent process as follows For a sequence of integers 0 = 1 < to < -+ < t« (let
t = (¢,);>1) and a sequence of real numbers w1, - - - , W;- (let W = (w;);>1) and y € R, define (for
allm =1,2,--- ) the perturbed gradient descent iterates with gradient clipping at b and reflection
at £L as

-
Vit W) = o1 (V1o it W) + oo = nf Gl (st W) + YL =1,}@)))  (G4D)

=2

with initial condition yg (y; t, W) = ¢ (y + ¢p(w1)).
Corollary G.7. Given any € > 0, the following claim holds for all sufficiently small n > 0:
for any x,y € Q, and sequence of integers t = (tj)é-*:l and any two sequence of real numbers

W= (wj)é'*:pw = (@-)gl such that
clr—yl<e
e t1 =0, and t; —t;_1 < 2t/nforall j > 1 where t is the constant in eq. ;
* lw; —w;| < eforallj>1;

then we have

sup |}/n(t,1’;t,W) 73{]” (yataﬁ;” S ﬁe
te[0,t;x]

where the constant p = (3 exp(nMt) + 3)"

Proof. Throughout this proof, fix some 1 € (0, ¢/2M). We will show that for any 7 in the range the
claim would hold.

First, on interval [0, ¢5), from Lemma|G.6] one can see that (since 2M 1 < )

sup [X'(t,z;t,w) —')77{” (y;t,W)| < 3exp(nMi) - e.
tel0,t2)

The at ¢ = t5, by considering the difference between ws and w2, and the possible change due to one
more gradient descent step (which is bounded by nM < €), we have

sup [X7(t, 25t W) —¥], (4, W)| < (Bexp(nMt) +2) - e.

te[0,ta]
Now we proceed inductively. For any j = 2,3,--- ,[* — 1, assume that
s X7 (t, 28, w) = ¥[, (s, W)| < (3exp(nMi) +3)"~
te(0,t;

Then by focusing on interval [t;,¢;41] and using Lemma again, one can show that

s X" (t, 258, W) — ¥, (6, W)| < 2€ + ((Bexp(nMT) + 3)" ™ + 1) exp(nMi)e
telt i1

< (3exp(nMt) +3)’ - ¢
This concludes the proof. O

In the next few results, we show that the same can be said for gradient descent iterates y,, and the
SGD iterates X,,. Specifically, our first goal is to show that before any /arge jump (see the definition
in[G.21), it is unlikely that the gradient descent process y;} would deviate too far from X!. Define
the event

A(n,n, €, 8) = { max N2y 4+ Zi| < e} (G.42)
k=1,2, nA(T?(5)—1)
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and recall that arrival times 77}'(9) are defined in eq. (G.22).

As a building block, we first study the case when the starting point z is close to the reflection boundary
— L. The takeaway from the next result is that the reflection operator hardly comes into play, since the
SGD iterates would most likely quickly move to somewhere far enough from +L; besides, throughout
this procedure the SGD iterates would most likely stay pretty close to the corresponding deterministic
gradient descent process.

Lemma G.8. Given e € (0,€/9), it holds for any sufficiently small €, 6,n > 0 that, ifv € [-L,—L+
€ and po(|z — y| + 9€) < € hen on event A(n,n, €,9) we have
<p

| X () =y (y)]

where TN, (x) £ min{n >0 : X"(x) > —L+¢}and pg = exp ( 2Me ) is a constant that does

escape 0.9¢t

o (Jz—y|+9¢) VE=1,2,-- ,nA(TNO) - 1) AT, .(2)

escape

not vary with our choice of €, 0, 1.

Proof. Forany k < T}'(8), we know that Z;, = Zkga (thus 5| Zy| < 0). Also, recall that | f/(z)| < M
for any x € ;. Therefore, as long as 7 and J are small enough, we will have that

In(—f/ (X](x)) + Z52) < b (G.43)

so the gradient clipping operator in eq. ( m G.12) has no effect when k& < T7'(4), and in fact the only
possible time for the gradient clipping trick to work is at T"((S) Therefore, we can safely rewrite the
SGD update as

Xi(@) = X}y (2) = nf' (X1 (%) + nZk + R VE <TY(9)
where each Ry > 0 and it represents the push caused by reflection at — L.

First, choose € small enough so that 9¢ < €. Next, based on eq. (G.31)) we have the following lower
bound:

X(x) > x4+ 0.9cEnk —e VEk < T} (5).

Let to(x,€) 2 min{n > 0: X7(z) > —L + 2¢}. Due to the inequality above, we know that

7 (@,6) < 3e
,€) < .
0 0.9¢En

(G.44)

One the other hand, given the current choice of ¢, if we choose 7 and § small enough, then using the
same argument leading to eq. (G-43), we will have

th(x )( r) < —L+21e< x+1.1cfnk+2,1e

if to(z,€) > 1 (namely z < —L + 2e).

Let us inspect the two scenarios separately. First, assume %Vo(x, €) > 1. For the deterministic gradient
descent process y” (y), we have the following bounds:

y+0.9cknk <yl(y) <y+ Licknk Vi <to(z,e) A (T](5) — 1).
This gives us
X7 (z) =yl (y)| < |z —y| +0.2¢Enk + 2.1e Yk < to(z,€) A (T} (5) — 1).

At time k = to(z, €), due to previous bound on ty(z, €), we know that |th7 ( )(x) — ytﬂ ( )(y)\ <
0(Z,€ o(x,e

|z —y|+Te. i n A (T7(6) — 1) < to(x, €) then we have already shown the desired claim. Otherwise,

starting from time #o(x, €), due to the definition of event A(n, 7, €, ) in eq. (G.42), we know that

the SGD iterates X7 (z) will not touch the boundary — L afterwards. Therefore, by directly applying

Lemma G.5] and notice that | f”'(x)| < M for any x € [~L, L] and, we have

€

X7) =YW < (o=l +9) -exp (g ) Th <0 A (T10) = 1) A Togel)
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Indeed, it suffices to use Lemmafor the next [2€/(0.9nc)] steps to show that | X} (z) — ¥} (y)|
should be smaller than e for the next [2¢/(0.9ncL)] steps, while y}(y) will reach some where in
(—L + 2¢, — L + 3€) within [2€/(0.9ncL)] steps so we must have

n A (T7(6) = 1) A Tl () Aol €) — To(z,€) < 2€/(0.9nck) (G.45)

Lastly, in the case %(w, €) = 0 (which means © > —L + ¢€), we can use Lemmadirectly as we
did above and establish the same bound. This concludes the proof. O

Obviously, a similar result can be shown if x is in the rightmost attraction field (s, ,, L] and the
approach is identical. We omit the details here. In the next Lemma, we consider the scenario where
the starting point z is far enough from the boundaries.

Lemma G.9. Given any € > 0, the following holds for all sufficiently small n > 0: for any x,y € Q
and positive integer n such that |x — L| > 2¢,|x + L| > 2¢,|x — s_| > 2¢, |z — s4| > 2¢ and

_ e
|z —y| < Sexp(yaTa): O event

€

A ¢
(m, 1, 2 exp(nMn)

)bl € QX (@) €Q Vi =1,2,0 nA(T(0) — 1)}

we have _
| X7 (y) — X (2)]| <e Vm=1,2,--- ,nA(T{(§) — 1).

Proof. For sufficiently small 7, we will have that the (deterministic) gradient descent iterates |y? |
is monotonically decreasing in n, which ensures that y] always stays in the range that are at least
e—away from =L or s_, s;.. We now show that the claim holds for any such 7.

On event ¢ [y](y)| € ,|X](z)] € @ Vj = 1,2,--- ,n A (T{(d) — 1)}, we are able to apply
Lemma |G.5|inductively for any m € [n] and obtain that

€
2exp(nMn)

and conclude the proof. The reason to apply the Lemma inductively for m = 1,2, - - - | n, instead of
directly at step n, is to ensure that SGD iterates X! would not hit the boundary L (so the reflection
operator would not come into play on the time interval we are currently interested in), thus ensuring
that Lemma|[G.5]is applicable. O

Similar to the extension from Lemma|[G.6|to Corollary we can extend Lemma|G.9]to show that,
if we consider the a gradient descent process that is only perturbed by large noises, then it should stay
pretty close to the SGD iterates X!. To be specific, let

Y (z) == (G.46)
V(@) = o (Vi (@) = en( = nf (Vi (@) + > 1= T7(6)}nZn) )- (GAT)

be a gradient descent process (with gradient clipping at threshold b) that is only shocked by large
noises in (Z,,),>1. The next corollary can be shown by an approach that is identical to Corollary
(namely, inductively repeating Lemma [G.9]at each jump time) so we omit the details here.

Corollary G.10. Given any € > 0, the following holds for any sufficiently small n > 0: For any
|z| < 2¢, on event Ag(e,n,d) N Bo(e,n, d), we have

¥ (@) — X](@)] < pe Vn=1,2,--  TL(6)

where

A 5é{v':1... I* T e 7 < ¢ .
ole,n.9) TR j:Tiﬂil(é)Ifla:.}A{.,T?(é)—lm LU RERRATE 2exp(2tM)}’
30(677775) £ {V.j =2, 7l*7TJn(§) - Tjn—l((s) < 25/"7}

and p € (0,00) is a constant that does not vary with 1, , €.
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The next two results shows that the type of events A(n,7, €, d) defined in eq. is indeed very
likely to occur, especially for small €. For clarity of the presentation, we introduce the following
definitions that are slightly more general than the small and large jumps defined in eq. (G.20)eq. (G.21)
(for any ¢ > 0)

7= 2 7, 1{|Z,| < ¢},
Z>¢ 2 7,1{|Z,| > ¢}.

Lemma G.11. Define functions u(n) = §/n'=2, v(n) = 67]5 with €,6 > 0. If real numbers
A, A, B, €, 6 and positive integers j, N are such that the following conditions hold:

1 1
Aeo,(1- &)/\5)’ (G.48)
Be(1,(2-2A)Aa(l—A)), (G.49)
A € o, %] A<a(l—A) -3, (G.50)
< (a(1=A) = B)j, (G.51)
v(n) — jnu(n) v(n)/2 forall n > 0 sufficiently small, (G.52)
then
<u(n) , . <u(n) _ N
]P’(k a2 e 220 > 30(n)) = olr™)
asn | 0.

Proof. From the stated range of the parameters, we know that
a(l—A) > B,
(a(1—A)=B)j> N,
so we are able to find v € (0, 1) small enough such that
a(l—A)(1-2vy)> 8, (G.53)
(a(1—A)(1—2y)—B)j>N. (G.54)

Fix such v € (0,1) for the rest of the proof, and let n(n) = [(1/7)?], I = #{i € [n(n)] :
|qu(")| > u(n)l_’y}. Then

P(\Zf“(’” o 257 > v(n))

|
—

J

<u <u . <u <u .
= P(|Z5" 4o 2500 > (), T =1) + (|25 4o 2507 | > (), 12 )

.>
I
<

21 £
: <u(n)
Note that since | Z; | <wu(n),

< (") B(1ZE 0 e 250 > T, 22O < v o) - )

, . - -
< n(n) ,]p(|21§u(n) v +”'+Z§(1:7()71)i w| N W)

where the last inequality follows from eq. @ First, since EZ; = 0, we have
<u(n)t=7 Su(n)t™7
‘EZ{ (m) ’ —_ |EZ1 (n) |

= / P(|Z1] > z)dz € RV(a—1)(1—)(1—a)(1)-
u(n)t=7
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Therefore, for all 7 > 0 that are sufficiently small,

1—
‘Ezlgu(n) W-i- +EZ§(7:;()77)2 |

<n(n) - pleDA=A=27) < gpla-1)1-2)1-27)-F

<(1/m) 202 due to eq. 5

<UiZ) dueto A/2 < Aineq. (G.50)and 1 —y < 1.

If weletY,, = Z%’L(T’)l_w — I[-EZE’L(”)l_W and plug the bound above back into eq. 1| then (for
all n > 0 that are sufficiently small)

v(n)
4n

5 ~
% . 1/77272A

— G.56
p( 2(n(n) — EMA + 2077 - (1) DA £ /i ) (G50

where the last inequality is obtained from Bernstein’s inequality. Note that from Karamata’s theorem,

M <)’ - P(Y1+ -+ Yog-il > —7)

< n(n) ex

EJYi [ = var(Z5" ) < B|ZE T

u(n
< / 22P(|Z1] > z)dx € RV_(1-a)(1—)(2—a) (1)
0

Now note that

* In case that a < 2, for all ) > 0 that are sufficiently small, we have (using eq. (G.50))
2(n(n) — §)E[V;[? < (1/n)F+E-00-8) £ (1/20-2)

1/,'72—2A
7 2(n(n) — )EIY;

B >1/n%;

* In case that o > 2, for all > 0 that are sufficiently small,
2(n(n) —)EI]® < 1/n7+%
andweknowthatBJr 5 < 272Aduet0275 > 2A and 2A < A (see eq. ( —

eq. (G.50);

* Since v > 0 and 2A < A, we know that
(1-A)1—7)+(1—-A)<2-2A.

Therefore, it is easy to see that the R.H.S. of eq. (G.56) decays at a geometric rate as 7) tends to zero,
hence o(n"). On the other hand,

I <P >j) < ("g_”)) -P(|Z§“<">| >um)TIVi=1,... ,j)

) “ CNJ
<n(my - P(1Z5) > u(m)' ),

which is regularly varying w.r.t. n with index (a(1 —7)(1 — A) — ). Therefore, for all n > 0
sufficiently small,

an < W(a(l_Q’Y)(l_A)_B)j <™  dueto eq. (G.54).

Collecting results above, we have established that

]P’(n|21§u(77) 4 Zl(n) ’ > )) =o(n™).

The conclusion of the lemma now follows from Etemadi’s theorem. ]
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Now consider the following setting. Let us fix some positive integer N and 5 € (1,2 A ). Then we
can find some positive integer j such that (o« — 8)j > N. Meanwhile, given any € > 0, we will have

€ — jd > €/2 for all § > 0 sufficiently small. Therefore, by applying Lemma with A=A =0
(hence u(n) = d/n, v(n) =€) and B, j, N, ¢, § as described here, we immediately get the following
result.

Lemma G.12. Givenany 8 € (1,a A2), € > 0, and N > 0, the following holds for any sufficiently
small 6 > 0:

]P’( max Z30/m 4 g =8/ >€):0 N
G=1,2,,[(1/n)8] nlZ; i (™)

asn 0.

Using results and arguments above, we are able to illustrate the typical behavior of the SGD iterates
X! in the following two scenarios. First, we show that, when starting from most parts in the attraction
field €2, the SGD iterates X! will most likely return to the neighborhood of the local minimum within
a short period of time without exiting {2. Given that there are only finitely many attraction fields on f,
it is easy to see that the key technical tool Lemma [G.T] follows immediately from the next result.

Lemma G.13. For sufficiently small € > 0, the following claim holds:

lim sup P, (X} € QY0 < T (1, €), 01 Trevuen (0, €) < p(€) /) =1
MO peQ:jz—s_ |Alz—si|>e

where the stopping time involved is defined as
Trerurn(1,€) = min{n > 0: X(x) € [—2¢,2¢]}

the function t(€) is defined in eq. (G.38), and the function p(-) is defined as p(¢) = ——3=— + 2t(¢)

0.9¢k Ney
Proof. Throughout, we only consider ¢ small enough so that Lemma [G.8|could hold. Also, fix some
N >0,A, € (0,a—1)and 8 € (1,a). Leto(z,n) = min{n > 0: X ¢ Q}.

Without loss of generality, we assume 2 = [—L, s ) and 2 < 0 (so reflection at — L) is a possibility.
Any other case can be addressed similarly as shown below.

From Lemmam and the regular varying nature of H(-), we have, for any €,6 > 0,
P(T7(5) < ple)/m) <175 (G.57)
for any sufficiently small 7.

Let Tezcape(x) be the stopping time defined in Lemma From eq. (]G.44|),eq. dG.45|),eq. dG.57|) and
LemmalG.12] we know that

~ ~ 3¢
m m n _ = _
m€[7?PL+€] ]P’(Tescape(a:) < o(@,m), Toleape(2) < 09¢7n and Xil’cape(z) €[-L+&—-L+ 26])

>1 N —gel-8a (G.58)
for all sufficiently small 7).

Next, we focus on x € Q2 such that |z — s_| A |z — s4| > eand x > —L + €. We start by considering
the time it took for the (deterministic) gradient descent process y? () to return to [—1.5¢, 1.5¢]. From

the definition of #(¢) in eq. (G.38) and Lemma we know that for 1 small enough such that
nexp(2Mt(e)) < 0.5¢, we have
min{n > 0:y?(z) € [-1.5¢, 1.5¢|} < 2¢(e) /7.

Now consider event A([(1/7)%],7, m, 0) (see definition in eq. ). From Lemma
[G.12] we know that for any sufficiently small §, we have

P((A(Rl/??)ﬁmﬁamﬁ))c) =o(n"). (G.59)

€
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Combining this result with eq. (G:57)eq. (G:39) and Lemma[G.9] we get

sup P (T, €) < 0(2,1), Treum(1,€) < 26(€)/1)  (G.60)
zeQ:|x—s_|A|lx—sy|>e,x>—L+E
51N e (G.61)

for any sufficiently small 7. To conclude the proof, we only to combine strong Markov property (at

Teeape) With bounds in eq. (G.58)eq. (G.61). O

In the next result, we show that, once entering a e—small neighborhood of the local minimum, the
SGD iterates will most likely stay there until the next large jump.

Lemma G.14. Given Ny > 0, the following claim holds for any €,6 > 0 that are sufficiently small:

sup ]P’(Hn <T7(0) st | X ()| > 36) = o(n™?)
TE€[—2€,2¢]

asn 0.

Proof. Fix e small enough such that 3¢ < ¢g (see Assumption 1 for the constant €y). Also, fix some
Aa € (0,1),8 € (1,a), N > a+ Aa — 8+ Ny. Due to LemmalG.12] for any § sufficiently small,
we will have

€

IP( max  plZ80 4+ 250 > 7) = o(™). (G.62)
J=1,2,,[(1/m)# 17 i exp(2M) )

Fix such 6 > 0. We now show that the desired claim is true for the chosen ¢, §.

First of all, from Lemma[G.3] we know the existence of some 6 > 0 such that
P(T7(8) > 1/n**2%) = o(exp(~1/1")). (G.63)

Next, let us zoom in on the first [(1/1)%] SGD iterates. For any 7 small enough, we will have
1(x) € [~2¢,2¢] forany n > 1 and y | o1 (x) € [—¢, €] given x € [—2¢, 2¢]. From now on we
only consider such 7. Due to Lemma we know that on event { max;—1,2,... [(1/7)] n\Z§’5 +
<,5 €
A 250 > W},wehave

X (2)] < 3¢ Y < [1/n7] A (T7(8) — 1)

> sotzn ) AT () > [(1/n)71}, we
(z) € [—2¢,2¢]. Now by repeating the same argument inductively for [1/ 770‘+Aa*51

and on event { max;—i2... [(1/n)] 77|Z§’5 S Z],S"S
have X!

] 17 (8)
times, we can show that on event

- 1 < ) €
=12 Lomemgl L max MG mnn + o+ Ziamnl > oo@an b

we have | X7(x)| < 3¢ Vn < 1/n*+t22 A (T](8) — 1). To conclude the proof, we only need to
combine this fact with eq. (G.62). O

We introduce a few concepts that will be crucial in the analysis below. Recall the definition of
perturbed ODE X" in eq. -eq. (note that we will drop the notational dependency on
learning rate 7 when we choose = 1). Consider the definition of the following two mappings
from where w = (wq,--- ,w;) is a sequence of real numbers and t = (ty,ta,--- ,t;+) with
O=t1 <ty <tz <---as

h(w,t) = X(t;+,0;t,w).

Next, define sets (for any € € (—¢, €))

E(e) = {(w,t) CR" x (R+) Ch(w,t) & [s_ — e 54+ €]} (G.64)

We add a few remarks about the two types of sets defined above.
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* Intuitively speaking, E(e€) contains all the perturbations (with times and sizes) that can send
the ODE out of the current attraction field (allowing for some error with size €);

+ From the definition of #, § in eq. (G.35)eq. (G.36) and Corollary one can easily see that
for a fixed € € (—¢, €),

(W,t) c E(G) = |w]\ > 5, tj — tj,1 < t Vj,
e Lastly, E(¢) are open sets due to f € C?.

Use Leb_; to denote the Lebesgue measure restricted on [0, 00), and define (Borel) measure v, with
density on R\{0}:
Vo(dz) =

‘ |a+1
where o > 1 is the regular variation index for the distribution of Z; and p_, p4 € (0, 1) are constants

. =1
in Assumption 2. Now we can define a Borel measure ;z on R!" x (R+> as product measure

p=(va)" x (Leby) ~1. (G.65)
Due to remarks above, one can see that for € € (—¢, €), we have u(E(€)) < co. We are now ready to
analyze a specific type of noise Z,,.

Definition G.1. Foranyn > 1 and any e € (—€,€),6 € (0,b A 8),n > 0, we say that the jump Z,,
has (¢, 6, n)-overflow if

o n|Z,| >

o In the set {n + 1,--- ,n + 2[I*t/n]|}, there are at least (I* — 1) elements (ordered as
n <ty <ts<-- <tp)suchthatn|Z,| > d foranyi=2,--- 1*;

e Letty =nandt, =t;, —t,_1 foranyi=2,--- | I* w; =nZ; foranyi=1,--- ,I*, for
real sequence w = (w1, wa, - - - ,wy+) and a sequence of positive numbert = (n(t; —n))i_,,
we have

(w,t) € E(e).

Moreover, if Z,, has (e, §,n)—overflow, then we call h(w,t) as its (e, §, n)—overflow endpoint.

Due to the iid nature of (Z;);>1, let us consider an iid sequence (V;),>o where the sequence
has the same law of Z;. Note that for any fixed n > 1, the probability that Z, has (¢, d,7)-
overflow is equal to the probability that Vj has(e, , n)-overflow. More specifically, we know that
P(n|Vo| > 6) = H(S/n), and now we focus on conditional probability admitting the following form:

p(e, d,m) = IP’(VO has (e, §, n)-overflow ‘ n|Vo| > 5). (G.66)
For any open interval A = (aj,as) such that AN [s_ + € s; — € = (}, we also define
p(e, 6,m; A) = ]P’(VO has (e, 0, n)-overflow and the endpoint is in A ‘ n|Vo| > 5). (G.67)

Lemma G.15. For any ¢ € (—¢,€),5 € (0,b A §), and any open interval A = (ay,az) such that
la1| A'laz| > r — €and |a1| # L, |az| # L, we have

(6 6 U ) _ -1
%w W = pu(E(e) Nh(4))

where p is the measure defined in eq. (G.63), and p(-, -, -; A) is the conditional probability defined in

eq. (G.67).

Proof. Let us start by fixing some notations. Let 77 = 0, and define stopping times 7; = min{n >
Tj—1:m|Va| > d} and inter-arrival times 7 = T; — T, for any j > 1, and large jump W; = V7,
for any j > 0. Note that: first of all, the pair (7], W;) is independent of (T}, W) whenever 1% 7,
besides, W; and Tj’ are independent for all 7 > 1.
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Define the following sequence (of random elements) w = (wq,--- ,w;+) and t = (t1,--- ,t;+) by
w; = ’I]I/Vj7 tj = ’I7Tj.

If Vj has (¢, 6, n)-overflow, then the following two events must occur:

« T < 2t/nforany j =2,--- 1%

o n|W;| > éforany j =1,2,---,1%;

e (w,t) € Ee)
Therefore, for sufficiently small n, we now have

p(€,6,7)
-1
(e <2m) - [1{mv e EO)

- P(pWy = dwq |n|]W1| > §) - - - P(nWie = dwy« | n|Wi-| > 0)
P(nTy = dty|nTy < 2t) - P(nTy. = dti-|nTy. < 2t)
B *—1
:(]P’(Tl’ < 2t/77)) - Qs (E(e) Nh™1(A)) (G.68)

* - 1
where Q,, 5 is the Borel-measurable probability measure on R x (R+> induced by a sequence

of independent random variables (WlT(n, 0), - 7Wzt (n,0), Tg(n, 8), - ,TlT* (n,0)) such that

« Foranyi =1, - ,1* the distribution of W, (1, §) follows fromIE”(nWl €- ’ n|Wi-

> 6);
e Forany i = 2,--- ,1*, the distribution of T;(n, 9) follows from P(nTl € - ‘ Nl < 25);
* Qnyé(') = P((WWJ(% 5)7 e 77’WT* (777 5)1 77T2T(777 5)7 IR/ Z;:Q T]T(nv 5)) € ) .

Now we study the weak convergence of VVlT , TlT :

* Due to the regularly varying nature of distribution of Z; (hence for I¥}), we know that: for
any x > 0,

. o 0
ggP(nWl > ‘ nWis| > 6) =P+ o %%P(nwl < -z ) nWis| > 5) =p-

therefore, VVlT (n, ) weakly converges to a (randomly signed) Pareto RV that admits the
density
ad® ad®
Va,s(dz) = I{z > O}p+m + {z < O}p_W
asn | 0;
* For any z € (0, 2¢], since lim, o |z/n] H(6/n) = 0, it is easy to show that

po L= (L= H /)l
o e/l HGM)

therefore, we have (for any z € (0, 2¢])

L= (1= H(g/g)=/m
< < 2f) = : %
POy <@ [nTy <20) = 1— (1= H(s/n) 2 2

as 7 J 0, which implies that Tf converges weakly to a uniform RV on [0, 27].
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Let us denote the weak limit of measure QQ, s as ji5 2. In the discussion before the Lemma we have
shown that, for any (w,t) € E(e) (with § € (0,0)), we have |w;| > 6 and |t;| < 2t; since we require
d < 4, by definition of measures p and fi5 27 We have

6al*

ps2t(E(e) Nh™H(A)) = @1

~u(E(e)nh™1(A)).

For simplicity of notations, we let E(e, A) £ E(¢) N h~!(A). By definition of the set E(¢), we have
(recall that A is an open interval (a;, a) that does not overlap with [s_ + €, s — €])

E(e, A) = h™ ' ((—00,s- —€) U (st +¢€,00)) Nh™'((a1,a2))
=p! (((700, s——€) U (s +€00)N(a, a2)>
= h_l(F(e,al,ag))

where F(e,a1,a) £ ((—00,s- — €) U (s4 +€,00)) N (a1, az). Meanwhile, it is easy to see that h
is a continuous mapping, hence

(w,t) € OE(e, A) = h(w,t) € {s_ +¢€,5+ —¢€,a1,a2}.

Fix some s with s # +L, |s| > (I* —1)b+ €. For any fixed real numbers to, - -+ , ¢« _1, w1, - , W=,
if h(wl, cee Wi, T, ,tl*_l,t) = s, then since i(tl* - 1,0;101, s Wk, T, ,tl*_l,t) S
[s — b, s+ b], due to Assumption 1 (in particular, there is no point = on this interval with | f'(z)| < ¢
), there exists at most one possible ¢ that makes h(wy, -+ ,wx,ta, -+ ,t;x_1,t) = s. Therefore,
let W7 be iid RVs from law v, 5 defined above, and (T;”) j>2 be iid RVs from Unif{0, 2¢], T} =

0,1 = Z?:z T;"'. By conditioning on all W and all T, -+ , T}, |, we must have
]P’(h(W{‘,--- WIS, T = s ’ Wi = dwy,-- Wi = dw-,
T} =dty, - T = dtl*_l) —0 (G.69)
which implies
(WS, W7 T5, e T) =) =0
hence
p(@E(e, A)) =0.
By Portmanteau theorem (see Theorem 2.1 of |Billingsley| (2013)) we have

lim Q.5 (E(e, A) = psae(E(e, A)).

Collecting the results we have and using eq. (G.68)), we can see that

i p(e,0,m; A)
e N L
nl0 ( (n/n)) sa
— Jim sup (26)" 1 p(e, 6, m; A) . (ia (1Y < 27?/77))1*’1
2t H(1/n)/n

*—1
7o salr | (IP(T{ < 2{/77))

A 5.mn: A
< i 8up = ped 12_1 - lim sup
Mo salr . (P(T{ <2t /77)) 740
5 P(T! <2t "1
<u(B(e, A)) Timsup (5 M) ‘
o 26 H(1/n)/n
Fix some £ > 1. From Lemma|G.4]and the regularly varying nature of function H, we get

(5”“ P(T7 < 215/77))”*1 < (5”“ . 2ﬂLI(CS/n)/??)”*1 Y

—. < k" limsup (—
2t H(1/n)/n mo N2t H(1/n)/n

(B = 2oy
2 H(A/m]n

lim sup
7.0
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Due to the arbitrariness of « > 1, we have established that

lim sup M < u(E(e)).
710 (H(l/n)) s
7

The lower bound can be shown by an argument symmetric to the one for upper bound. O

The following result is an immediate corollary of Lemma[G.15]
Corollary G.16. Forany € € (—¢€,€),6 € (0,b A §), we have

. 75a
1#?01 m = H(E(ﬁ))
o (#5)

where i is the measure defined in eq. (G.63), and p(-, -, -) is the conditional probability defined in
eq. (G.66).
Define the following stopping times:
o(n) =min{n >0: X7 ¢ Q}; (G.70)
R(e,6,nm) = min{n > T/ (8) : X]! € [—2¢,2¢]}. (G.71)
o indicate the time that the iterates escape the current attraction field, while R denotes the time the
SGD iterates return to a small neighborhood of the local minimum after first exit from this small
neighborhood. In the next few results, we study the probability of several atypical scenarios when
SGD iterates make attempts to escape {2 or return to local minimum after the attempt fails. First, we

show that, when starting from the local minimum, it is very unlikely to escape with less than [* big
jumps.

Lemma G.17. Given e € (0,€), N > 0, the following claim holds for any sufficiently small 6 > 0:
sup Py (o) < Rlen), on) < T1(6)) = o)

z€[—2¢,2¢]

asn | 0.

Proof. Based on the given ¢ > 0, fix some € = Recall the definition of #(e) in

eq. (G.38).

First, using Lemma|G.14] we know that for sufficiently small §, we have

sup P(AF(e,6,m)) = o(n™) G.72)

TE€[—2€,2¢€]

4 exp(QEMf(e)) '

where

A (e,0,m) = {Hn < T7(9) st | X (x)| > 36}.

Define event

AS(€6,m) = {Hj =2, 1" st <o Z<om

max ) + 2 > E}.
k=1,2,~~~,Tﬁ(é)—T;Ll(é)—ln‘ T; 1 (d)+1 TJI—1(6)+I€|

From Lemma|G.12] we know that for sufficiently small § > 0,
P(A43 & 6.m)) = on™). (G.73)

From now on, we only consider such ¢ that eq. (G.72)eq. hold.
On event (AlX U AQX) N{a(n) < R(e,n)} N{a(n) > Ty ()}, we must have o(n) > T} (§) and

T3 (8) Aa(n) = T{(8) < 2E(e)/n.
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Otherwise, due to Lemma and|G.9} we know that at step t = T7/(8) + |£(¢)/n], we have
|X7| < 2€ and |X)| <& Vn <t

for any sufficiently small 7. By repeating this argument inductively, we obtain the following result:
define

J = mln{j = 1a2? Tt 0(77) € [1—1]7](6)’7—1]77+1(6))}7

then on event (AX U AX) N {o < R(e,n), o(n) < T/1(5)}, we must have
1 2 n n I

T7(5) Ao(n) = T7

i () Aa(n) < 2i(e)/n Vi=2,3,---,J. (G.74)

Furthermore, using this bound and Lemma we know that on event (AlX U A;) N{o(n) <
R(e;n), o(n) <T72(5)},

. |X;;,(5)| < ‘X;j",l(é)| +b+e+eforallj=2,3J—1,

XS S X gl FetE

However, this implies

(Xgpl SUE+e+ " —1)b<r

and contradicts the definition of o (7). In summary,
sip Pa(a(n) < Rlesn), ol) < T20)) < P4 (6.6 U AF @) = oY)
xre|—2€,2¢

O

The following two results follow immediately from the proof above, especially the inductive argument
leading to bound eq. (G.74), and we state them without repeating the deatils of the proof.

Corollary G.18. Given € € (0,€), N > 0, the following claim holds for any sufficiently small 5 > 0:
e[5112p2 ]]P’x (Tl" (6) <a(n) A R(e,n), and 3j = 2,3,--- 1" s.t. T () — T} () > 25(6)/77)
=o(n™) | asn 0.
Corollary G.19. Given ¢ € (0,€), N > 0, the following claim holds for any sufficiently small 5 > 0:
sup P, (Rlem) < T1(8) Aoln). Rle.n) —T7(8) > 27i(e)/n) = (™)

T €[—2€,2¢€]
asn | 0.

In the next result, we show that, if the inter-arrival time between some large jumps are too long, or
some large jumps are still not large enough, then it is very unlikely that the SGD iterates could escape
at the time of [* —th large jump (or even get close enough to the boundary of the attraction field).

Lemma G.20. Given e € (0,€) and any N > 0, the following holds for all § > 0 that are sufficiently
small:

sup  Pu(By(€,0,1)) = o(n™).
TE€[—2€,2¢€]

where

B3 (e,6,1) = {T{(9) < o) A R(e;)} N {3) = 2,3, 1° .. T7(6) ~ T}, (6) > £/

ordj=1,2,--- ,I* st y[W(8)] < 5} A{IXL, | >r—é}.
n
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Proof. Let A, A be the events defined in the proof of Lemma Based on the given € > 0, fix

~_ €
some € = 4exp(2Mi(e))”

LetJ = min{j = 2,3, : T/(8) =T/, (8) > £/n}. Onevent (Af (€, 8, UAL (9, n)) n{J <
1*}, from Lemma|[G.6|and[G.9]and the definition of constant £, we know that

. |X;7,;,(5)| < ‘X;ﬂl@' +b+e+eforalj=2,3J—1;

. |X77

0| < 2€

* [ X7 <s—&Vn<Tj)
Now starting from step 7'7(6), by using Lemma and again one can see that

. |X;;’(5)| < ‘XTU"}L@)' +b+eteforallj=J+1, - 1%
c
Combining these results, we have that | X/, | < r — € on event (AlX (€,0,m) U A5 (€, 4, n)) Nn{J <
o
I*}.
Next, define J' = min{j = 1,2,---;9[W}(6)| < é}. Similarly, on event (Alx(e,é,n) U
AZ (€, 4, 17)) N{J >1*}n{J" <I*}, using Lemmaandagain one can see that

X S X )| b ek Eforall j = 1,2, 17,5 £ T

. |X;Z;,(5)| < \X;},71(5)| +0+e+eforallj=1,2,--- 0% j#J.

Since § € (0,€), we have | X, | < r — € on this event.
L
In summary, the following bound

sup  Pu(By) < P(A] (e,6,1) U A5 (€,6,1)) = o(n™)
r€[—2€,2€]

holds for any 4 that is sufficiently small, which is established in Lemma[G.17} This conclude the
proof. O

In the next lemma, we show that, starting from the local minimum, it is unlikely that the SGD iterates
will be right at the boundary of the attraction field after [* large jumps. Recall that there are ny,
attraction fields on f, and excluding so = —00, sy, = 0o the remaining points s1, - , Sy, —1 are
the boundaries of the attraction fields.

Lemma G.21. There exists a function V(-) : R* — R satisfying lim. o ¥(€) = 0 such that the
following claim folds. Given e € (0,€/(3p + 3p +9)), we have

SUPgze[—2¢,2¢] P, (B; (6, 5; 77)) <

lim sup < 0*¥(e)

W (Hm)

for all 6 sufficiently small, where p and p are the constants defined in Corollaryand and
the event is defined as

B3 (€,0,m)
:{Tl’l (0) <o(n) A R(e,n)} N {Elk € [Numin — 1] such that X%n* @) € [sk — €, sk + e]}
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Proof Let A, AX be the events defined in the proof of Lemma 7t Based on the given € > 0, fix
some € = m Fix some N > al*.

Choose § small enough so that claim in Lemma [G.20] holds for the ¢ prescribed. Using the same
arguments in Lemma|[G.20} we have the following inclusion of events:

B (e,6,m) 01 (AF (e,6,) U AF E0,m))

Therefore, on event B; (¢,d,1) N <A1X (6,0,m)UAS (€9, 77)) ', we can apply Corollary|G.7|and|G.10

and conclude that Z7 s) has (—€, 6, ) —overflow, and its (—é, §,77) —overflow endpoint lies

(sk —3(p+p+3)e, s, +3(p+p+3)e)

for some k € [nmin — 1]. Using Lemma and Corollary|G.16| we have that (for any sufficiently
small 1)

P(B5 (e.am) N (Af (e.0m U A5 @6m))
Tomin— 1

gaa(w)l*—l_ > n(BC N (s~ sk + )

K k=1
where é = 3(p + p + 3)e. Besides, as established in the proof of Lemma|G.17} we have

P(A} (e, 8,m) U A5 (E8,m)) = on™)

for all sufficiently small 4. In conclusion, we only need to choose

Tumin— 1

U(e) = Z M(E(—E) Nh ' ((sk —=3(p+p+3)e, s +3(p+p+ 3)6)))
k=1

To conclude the proof, just note that by combining the continuity of measure with the conditional
probability argument leading to eq. (G.69), we can show that lim. o ¥(¢) = 0. O

Lastly, we establish the lower bound for the probability of the most likely way for SGD iterates to
exit the current attraction field: making {* large jumps in a relatively short period of time. Recall that
€ is the fixed constant in eq. (G.26)-eq. (G.29)

Lemma G.22. Given ¢ € (0,€/3), it holds for any sufficiently small 5 > 0 such that
.. inf|w\<26 PI(AO(Ev(sa 77))
lim inf =

1 > ¢, 0%
0 (H(1/n)/n)

where the event is defined as
A%(e.dn) 2 {o(n) < Rle.n), oln) =T, Xy ¢ [s- — 51+
N {T70) ~T7,0) < g7 1l v = 2.8, 07}
and the constant 11 _
€ N -1
e = 5(5)" " (iap)
is strictly positive and does not vary with €, 4.

Proof. Let Ay, A5 be the events defined in the proof of Lemma Fix some N such that
N > al*. Based on the given ¢ > 0, fix some € = W We only consider 6 < M.

Furthermore, choose § small enough so that eq. and eq. hold for the chosen N and e.
Also, we only consider 77 small enough so that nM < b A €.
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Due to eq. (G.26)-eq. (G.29), we can, without loss of generality, assume that r = s, and in this case
we will have

I*b— 1000*€ > s + 1000*¢.

Under this assumption, we will now focus on providing a lower bound for the following event that
describes the exit from the right side of 2 (in other words, by crossing s )

42,(e,8,m) 2 o) < R(e,n), o(n) = TEG), Xy > 51 + ¢
n _7n < i ; — Lo
{70~ T7,0) < g v = 2.8, 00
First, define event

%@m={Wﬂ®2%W=L~wﬁﬂﬂﬁ—ﬂL@ Vg =200,

< &
2M
and observe some facts on event A5(d,7) N (AX (€,0,m) U AJ(E, )

| X} < 3eVn < T7(6); (due to A not occurring)

. X;’w ©) € [b — 3¢,b + 3el; (due to W' > 2b and the effect of gradient clipping at step 77/,

as well as the fact that X ;,7 L

€ [—3¢, 3¢] from the previous bullet point)
e Dueto|f'(-)] < M and § < M, one can see that (for any n > 1)

sup |nf'(w)| + [nZz"
z€[—L,L]

this provides an upper bound for the change in SGD iterates at each step, and gives us
1 e [b—3e—k, b+3e+€] VTV (8) < n < T3 (6)
where we also used T3 (6) — 77 (6) < 557[1/n]

* Therefore, at the arrival time of the second large jump, we must have X;ln ) > 2b—3e¢—¢

* By repeating the argument above inductively, we can show that (forall j = 1,2, --- | [*)
XNelj—1Db—3e—(G—1& (G —1b+3e+(—1)g VI, <n < T}
X"n €[jb—3e— (j —1)&,jb+3e+ (j — 1)e;

In particular, we know that X7 € Q for any n < T} " (so the exit does not occur before Tl’l ),
and at the arrival of the [* —th large jump, we have (using 3¢ < €)

XTH((;) > —1"e> s +e.
In summary, we have shown that
A5(8,m) 0 (AF (e 8,m UAS @0,m) € A% (. 6.m).
To conclude the proof, just notice that (for sufficiently small 7))
P(A506.7) N (Af (8 L ASE8m) )
> P(A3(d,m)) — P(Af (6, 6,m)) — P(A3 (€, 6,7))
> P(A3(6,m)) —n™  due to eq. (G.72) and eq. (G.73)
H(2b/n)\" (& N
> ——= — L G.4
> <H(5/n) ) (4M (6/77)/77) n"  due to LemmalG4]
> 2¢,6%(H(1/n) /)"~ =™ for all ) sufficiently small, due to H € RV_,,
> .6 (H(/m)/m)" "
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In order to present the main result of this section, we need to take into account the loss landscape
outside of the current attraction field €2. Recall that . there are npi, attraction fields on f. For all
the attraction fields different from €2, we call them (Qk)ZQ‘“l_l where, for each k € [nyin — 1], the
attraction field 2, = (s, sx) with the corresponding local minimum located at 7. Also, recall that
o(n) is the first time X exits from §2. Building upon these concepts, we can define a stopping time
Tumin— 1
T(n,€) 2 min{n >0: X7 € | J [ — 2¢ mu + 26} (G.75)
k=1

as the first time the SGD iterates visit a minimizer in an attraction field that is different from €.
Besides, let index J, (7)) be such that

Jo(n) =j < X1, €Q; Vj € [nmn—1]. (G.76)

In other words, it is the label of the attraction field that X7 escapes to. Lastly, define

Mo 2 HO/m) (HOmy/m) @77)
v 2 u(E(0)), (G.78)
il 2 u(BO) N A~ () VE € [nmin — 1). (G.79)

For definitions of the measure 1, set £, and mapping h, see eq. (G.64) and eq. (G.63).

Now we are ready to state Proposition [G.23] the most important technical tool in this section. In
eq. (G.80) and eq. (G.81])), we provide upper and lower bounds for the joint distribution of first exit
time o and the label J,, indexing the attraction field we escape to; it is worth noticing that the claims
hold uniformly for all v > C'. In eq. (G.82) and eq. (G.83), we provide upper and lower bounds for
the joint distribution of when we first visit a different local minimum (which is equal to 7) and which
one we visit (indicated by X7). The similarity between eq. (G.80) eq. (G-8T) and eq. (G-82)eq. (G.83)
suggests a strong correlation between the behavior of the SGD iterates at time o (7)) and that of time
7(n, €), and this is corroborated by eq. : we show that it is almost always the case that 7 is
very close to o, and on the short time interval [0 (1), 7(7), €)] the SGD iterates stay within the same
attraction field.

Proposition G.23. Given C > 0 and some k' € [n;, — 1], the following claims hold for all € > 0
that is sufficiently small:

limsup sup sup P, (VQ/\(TI)O'(U) >u, Jo(n) = k/)
0 ue(C,00) zE€[—2¢,2€]

s UL+ C
<20 + exp(—(1 — O)3u) 2k ; , (G.80)
liminf inf inf P, (%) >u, Jo(n) =k
H??ﬁ)n uE%rCI',oo) J;E[l—nQe,2e] (V (n)o(n) Y (77) )
9 _C
> —2C + exp(—(1 + C)3u) Vk/yﬂ ) (G.81)
limsup sup sup P, (VQ)\(n)T(n,e) >u, X" € B(ﬁzk/,Qe))
0  ue(C,00) z€[—2€,2¢€] ()
e
<4C + exp(—(1 — C)?u) ”k’yg , (G.82)
.. . . I} n =
hr??l})nfueérclfoo) w€[£%£,2e]Pz (V Am)r(m,€) > w, XT(”"e) € B(ms ’26))
9 _C
> 40 + exp(—(1 + C)2u) ¥ (G.83)

Q )
v
.. . _ n O
hrvlylfonfze[l—nzfe,ze}lpz ()\(17) (t(n,e) —a(n) <C, X2 € Qy y Vne [U(n),r(n,e)])

>1-C. (G.84)
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Before presenting the proof to Proposition [G.23] we make some preparations. First, we introduce
stopping times (for all £ > 1)

7 (€,0,m) = min{n > 74_1(€,8,n) : n|Z,| > 0}
7r(e,6,m) = min{n > 7 (e, 6,7) : [X}]| < 2¢}

with the convention that 74 (e, §,7) = 7To(€, d,7) = 0. The intuitive interpretation is as follows. For
the fixed e we treat [—2e, 2¢] as a small neighborhood of the local minimum of the attraction field
Q. All the 7y, partitioned the entire timeline into different attempts of escaping 2. The interval
[Tk—1, Tk can be viewed as the k—th artempt. If for o (n), the first exit time defined in eq. (G.70), we
have o(n) > Ty, then we consider the k—th attempt of escape as a failure because the SGD iterates
returned to this small neighborhood of the local minimum again without exiting the attraction field.
On the other hand, the stopping times 751 indicate the arrival time of the first large jump during
the k—th attempt. The proviso that 7, > 7;_1 can be interpreted, intuitively, as that an attempt
is considered failed only if, after some significant efforts to exit (for instance, a large jump) has
been observed, the SGD iterates still returned to the small neighborhood [—2¢, 2¢|. Regarding the
notations, we add a remark that when there is no ambiguity we will drop the dependency on €, §, 1
and simply write 7y, 7.

To facilitate the characterization of events during each attempt, we introduce the following definitions.
First, for all £ > 1, let

Jk = #{n = Tk71(6,(5, 77)7776*1(675’77) +1,-- fk(@&ﬁ) /\0(77) : 77|Zn| > 5}

be the number of large jumps during the k—th attempt. Two implications of this definition:

* First, for any k with o(7n) < 7k, we have j, = 0. Note that this proposition concerns the
dynamics of SGD up until o(7), the first time the SGD iterates escaped from 2, so there
is no need to consider an attempt that is after o (1), and we will not do so in the analysis
below;

* Besides, the random variable j, is measurable w.rt. Fz ro(y), the stopped o—algebra
generated by the stopping time 7, A o ().

Furthermore, foreach k = 1,2,-- -, let

Ty,1(e,6,m) = Th—1(€,0,m) A o(n),
T j(€,0,m) = min{n > Ty j1(€,0,m) : 1 Zn| > 6} No(n) ATy Vi > 2,
Wka.j(e’ 67 77) = ZTIC‘]'(E,(;,’I]) V] 2 1

with the convention T}, o (¢, §, ) = Tr—1(€, 6,n). Note that for any k > 1,5 > 1, T}, ; is a stopping
time. Besides, from the definition of j,, one can see that

Tho1+1 < T ; <7 Aa(n) Vi€ [l (G.85)

and the sequences (T k])ijzl and (WkJ)J]’“zl are the arrival times and sizes of large jumps during the
k—th attempt, respectively. Again, when there is no ambiguity we will drop the dependency on ¢, §, 7

and simply write T}, ; and W}, ;.

In order to prove Proposition we analyze the most likely scenario that the exit from {2 would
happen. Specifically, we will introduce a series of events with superscript x or o, where X indicates
that the event is atypical or unlikely to happen and o means that it is a typical event and is likely to be
observed before the first exit from the attraction field €2. Besides, the subscript k£ indicates that the
event in discussion concerns the dynamics of SGD during the £—th attempt. Our goal is to show that
for some event A* (¢, §, n) its probability becomes sufficiently small as learning rate 7 tends to 0, so
the escape from 2 almost always occurs in the manner described by (A (€, d,1))¢. In particular, the
definition of this atypical scenario A™ involves the union of some atypical events A}, B that occur
in the k—th attempt. In other words, the intuition of A™ is that something abnormal happened during
one of the attempts before the final exit.

Here is one more comment for the general naming convention of these events. Events with label A
often describe the “efforts” made in an attempt to get out of €2 (such as large noises), while those with
label B concern how the SGD iterates return to [—2¢, 2¢] (and how this attempt fails). For instance,
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A discusses the unlikely scenario before T} ;«, the arrival of the [*—th large jump in this attempt,
while B, in general discusses the abnormal cases after T}, ;« and before the return to [—2¢, 2¢]. On
the other hand, A}, describes a successful escape during k—th attempt, while B, means that during
this attempt the iterates return to without spending too much time.

Now we proceed and provide a formal definition and analysis of the aforementioned series of events.
As building blocks, we inspect the process (X7),>1 at a even finer granularity, and bound the
probability of some events (A ,);>0, (B ;)i>1 detailing several cases that are unlikely to occur

during the escape from or return to local minimum in the k—th attempt. First, for each £ > 1, define
the event

A1>€<,0(6767 77) £ {32 = 07 ]-7 e 71* /\jk s.t.
<4, <4, €
’7|ka,¢11 + o+ Z; N> m}, (G.86)

Intuitively speaking, the event characterizes the atypical scenario where, during the k—th attempt,
there is some large fluctuations (compared to €) between any of the first [* large jumps (or the first j,
large jumps in case that j, < [*). Similarly, consider event (for all £ > 1)

Apq(e,6,m) = {0(77) < T, Ji < l*} (G.87)

that describes the atypical case where the exit occurs during the k—th attempt with less than [* large
jumps. Next, for all £ > 1 we have another atypical event (note that from eq. (G.85) we can see that,
forany j > 1, j, > j implies T}, ; < o(n) A Tx)

max _
J=Tk,i+1, (Th,it1—1)ATAc(7)

AL, 2 {jk >0 3 =23, 0" st Thy — Thjor > 25(6)/77}. (G.88)

representing the case where we have at least [* large noises during the k—th attempt, but for some of
the large noise (from the 2nd to the [*-th), the inter-arrival time is unusually long. Moving on, we
consider the following events (defined for all £ > 1)

A2 {jk <1, 7 <o), Fo— Tha > Ql*f(e)/n} (G.89)

that describes the atypical case where the k—th attempt failed but the return to the small neighborhood
[—2e, 2¢] took unusually long time.

The following event also concerns the scenario where there are at least [* large noises during the
k—th attempt:

A2 iz Xy

specifically, it describes the atypical case where, during this attempt, right after the [* — large noise
the SGD iterate is far enough from the local minimum yet some of the large noises are not that large.
Lastly, by defining events

AL, 2 {jk >0, To <o) A7 X5 o€ | [si—es +e]}, (G.91)

JE[Nmin—1]

r—& 3j=1,2, 1" st n|Wi,| < 5}; (G.90)

we analyze an atypical case where the SGD iterates arrive at somewhere too close to the boundaries
of {2 at the arrival time of the [* large noise during this attempt. As an amalgamation of these atypical
scenarios, we let

5
Af(e,0,m) 2 | AL (e.6,m). (G.92)
=0

Also, we analyze the probability of some events (B} );>1 that concern the SGD dynamics after the
I* —th large noise during the k—th attempt. Let us define

t
B?1(€>5777) £ {Jk 2 l*u X;lk 1% € [S* + €54+ — 6]7 Tk,j - Tk’jfl S 2(76) V] = 2737 ce 7l*}
, n

By 5(6,0,m) = {7k — Thy- > ple)/n} U{o(n) < 7}
B (e.00) & B, (B, oo
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where p(-) is the function in Lemma From the definition of B}, in particular the inclusion of
B/, one can see that the intuitive interpretation of event B is that the SGD iterates did not return

to local minimum efficiently (or simply escaped from the attraction field) after the [* —th large noise
during the k—th attempt. In comparison, the following events will characterize what would typically
happen during each attempt:

AZ(6757 77) £ {-]k > 17, 0(77) = Tk,l*7 X;Lk,l* ¢ [S, — €5y + 6]7
21 ()

Thj—Tkj—1 < Vi =2,3,---,1"}, (G.94)

20%t(e) + ple)
n
Intuitively speaking, A}, tells us that the exit happened right at T}, ;-, the arrival time of the [* —th
large noise during the k—th attempt, and B, tells us that the first exit from € did not occur during the

k—th attempt, and the SGD iterates returned to local minimum rather efficiently. All the preparations
above allow use to define

By (e,0,m) = {o(n) > Th, To — The1 < I (G.95)

k—1

A&, 5= < () (AS UB UAf)c) N (A UBY). (G.96)
E>1 Ni=1

We need the next lemma in the proof of Proposition[G.23] As mentioned earlier, the takeaway is that
A” is indeed atypical in the sense that we will almost always observe (A™)¢.

Lemma G.24. Given any C > 0, the following claim holds for all € > 0,9 > O sufficiently small:

limsup sup P,(A*(e,d,n)) < C.
0 |z[<2e

Proof. We fix some parameters for the proof. First, with out loss of generality we only consider
C € (0,1), and we fix some N > al*. Next we discuss the valid range of e for the claim to hold. We
only consider € > 0 such that
< < A
e< ————— N —
6(p+p+3) 3
where p and p are the constants in Corollary and Corollary respectively, and ¢ is the
constant in eq. (G.8). Moreover, recall function ¥ in Lemma[G.21]and the constant ¢, > 0 in Lemma
Due to lim, o ¥(e) = 0, it holds for all e small enough such that

30 (e)

Cx

<C (G.97)

In our proof we only consider € small enough so the inequality above holds, and the claim in Lemma
holds. Now we specify the valid range of parameter § that will be used below:

* For all sufficiently small § > 0, the claim in Lemma will hold for the prescribed € and
with Ny = N;

* For all sufficiently small § > 0, the claims in Lemma|G.17] Corollary|G.18] Corollary
and Lemma will hold with the prescribed € and N;

* For all sufficiently small 6 > 0, the inequalities in Lemma and will hold for the e
we fixed at the beginning.

We show that the claim holds for any €, § small enough to satisfy the conditions above.
First, recall that
AZo(e,6,m) 2 {Hi = 0,1, ,I* Aj s.t.

<é&,n <&, €
max n|Z. ) + -+ 7 >77~}.
J=Tk,i+1, ,(Tk,i+1—1)ATLAC(n) ! T, 1 J | 3p+3p+3
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Due to our choice of 4 stated earlier and Lemma[G.12] there exists some 79 > 0 such that for all
n € (Oa 770)»

P(ASo(e,0,m) <™ VEk > 1. (G.98)

Similarly, recall that A,f’l(e, 5,n) = {0(77) < Thy Jp < UF } Let us temporarily focus on the first
attempt (namely the case k£ = 1). From Lemma and our choice of € and J, we know the existence
of some 7; > 0 such that

sup Py (AL (6,6,m) <n™ Vi e (0,m). (G.99)
z|<2e

Next, for A;;Q = {jk >0, 3j=2,3,-- 1" st. Ty —Tpj—1> 25(6)/77}, from Corollary (G.18

and our choice of 9 at the beginning, we have the existence of some 72 > 0 such that

sup P, (AiQ(e,é, 77)) <N Ve (0,n). (G.100)

|| <2e

Moving on, for A}, = {jk <, 7 <o(n), T —Tk1 > 2l*f(e)/77}, due to Corollary|G.19|and
our choice of ¢, §, we have the existence of some 73 > 0 such that

sup Po (AL 5(e,8,m) <™ Vn € (0,n3). (G.101)
z|<2e

As for Ay, = {jk > Xy I 2r—6 3 =12, " sit.n|Wy 4| < 5}, from Lemma|G.20)
one can see the existence of 14 > 0 such that

sup P, (Alx74(e,(5, 77)) <N V€ (0,m). (G.102)

| <2e

Lastly, for A; 5 = {jk >0, Tegr <o) AT, X7, . € Ujepnm—115 —6 sj—i—e]}, from Lemma
[G.2T] we see the existence of 75 > 0 such that

-1
sup P, (Al5(e,8,m) < 20°0()(H(1/n)/n) Vi€ (0,15). (G.103)
|| <2e
Recall that A[ (e, d,7) = U?:oA:,i(ﬁaCS’??)- Also, for definitions of B/ ,A},B}, see

eq. (G.93).eq. (G.94),eq. (G.93) respectively. Our next goal is to establish bounds regarding the
probabilities of these events. First, if we consider the event ﬂk (A UBJ)°NBj, then the inclusion

of the (B ) ’_, implies that during the first k attempts the SGD iterates have never left the attraction
field, so

-

k
(AF UBX)*NBS = ([ (A UBX)°NBS) N{o(n) > 7}
j=1

j=1

Next, note that

k—1
P.(B; | ()(AFUBY)*NBY)
j=1
k—1 —
=P, (B, | ()(AX UB})*NBY)P (B,jz‘ ﬂ (A UBY)*NB) NBY )
j=1 j=1
- 20(c) . T e
<Py (ig =1, Thoj — Thj—1 < Vji=2,3--,1"| [|(AFUB})°NBY)
j=1

P (B, | ( ﬂAXUBX “NB;)NBY).
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From the definition of the events AX, B, B}, one can see that ﬂf;ll (AFUB)°NB; € Fz,_, no(n)»
and on this event ﬂk 1(AX U BX) N B; we have (n) > 7;_1. So by applying strong Markov
property at stopping time 7, _1 A 0(77), we have

k—1
P, (B | ()(AF UBY)*NBY)
j=1
k—1
g[P(TJ”(é) — T\ (8) < 2i(e)/nVj € [I" - 1]) P, (13.,;2 ’ (((AXUBX)*NBY) ﬂB,jﬁl)
=1
. -1 -
<2(HE/MmiE /) Pa(B | ( a7 uB; ) nB;,)
Jj=1

(for all 7 sufficiently small due to Lemma|G.4)
T . k-1
N1 H(1 -1
<a (M) (HUDYT g (g, [(NA;uBnBY) NBY,)

0™ n -1

for all sufficiently small 7, due to H € RV_,(n). Meanwhile, note that

k—1 PR )
* (mj=1<A;< UB]X) mBj) mB;@(,I € ‘FTk,l*’

* on this event (ﬂf;ll (A UBJ)°NBj) NB;, we have o(n) ATy > Ty~ and X, €
[s_ + €54 —¢€. '

Therefore, using Lemma and strong Markov property again (at stopping time T}, ;« ), we know
the following inequality holds for all 7 sufficiently small:

sup sup P, ( ’ (}AXUBX ﬁB;)ﬁB;l)
E>1 |z|<2€ j=1 ’
k—1
=sup sup ]P)I({O'(’I]) > T, T — T < ple /17} ‘ (m A.X UBjX)cﬂB;) ﬁB,f}l)
k>1 2] <2e =1
60&
<¥(e)

Therefore, we know the existence of some 7g > 0 such that

N H(1/n)\"'=1
sup P, (B | [)(A} UBY)"NB2) < U(e )5a( ) Vi € (0,76), Vk > 1.

|z|<2e j=1 n

(G.104)

Similarly, we can bound conditional probabilities of the form P, A F 1N k ! AX U BX NB? ) To

=1 (
be specific, recall that A;¢ = U?_ A} ;- By combining eq. eq G 103)) w1th Markov property,
we know the existence of some 77 > 0 such that

“ H(1/m)\""~1

sup B, (A7 | [)(AF UBY)®NBS) < 5pY +20(e )50‘( p ) Vi € (0,m7), Yk > 1.
|z|<2e j=1

(G.105)

On the other hand, a lower bound can be established for conditional probability involving A}, the
event defined in eq. (G.94) describing the exit from (2 during an attempt with exactly [* large noises.
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Using Lemma[G.22] and Markov property of (X!),,>1, one can see the existence of some 75 > 0
such that

f P i AXUBX B 1) 7( /77) g \Y 1
1 f A . > . .
|1|Ié . ac( k| ﬂ( j U ]) ]) Cx ( ) 7]6(0,778) (G 06)

In order to apply the bounds eq. (G.104)-eq. (G.106), we make use of the following inclusion
relationship:

ﬂ AZUBY)°NBY) N (A UBJ) C AR UB;. (G.107)
j=1
To see why this is true, let us consider a decomposition of the event on the L.H.S. of eq. (G.107). As
mentioned above, on event ﬂk ! 1 (A7 UBJ)¢NB; we know that (1)) > 741, so the k—th attempt
occurred and there are only three p0551b111t1es on this event:

. jk < l*,
izl X7 L ¢
© >0 X7, eQ
Let us partition the said event accordingly and analyze them one by one.

* On (ﬂ;:ll(AJX UB;)°NBj) N (A UBL)N {j, < I*}, due to the exclusion of A}
(especially A,f’l and A,f’g), we can see that if j,, < [*, then we must have o(n) > 75 and
T — T1 < 20*t(€)/n. Therefore,

k—1
ﬂ (AXUBJ)°NBY) N (AL UBY) N {j, <"} CB;.

e On (ﬂf;ll(AJX UBJ)°NBS) N (A U ]},f)c N{ix =1, X7, . ¢ Q}, then the exclusion
of Ali2 implies that Ty, j — Ty j—1 < 2t(e)/n forall j = 2,--- ,I*, and the exclusion of
A tells us that if X’7 . & Q, then we have X7, ¢ [s— — ¢, 54 + ¢]. In summary,

k—1
(A7 UBY) NBS) N(AF UBS) N {Jy > 1", X7, . ¢ QF C AL

Jj=1

¢ On (ﬂf;ll(AJX UBJ)°NBT) N (A7 UB) N {j, > 1", X7, . € Q}, the exclusion of
A, again implies that T), ; — T} j—1 < 2t(e)/nforall j = 2,--- ,1*, hence Tpe —Tin <
21*71?(6)/’17. Similarly, the exclusion of Aj; tells us that if X;lk’l* € , then we have
X;lk’l* € [s— +¢, s+ —€]. Now since B, did not occur (see the definition in eq. ), we

20*E(e)+p(e)
n

must have o(n) > 7 and 7, — Ty 1~ < p(€)/n, hence 7, — T, 1 < . Therefore,

ﬂ (AFUBS) NBF) N (A UBY) N {5, > 1", X7, €Q} CBY.

Collecting results above, we have eq. (G.107). Now we discuss some of its implications. First, from
€q. we can immediately get that
k-1 _
((AFUB)*NBS) N (AL UB)" ﬂ (AXYUBX)°NBY) N (A UB)*N (A} UBR).
j=1 j=1

(G.108)
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Next, recall the definitions of A} in eq. (G.94) and B;, in eq. (G.93)), and one can see that A} and B,
are mutually exclusive, since the former implies that the first exit occurs during the k—th attempt
while the latter implies that this attempt fails. This fact and eq. (G.I08) allow us to conclude that

k k _
M (A7 UBXUAS) =) (A7 UBY) ﬁB;’:(ﬂ (AX UBY) me)m(A;uB;uA;)C.
=1 =1 i=1

(G.109)

Now we use the results obtained so far to bound the probability of

k—1
Ao 2 | (ﬂ (AX UB UA;?)C) N (AZUBY).

= Pw(( (A;uBqu;?)c)m(A,juB,j)>
E>1 i=1
k-1
= IF’x(< (Ajqu)cmBZ?)m(A,juB,j))
k>1 i=1
k—1
= IP( SUBS] () (AFUBY)S mB")
k>1 =1
k—1 j _
TP (N (a7 uB) By ﬂ (A UBY)" NBY)
j=1 i=1 i=1
k—1
=>"P, (AXUB;| (AfuB})%Bf)
k>1 i=1
k—1 j—1 -
TP ((N) (A2 uBY) By N (Af UBY LAY ﬂ (A7 UBY) NBY)
j=1 i=1 i=1
k—1
=) P, (Ak UBS | () (AFUB)° me)
k>1 i=1
k—1 j—1
1Ie ((AXUBXUA () (AFUB)) me)
j=1 i=1
k-1 - -
<Y P (A UBY| () (A UBY) NBY)- H( P, (A ﬂ AXUB)) mB;)).
k>1 i=1 =1 i=1
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This allows us to apply eq. (G-104)-eq. (G.106) and conclude that (here we only consider <
min{n; : ¢ € [8]}),
sup Py (A% (€, 6,7))

ol <2e
<3 (50 +2w(e)0° (H(;/"))l*_l) (1-e (H(;/m)l*_l)k_l
k>1

n
c 5a(H<1/n>)“‘1
* n

<2\Il(6) + 5n®

1*—1
5,'7N + 2‘1’(6)50‘(H(1/n))

for sufficiently small 7, due to H € RV_,(n) and our choice of N > al*
Cx

3P (e)
Cx
The last inequality follows from our choice of ¢ in eq. (G.97). This concludes the proof. O

< < C for all ny small enough such that 57 < U(e).

Having established Lemma[G.24] we return to Proposition[G.23]and give a proof. Recall that, aside
from the attraction field Q = (s_, s.), there are nyi, — 1 other attraction fields €, = (s, ;") (for
each k € [nmin — 1]). Besides, the function A(-) and constants v*?, v§! are defined in eq. (G.77)-

eq. (G.79).

Proof of Proposition|G.23] We fix some parameters for the proof. First, with out loss of generality
we only need to consider C' € (0, 1). Next we discuss the valid range of e for the claim to hold. We
only consider € > 0 such that

< € A €0

6(p+p+3) 3
where p and p are the constants in Corollary and Corollary respectively, and ¢ is the
constant in eq. (G.8). Due to continuity of measure y, it holds for all € small enough such that (let

E=3(p+p+3)e)

//j((gg; <1/(1-0C), (G.110)

m>1/(1+c)7 (G.111)

M(h—l ((s_ —2¢, s_u—l(—E2(€)L;))(s+ — 2,54 + 2@))) —c G.112)
n(E@n l(j’(;(;); st +9) < ”’8;(; ¢ (G.113)

In our proof we only consider e small enough so the inequality above holds, and the claims in Lemma
[G13]hold. Moreover, we only consider € and § small enough so that Lemma|G.24]hold and we have

lim sup P,(A*(e,6,7m)) < C. (G.115)

MO |z <2¢

We show that the desired claims hold for all €, § sufficiently small that satisfy conditions above.

First, in order to show eq. (G.84)), we define event
A (e,6,m) 2 (A (e,6,1))N
{/\(77) (t(n,e) —o(n)) = Cordn=0(n)+1,---,7(n,€) such that X! ¢ ﬁJU(n)}.
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Since A € RV_1_j+(q—1) and a > 1, for the € we fixed at the beginning of this proof, p(e) is a fixed
constant as well (the function p is defined in Lemma|G.13)) and we have lim,, ;0 A(1)p(€) /n = 0. Next,
the occurrence of (AX (¢, 0, n))c (in particular, the exclusion of all the A,j75 defined in eq. ),
we know that X;](n) ¢ sy —e sy +eUls) —e s + ¢ (recall that for any k € [nmin — 1], we
have §~2j = (s;, sj); for definition of J, see eq. @ ). Meanwhile, for all 7 sufficiently small, we
have e/A(n) > p(€)/n. Therefore, using Lemma|G.13|we can see that (for all n sufficiently small)

sup P, (Kx(e,é, n) | (A*(e, 4, n))c) <C. (G.116)

o] <2e

Lastly, observe that
P({A(n) (t(n,€) —a(n)) > Cor3In=o0(n)+1,---,7(n,e€) such that X! ¢ QJU_(”)})
<P, ((A%)° 0 {A@) (r(n,€) = o(m) = C

or3n=o(n) +1,---,7(n,€) such that X! ¢ QJU(n)}) + P, (A™)

so by combining eq. (G.IT3) with eq. (G.I16), we can obtain eq. (G.84).

Moving on, we discuss the upper bounds eq. (G.80) and eq. (G-82). Recall that the fixed constant
k" € [nmin — 1] is prescribed in the description of this proposition. Let us observe some facts on event
(A*(,1,0))° N {Jy(n) = k'}: If we let J(e,6,m) = sup{k > 0 : 7 < o(n)} be the number of
attempts it took to escape, and

J(e,6,n) & min{k > 1: Ty, has (S(ﬁ +p+ 3¢, 6, n) —overflow},

then for all 7 sufficiently small, we must have J < J' on event (A* (¢,71,8))¢ N {J,(n) = k'}. To
see this via a proof of contradiction, let us assume that, for some arbitrary positive integer j, there
exists some sample path on (A*)¢ N {.J,(n) = k'} such that JT = j < J. Then from the definition
of (A™)¢, in particular the exclusion of event A, (see the definition in eq. ), for all sufficiently
small 7, we are able to apply Corollaryandand conclude that Xj‘l* ¢ Q: indeed, using

Corollary and we can show that the distance between X7, and the perturbed ODE
iﬂ(Tj,l* = T51,0; (0, T2 = Ty, -+, Tjue — Tja), (nWja, -+ ,UWj,l*))

is strictly less than 3(p + p + 3)e; on the other hand, the definition of (3( p+p+3)e,d, 77) —overflow
implies that
?(Tj,l* = T50,0; (0, T2 = Tjv oo+, T = Ty ), (nWiin, - 777Wj,l*))
¢ls —3(p+p+3)e, s+ +3(p+p+ 3)e.
Therefore, we must have X%J* ¢ Q, which contradicts our assumption j = JT < .J. In summary,
we have shown that, on (A*)¢ N {J, = k'}, we have J'(¢,8,n) > J(e,d,n). Similarly, if we
consider
J¥(e,0,m) £ min{k > 1:Tj1 has (—3(p+ p + 3)e, §,n) —overflow},
then by the same argument above we can show that J*(e,6,m) < J(e,8,7). Now consider the
following decomposition of events.

« On {J* < J'}, we know that for the first k such that T}, has ( — 3(p + p +
3)e, 8,n)—overflow, it does not have (3(p + p + 3)e, §,n) —overflow. Now we analyze
the probability that Z, does not have (¢, d, n) —overflow conditioning on that it does have
(—¢, 8,n)—overflow (recall that we let € = 3(p+ p + 3)). Using Lemma[G.15]and the bound
eq. (GIT2), we know that for all 7 sufficiently small,

sup IP’ZD((AX)C N{J* < JT})

|z|<2e
,u(hfl ((s— —26,5_ +26) U (s — 26,54 + %)))
H(E(=€))

< <. (G.117)
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« On (A*)*N{J, = K}n{JT = J+}, due to JT = J+ = J we know that T'y(c 5.1 is
the first among all T} ; to have (€, 9, n)—overflow. Moreover, due to {.J, = &'} and using
Corollary [G.T0] and [G.7] again as we did above, we know that the overflow endpoint of

T(e,5,m),1 18 in (5, — €, s;, + €) (recall that Qw = (85 5;,)). In summary, for any n > 0
(AN {J, =K} {J =J">n}
C (A N{JT>n}n {TJTJ has overflow endpoint in (si, — €, 57, + €)}

so using Lemma [G.T5] we obtain that (for all 7 sufficiently small)

sup P, ((AX)C N, =kK}n{J =J*> n})

p(&,6,m; (s — &, 55 +€))

< sup P, ((AX)C Nn{J" > n}) :

|z|<2¢ P(é,(sﬂ?)
Q
4 C
< P, ((AX)e N {JT et 11
< sup P (A7)0t > ) - 2 (G.118)

uniformly for any n = 0,1,2,- - - due to eq. (G.I13).

* On the other hand, on (A* )¢, if T, ; has overflow endpoint in (s}, + 2¢, s}/, — 2¢), then
from Deﬁnitionwe know that T'j, ; also has (¢, §,77)—overflow, hence J¥ = JT = J.
Moreover, using Corollary and again, we know that X;,ZJU* € (s, s1) so

J, = k. In summary, for any n > 0,

(AN {J, =kK}n{J" =JF >n}

DA N{JF>n}n {Tﬂ,l has overflow endpoint in (s}, + 2¢, s}/, — 2€)}
so using Lemma [G.T5] we obtain that (for all 7 sufficiently small)

: X\c _ 1/ T: 4

lwllr%f%m((A n{d, =kKyn{J =Jt > n})

—&,6,m; (s + 26,8 — 26))
p(_év(sa 77)

. X\c 1 . p(

zlmlngEPz((A en{J >n})
Q _

> inf ]P’m((AX)Cﬂ{ﬂ > n}) : ”leC (G.119)

~ lzl<2e

uniformly for any n = 0,1,2, - - - due to eq. (G.1T4).
Besides, the following claim holds on event (A™)¢.

* From eq. (G.109), the definition of B, as well as the definition of event A}, (see eq. (G.94)),
one can see that for any j = 1,2,--- ,J, we have

- 20*t(€) + p(e
B Aol - Ty < UL,

* Now if we turn to the interval (7;_1, 7} 1] (the time between the start of the j—th attempt
and the arrival of the first large noise during this attempt) for each j = 1,2, --- , J, and the
following sequence constructed by concatenating these intervals

S(€75a77) £ (172a 7T1717?1+1a7f:1+27"' 7T2,1a"' 5
;k+17’7\:k‘+27 7Tk+1,17Fk+1+17;k+2+17”')7

then the discussion above have shown that, for

min{n € S(¢,d,7n) : Z, has (3(5 + p+ 3)e, 0, 77) —overflow} > T 4.
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Meanwhile, from the definition of overflow we know that the probability that Z; has
(3(,6 +p+3)¢, 6, 77) —overflow is equal to

H(/mp(3(5+ 5+ 3)e,5,m).

* Therefore, if, within the duration of each attempt, we split the attempt into two parts at the
arrival time of the first large jump (7%, 1)x>1 at each attempt, and define (here the subscript
before or after indicates that we are counting the steps before or after the first large jump in
an attempt)

Sbefore(6 0, n
atter(6 6 n

= {’fl c S(€ 5 "7) :n < O'(T])}, Ibefore(ea 6; 7]) = #Sbefore(ea 67 77),
S{n ¢S d,n): n<aom)}, luele d,m) = #Satter (€, 6,7),
then we have (1) = Ipefore + Lafier- Moreover, the discussion above implies that
Lier < J (207E(e) + ple)) /1
Tefore < min{n € S(e,d,7n) : Z, has (3(,6—1— 7+ 3)e, 6, 17) —overflow}

) =
) =

and on event (A™)¢.
Define geometric random variables with the following success rates
Ui (e, 6,m) ~ Geom(p(?)(ﬁ + P+ 3)e, 6, n))
Ua(e, 0,1m) ~ Geom(H(6/mp(3(5 + 5+ 3)e,6.m) ).

Using results above to bound Iyesore and Lyger Separately on event (A>< )¢, we can show that (for all n
sufficiently small and any v > 0)

sup P, (0"Am)o(n) > u, Jo(n) = K)
TE[—2¢,2¢€]

< swp Po(AX(e.6,m) +  sup Po({o?Am)o(n) > u, Jo(n) = K10 (A (e.6,1))°)
|z|<2e € [—2€,2¢€]

<C+ sup P, ({UQ)\(n)J(n) > u, J,(n) = K} 0 (A% (e, 0, n))c) due to eq. (GIT3)

<C+ sup Px({ N Tnetore (€, 8,) > (1= C)u, Jo (n) = K'} 1 (A% (6,6, n))c)

TE€[—2€,2¢€]
+ sup P, ({vﬂ)\(n)lafter(e,& 1) > Cu} N (A* (e, 4, 77))6>
TE€[—2¢,2¢€]
<C+  sup Po({o" A hetoele,6.1) > (1= Chu, Jo(n) = K} (A% (e,6,1))°)
T €[—2€,2¢€]
-I—]P(UQ)\(?]) p(E) +n2l t(e) . Ul(e, 5’ 77) > C’LL)

+ sup PI({UQ)\(n)Ibefore(e, 5.m) > (1= C)u, Jo () = K} N (A (6,6,m))° N {J* = JT})

T E€[—2€,2¢€]

+ sup P (A)n{Jt<J})+ IP’(UQ/\(U)M -Ui(e,6,m) > C’u)

x€[—2¢,2¢€] n
Q
<20 + P(vﬂ)\(n)Ug(e, 5,n) > (1— C)u) Y+ ¢
—HP’(vQ)\(n)M Ui(e,6,7) > Cu) (G.120)
7
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where the last inequality follows from eq. (G.117) and eq. (G-I18). Now let us analyze the probability
terms on the last row of the display above. For the first term, let a(n) = H(6/n)p (3(,6 +9+3)e, 4, 77) .
Due to Lemma|G.15| we have (recall that 2 = ;(E(0)))
. a(n)
lim — =
0 X(mu(E(3(p+p + 3)e))
Combining this with eq. (G.I10), one can see that for all ) sufficiently small,
IP(UQ)\(n)Ug(e, d,m) > (1— C)u) < P(a(n)Geom(a(n)) > (1-— C)Qu) Yu > 0.

Next, let b(n,u) = ]P’(a(n)Geom(a(n)) > (1 - C’)Qu) = P(Geom(a(n)) > (=0 ) For

a(n)
g(y) = log(1 — y), we know the existence of some yo > 0 such that for all y € (0,yo), we have
log(1 —y) < —(1 — C)y. So one can see that for all » sufficiently small,
1— 2
tog () < = T 1og(1 — a(n)) < (1 - 0w
a(n)
= b(u,n) <exp (— (1 —C)u) (G.121)

uniformly for all u > 0.
For the second probability term, if we only consider © > C, then
P(vﬂz\(n)p(e)—i_:l*t(e) Uy (e, 6,m) > C’u) < P(UQ)\(U)W -Ui(e,6,m) > 02).
Using H € RV_,(n) with a > 1, we get
p(3(+ 5+ 3)e,6,m) V(e 6,m) > Exp(1) as L0

due to the nature of the Geometric random variable U;. Besides, due to H € RV _,(n) witha > 1
and Lemma|[G.T5] it is easy to show that
A(n ple)+20"i(e)
lim ) 1 =0.
0 p(3(5+ 5+ 3)e,6,m)

Combining these results with Slutsky’s theorem, we now obtain

(B0 2.

Ui(e, d,1m) 40 asn | 0.

Therefore,

lim sup sup P(u(E(O)))\(n)w
nl0  u>C n

Plugging eq. (G.I121)) and eq. (G.122) back into eq. (G.120), we can establish the upper bound in
eq. (G80). To show eq. (G.82)), note that for event

E(e,n) = {I/Q/\(n)T(n,e) > u, Xf(n,e) € B(my,2¢)},
we have (for definitions of 7, see eq. (G.73))
E(e,n) 240" Ao (n) > u, Jo(n) = K} N {X] € Q) Yn € [o(n), 7(n, )]},
E(e,)n{v?A(m)a(n) > u, Jo(n) = 5} N {X]1 € Q) Yn € [o(n), 7(n, )]} =B V) # K.
Therefore, for all n sufficiently small,
sup Py (E(€,n))

UL (6,7) > Cu) —0. (G.122)

|z|<2€
< sup P,(A*)+ sup P, ((A*)°N{X] ¢ ﬁjg(n) for some n € [0’(77),7’(77,6)]})
o] <2e o] <2e

+ sup P (W) N {wAMa(n) > u, Ty () = K} 0 {X] € Q) V0 € [o(n), 701, €)]})

vt +C
o)

<4C +exp (— (1 - O)*u)
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uniformly for all u > C, due to eq. (G.I13), eq. (G.84) and eq. (G.120).

The lower bound can be shown by an almost identical approach. In particular, analogous to eq. (G.120),
we can show that (for any u > 0)

. Q Y
e g P (Ao > 1 To () = K)

> it Pe({0"Amo(n) > w Jo(n) =K'} 1 (A% (e.5,m))

. Q R ! X c
> nf P ({v () Toetore (€, 8,m) > u, Jo (1) = K’} 11 (A™ (€, 6,1)) )

v 4+ C
zP(vQA(n)U;(e,a, n) > (1— C)u) L

due to P(E\F') > P(E) — P(F') and eq. (G.115)eq. (G.117)eq. (G.119) where
Us(e, 8,1m) ~ Geom(H(8/m)p( — 3(5 + 5+ 3)e,6,1) ).

Using the similar argument leading to eq. (G.121)), we are able to show eq. (G.81), eq. (G.83) and
conclude the proof. O

—-2C

Recall that ;(n) = min{n > 0 : X,, ¢ €;} and that value of constants g¢;, g; ; are specified via

eq. (G2)-eq. (G.7). Define

(), €) £ min{n > o;(n) : X € U[mj — 2¢,m; + 2€l}, (G.123)
J
Jin) =j == X5, € Q5 V] € [nmin]. (G.124)

The following result is simply a restatement of Proposition [G.23|under the new system of notations.
Despite the reiteration, we still state it here because this is the version that will be used to prove
Lemma|G.2] which is the key tool for establishing Theorem|I] as well as many other results in Section

H

Proposition G.25. Given C' > 0 and i,j € [nyy] such that i # j, the following claims hold for all
€ > 0 that are sufficiently small:

limsup sup sup P, (qi)\i(n)ai(n) > u, XZ( ) € Qj)
0 ue(C,00) z€(m;—2€,m;+2€) i
<C+exp(—(1- C)u)q”qi,
liminf inf inf P, (qi)\i(n)ai(n) >u, X7, € Qj)
40 ue(C,00) z€(m; —2¢€,m;+2€) ai(n)
- C
> C+exp(— (1—|—C’)u)q’]T,
limsup sup sup P, (ini(n)T{”i"(n,e) > u, XZ,,,.”( o € Qj)
0 ue(C,00) x€(m;—2e,m;+2€) i
i+ C
<C + exp ( - (1- C)u)%,
hr?rlllionf uei(gfoo) ze(mijgef:mﬂr%)lpx (Qi/\i(n)T{nin(m 6) > U, X:;nin(n7€) < Qj)

E—C’—i—exp(—(l—i-C)u)M,

qi

lim inf inf P, (i) min(n,€) — oy C,
minf ol e x(q () (77" (n, €) — 0i(n)) <
XJ € Qg ) ¥ € [o3(n), 71 (0, )]) = 1= C.

Concluding this section, we apply Proposition[G.25|and prove Lemma[G.2]
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Proof of Lemma|G.2] Fix some C' € (0,1), u > 0, and some k,l € [nyin] with k 5 [. Let ¢;, ¢; ; be
the constants defined in eq. (G.7).

Fix some Cj € (0, "C, N ) Using Proposition , we know that for all € sufficiently small,
we have

lim sup sup P, (qk)\k(n)ok(n) >u, X! m € Qj>
nd0  z€(my—2e,mp+2¢) kA7
i+ C
< Cy + exp ( -(1- C’)u)qkdqg Y € [Nmin)-
k

Summing up the inequality above over all j € [nyn], we can obtain eq. (G.16). The lower bound
eq. (G.I7) can be established using an identical approach.

In order to show eq. (G.19), note that we can find C; € (0, u) sufficiently small so that

-C -C
qk,1 L qk,l _

gk qk

Fix such C. From Proposition[G.23] we also know that for all e small enough, we have

—C1 +exp ( — (1 + Cl) . 201)

. . . 7]
hr}llilonf me(mkjif:mk+26) P, (qk/\k(n)ak(n) > u,XUk(n) c QZ)

ar — Ch

> -1 +6Xp(—(1+01)-201) 7
k

Then using P, (X" € Ql> > P(qkAk(n)ak(n) > u, X" € Ql) we conclude the proof for
or(n) ok (n)
€q.

Moving on, we show eq. (G.18)) in the following way. Note that we can find Cy € (0,u) small
enough so that

Qi+ Co < kil +C
gk gk

2C5 +

(G.125)

Fix such Cj. Since eq. (@ has been established already, we can find some u2 > 0 such that for all
€ small enough,

lim sup sup P, (qk)\k(n)ak (n) < uz> < Cy (G.126)
nd0  z€(mp—2¢e,mp+2e)

Fix such us. Meanwhile, fix some C3 € (0, C2 A uz). From Proposition we know that for all €
sufficiently small,

lim sup sup P, (qk)\k(n)ak(n) > ug, X! m € Ql) (G.127)
nd0  z€(my—2¢,mp+2€) kA

+ C-

< Cstexp(—(1- 03>u2)q’”qi‘*
k

1+ C
< Cy+ Qk,lq+ 2. (G.128)
k

Lastly, observe the following decomposition of events (for any = € €2)

Py (ng(n) € Qz) <P (Qk)\k<77)0'k(77) < uz) + Py (Qk)\k(n)a'k(n> >ug, X ) € Ql)-

Combining this bound with eq. (G.123)-eq. (G.128)), we complete the proof. O

H PROOFS FOR SECTION[2.2]

In this section, we show that gradient clipping scheme effectively partitions the entire optimization
landscape of f into different regions based on the radius ; and minimum jump number [ for each
attraction field 2;. Furthermore, when staying in each region, the behavior of SGD iterates closely
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resembles a Markov chain that only visits wider attraction fields in this region. We exclude the trivial
case where n,;, = 1 and there is only one attraction field.

This structure is as follows. First we present some key lemmas that can be used to prove the Theorem
[23]in the main paper. Then we devote the rest of the section to establish those lemmas. In order to
prove Theorem 2| we will make use of the following lemma, where we show that the type of claim in
Theorem 2lis indeed valid if we look at a much shorter time interval. Then when we move onto the
proof of Theorem 2} it suffices to partition the entire horizon into pieces of these short time intervals,
on each of which we analyze the dynamics of SGD respectively.

Lemma H.1. Assume the graph G is irreducible, and let ¢ > 0,6 > 0 be any positive real numbers.
For the following random variables (indexed by 1)

1 Lt/ X () ]
small A n .
V) S e [ e U e o
jim; arge

the following claim holds for any sufficiently small t > 0:

limsup sup P, (V“’"“”(n, €,t) > 6) <59
740 z€[-L,L]

Proof of Theorem[2} 1t suffices to show that for any ¢ > 0,k > 1 + (v — 1)1 ¢ > 0,6 € (0,¢),
we have

limsup P, (V*(n,t, K) > 36) <4
70

for

) L ]
0 j:mnglarge

Let us fix some € > 0,9 € (0, ¢). First, let

Lt/n"]
£/ A () |
The regularly varying nature of H implies that \'4¢(y)) € RV1+llargeia_1)(77). Since k > 1 +

['aree (o — 1), we know that lim, ;o N(n) = co. Next, due to Lemma[H.1} we can find t, > 0 and
7 > 0 such that for any 1 € (0,7)

N(m) =1 I

sup P, (VS (n e tg) > €) < . (H.2)
yE[fL,L]

For any k > 1, define

) & 1 RLto /A () . U
Vi(n) 2 7/ ]l{X e Q}du. (H.3)
[to/Naee () | (k—1)[to/ e (n) ] Ll jim ¢ Mg !

It is clear from its definition that V}, stands for the proportion of time that the SGD iterates are outside
of large attraction fields on the interval [(k — 1) | xméry ) kL xmecgy J1- From eg. ll and Markov

property, one can see that for any 7 € (0,7)

iy Po(Vin) > €] X5 Xy g ppime(p) <0
xe|—L,

uniformly for all k& > 1. Now define K (1) = #{n =1,2,--- ,N(n) : Vi(n) > €}. By a simple
stochastic dominance argument, we have

sup P.(K(n) > j) < P(Binomial(N(n),d) > j) Vji=1,2,---.
z€[—L,L]
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Meanwhile, strong law of large numbers implies the existence of some 7#; > 0 such that

P(W > 20) < ¢ foralln € (0,7), thus

sup P (K (n)/N(n) > 26) <6 Vn € (0,7 A 7).

Lastly, from the definition of K (7) and N(n), we know that for all the N(n) intervals [(k —
1) L)\laég(n)j ) kLAlm’;B(n)J] with k € [N(n)], only on K (n) of them did the SGD iterates spent more

then € proportion of time outside of the large attraction fields, hence

K(n)
N(n)

V*(n,t, k) < e+

In summary, we now have
P.(V*(n,t,k) > 3e) < ¢
for all n € (0,71 A 77). This concludes the proof. O

When introducing Theorem [3in the main paper, we stated that the results of eliminating sharp minima
can be extended to the more general reducible case. Here we present the corresponding theoretical
results in Theorem [H.2]and [H.3| below. The main message can be summarized as follows: (a) SGD
with truncated and heavy-tailed noise naturally partitions the entire training landscape into different
regions; (b) In each region, the dynamics of X for small 7 closely resemble that of a continuous-time
Markov chain that only visits local minima; (3) In particular, any sharp minima within each region is
almost completely avoided by SGD.

When the typical transition graph (see Definition[I]in the main paper) is not irreducible, there will

be multiple communication classes on the graph. Suppose that there are X communication classes

G1,- -+ ,Gk. From now on, we zoom in on a specific communication class G € {Gy,--- ,Gx}.

For this communication class G, define [}, £ max{l} : i = 1,2, -+, nmn; m; € G}. For each

local minimum m; € G, we call its attraction field €); a large attraction field if I} = I7,, and a small

attraction field if [ < If.. We have thus classified all m; in G into two groups: the ones in large
large large

attraction fields my"™", - - -, m - and the ones in small attraction fields mj™", - -- , m3™'. Also,
G

15—1
define a scaling function \g associated with G as A\g(n) = H(1/n) (%) c

Theorem H.2. Under Assumptions if G is absorbing, then there exists a continuous-time Markov

large

chain’Y on {my"* .- ,mé‘gge} such that for any x € Q;,|z| < L (wherei € {1,2,- -+ | nyy, }) with
m; € G, and

Xlipaam) (®) = Yi(ra(mi)) asn |0

in the sense of finite-dimensional distributions, where w¢g is a random mapping satisfying (1)

ra(m) =mifm e {m“, ... ,mi”Grge}; (2) mg(m) is a random variable that only takes value in
I I .
{m{lrge7 . ’miaGVgE} lfm c {mimall’ . ’mgzall}.

We stress that Theorem [3]in the main paper follows immediately from Theorem [H.2]above.

Next, to state the corresponding result for a transient communication class G, we introduce a couple
of extra definitions. We consider a version of X! that is killed when X! leaves GG. Define stopping
time

7¢(n) = min{n >0: X ¢ U Q;} (H.4)
im; €EG

as the first time the SGD iterates leave all attraction fields in GG, and we use a cemetery state t to
construct the following process X7 as a version of X7 with killing at 7¢:

o (X2 it <o) s,
ot if n>1a(n). '
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Theorem H.3. Under Assumptions if G is transient, then there exists a continuous-time Markov

large large

chain Y with killing that has state space {my *,--- ,m t} (we say the Markov chain'Y is

ERLLZ P
killed when it enters the absorbing cemetery state t) such that for any x € Q;,|z| < L (where
(&S {17 23 v 7nmin}) with m; € G, and

X (@) = Yi(ma(ma) asy L0

in the sense of finite-dimensional distributions, where mg is a random mapping satisfying (1)

ra(m) =mifm e {m'“*, ... ,mi‘gge} (2) mg(m) is a random variable that only takes value in
I I . < ,
{mlarge7 L ,miacrge’ .l.} lfm € {mglmull7 . anzall}'

To show Theorem [H.2]and [H.3] we introduce the following concepts. First, we consider the case
where the SGD iterates X! is initialized on the communication class G and G is absorbing. For some
A > 0,7 > 0, define (let B(u,v) = [u — v, u + v])

of (n,A) 2 min{n>0: X7 € | B(mi24)} (H.6)
i: m; €EG
75 (0, A) 2 min{n > o (n,A): X7 e () B(mi,24)} (H.7)
i ¢ Gemall

I§(,8) =j <= Xlo € B(m;,28), I§(n,8) =] <= X!o € B(m;,28)  (HY)

o(n,A) 2 min{n > 7 (n,A): X" e U B(mg,20)Y Vk > 1 (H.9)
m; €EG, i;ﬁ[fﬁl
78, A) 2 min{n > of ;(n,A): X e ) B(mi,24)}Vk>1 (H.10)
i ¢ Gmall
IEm,A)=j <= X'o € B(m;,20), I(n,A)=j <= X'o € B(m;,2A)Vk > 1.
k k
(H.11)

Intuitively speaking, at each TkG the SGD iterates visits a minimizer that is not in a small attraction
field on G, and we use [ ,? to mark the label of that large attraction field. Stopping time O'kG is the first
time that SGD visits a minimizer that is different from the one visited at 7, and 7, ; is the first time
that a minimizer not in a small attraction field of G is visited again since 0,? (and including O’E). Itis
worth mentioning that, under this definition, we could have I, E =1 kG i for any k£ > 0. Meanwhile,

define the following process that only keeps track of the updates on the labels (I, ,f )k>0 instead of the
information of the entire trajectory of (X7),>0:

XA —

n

N { mre if 3k > 0 such that TkG <n< TkGH (H.12)

0 otherwise

In other words, when n < TOG we simply let X a A = (), otherwise it is equal to the latest “marker” for
the last visited wide minimum up until step n. This marker process X jumps between the different
minimizers of the large attractions in G. In particular, if for some n we have X € B(m;,2A) for
some j with m; € G'ee | then we must have )A(QVA = mj, which implies that, in this case, )A(QVA
indeed indicates the location of X

Note that results in Theorem [H.2] and [H.3] concern a scaled version of X". Here we also define the
corresponding scaled version of the processes

1 A YN
X = Xt aa ) (H.13)
o0, A vn,A
X" = X nam) (H.14)

a mapping T*(n,n) = nA\g(n) that translates a step n to the corresponding timestamp for the scaled
processes, and the following series of scaled stopping times

i, A) =T (18 (n, A), ), of(n,A) = T (o (n, A), n). (H.15)
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Before presenting the proof of Theorem and[H.3] we make several preparations. First, our proof
is inspired by ideas in [Pavlyukevich| (2005) and here we provide a briefing. At any time ¢ > 0, if we
can show that X;"" is almost always in set | J B(m;,2A) (so the SGD iterates is almost
A

i:m,; € Glarge
always close to a minimizer in a large attraction field), then the marker process X;
accurate indicator of the location of X;"", so it suffices to show that the marker process X,
converges to a continuous-time Markov chain Y.

is a pretty
AN

Second, we construct the limiting process Y and the random mapping 7 before utilizing them in
Theorem [H.2]and [H.3] As an important building block for this purpose, we start by considering
the following discrete time Markov chain (DTMC) on the entire graph G = (V, E). Let poTMC
be a transition matrix with PP7M (m;, m;) = pi(E; ;) /pi(E;) for all j # 4, and YPTMC —
(Y,PTM) >4 be the DTMC induced by the said transition matrix. Let

TgT]WC A Inin{j >0: Y}DTMC’ ¢ Gsmall} (H.16)

be the first time this DTMC visits a large attraction field on the communication class GG, or escapes
from G. Lastly, define (for any j such that m; ¢ G*™al)
pig = P(Y R (ma) = m;) (H.17)

as the probability that the first large attraction field on G visited by Y PTMC

atm;.

is m; when initialized

We add a comment regarding the stopping times 7| é’ TMC and probabilities p;,; defined above. In the

case that GG is absorbing, we have YjD ™ C(mi) € Gforall j > 0if m; € G. Therefore, in this case,
given any ¢ with m; € G, we must have

TgTMC = Hlln{] 2 0: YjDTMC(mi) S Glarge}’ Z Dij = 1.
j: mj €Glae
On the contrary, when G is transient we may have 3. cque pij < land 32 ocpij > 0.
Lastly, whether G is absorbing or transient, we always have p; ; = 1{i = j} if m; € G,
Next, consider the following definition of (continuous-time) jump processes.

Definition H.1. A continuous-time process Y, on R is a ((U )i>0, (V) jzo) Jump process if

v, 0 ift <Up
t = . )
ijo Viliyg+v, +--+U;, U0+U1+~~+Uj+1)(t) otherwise

where (Uj);>0 is a sequence of non-negative random variables such that U; > 0Vj > 1 almost
surely, and (V;) j>o is a sequence of random variables in R.

Obviously, the definition above implies that Y; = V; for any ¢t € [U;, U;11).

Now we are ready to construct the limiting continuous-time Markov chain Y. To begin with, we
address the case where G is absorbing. For any m’ € G""&°, let Y (m') be a ((Sk)r>0, (Wk)r>0)-
jump process where Sy = 0, Wy = m/ and (for all £ > 0 and i, j with m; € Gl&e°, m; ¢ Gemally

P(Wkﬂ =my, Sg41 > ‘ Wi = mi, (W)= (Sz)f':o) (H.18)
:P(WkH = my, Spp1 >t ’ W, — mi) = exp(—git) qz';j Vvt > 0 (H.19)
where
ai = pi(Ey) (H.20)
¢ij = i # jp(Eij) + Z i (Ei 1 )Pk, (H.21)

k: my, e Gsmall

and py, ; is defined in eq. (H.17). In other words, conditioning on W}, = m;, the time until next jump
Sk+1 and the jump location W44 are independent, where Sy1 is Exp(¢;) and Wy = m; with

68



Published as a conference paper at ICLR 2022

probability g; ;/g;. First, it is easy to see that Y is a continuous-time Markov chain. Second, under
this definition Y is allowed to have some dummy jumps where W}, = Wy 1: in this case the process
Y} does not move to a different minimizer after the k + 1-th jump, and by inspecting the path of Y’
we cannot tell that this dummy jump has occurred. As a result, that generator () of this Markov chain
admits the form (for all ¢ # j with m;, m; € Glareey

Qi = — Z Qiks Qij = Gij-
k:k#i, my € Glaree
Moreover, define the following random function 7 (-) such that for any m; € G,

m; with probability g; ;/g; if m; € GS™!

H.22
m; ifm; € Glarge ( )

(i) = {

By Y (7g(m;)) we refer to the version of the Markov chain Y where we randomly initialize W, =
7 (m;). The following lemma is the key tool for proving Theorem|H.2}

Lemma H.4. Assume that the communication class G is absorbing. Given any m; € G, © € €,

finitely many real numbers (tﬂf;l such that 0 < t; < tg < --- < ty, and a sequence of strictly
positive real numbers (N, )n>1 with lim,,_,o n,, = 0, there exists a sequence of strictly positive real

numbers (A )n>1 with lim,, A, = 0 such that

e As n tends to oo,
(XA (@), X P A (@) = (Y, (ra(ma), -, Ve, (me(my)) (H23)

[l 797
» Forallk € [K],

lim P, (X;;"n ¢ U B(mj,An)) =0. (H.24)

n—oo
ji my EGle

Now we address the case where G is transient, let { be a real number such that { ¢ [—L, L], and
we use T as the cemetery state since the processes X7 or X,"" are restricted on [— L, L]. Recall the
definition of 7 defined in eq. (H.4). Analogous to the process X T in eq. (H.5)), we can also define

. X*,n if T* e O %, 1), A . *
XtT" M ¢ if t< ' (TG(’I?),’f]) ’ XtT, A Xt if t < T (TG(U),U) . (H.25)
T otherwise T otherwise,
Next, analogous to 7, consider the stopping time
& & min{t >0:Y; ¢ G}.

When G is transient, due to the construction of Y we know that Tg < oo almost surely. The
introduction of 74 allows us to define

Y, ift<71y
YT = t G '
! {T otherwise. (H.26)

The following Lemma will be used to prove Theorem [H.3]

Lemma H.5. Assume that the communication class G is transient. Given any m; € G, x € €,

finitely many real numbers (tl)fil such that 0 < t; < ty < --- < ty, and a sequence of strictly
positive real numbers (1), >1 with lim,,_,o n, = 0, there exists a sequence of strictly positive real
numbers (Ay,)n>1 with lim,, A, = 0 such that

e As n tends to oo,
1%, M, Ay 1%, M, Ay
(X B (), X (@) = (Y (ra(ma), -+ Y (ra(ma)) - (H2T)
» Forallk € [K'],
lim P, (X;r,;*’"” ¢ |J BmyA,)and X[ # T) = 0. (H.28)

jl m; eGlarga

69



Published as a conference paper at ICLR 2022

Proof of Theorem[H.2|and[H.3] We first address the case where G is absorbing. Arbitrarily choose
some A > 0, a sequence of strictly positive real numbers (7,,),,>1 with lim,, n,, = 0, a positive

integer k', a series of real numbers (tj);?,:1 with 0 < ¢; < --- < t)s, and a sequence (w]);“,:1 with
wj € G for all j € [k']. It suffices to show that

lim P, (X;;;"n € Blwy, A) Vk € [k’]) - ]P’(Ytk(ﬂg(mi)) = wy Vk € [k’]).

Using Lemmal|H.4] we can find a sequence of strictly positive real numbers (A, ),>1 with lim,, A,, =
0 such that eq. (H.23) and eq. (H.24) hold. From the weak convergence in eq. (H.23), we only need
to show

lim P, (X:k’"" ¢ B(X:,;””’A",A)) =0k € [K].
For all n large enough, we have 2A,, < A. For such large n, observe that

P (X5 ¢ BIX50, )

tr

<b. (X ¢ Blmg.2a.)

jim; €Glaree

(due to definition of the marker process X, see eq. -eq. 1i and eq. -eq. lb
jimj €Glee
and by applying eq. (H:24) we conclude the proof for Theorem [H.2]

The proof of Theorem [H.3|is almost identical, with the only modification being that we apply Lemma
instead of Lemma In doing so, we are able to find a sequence of (A,,),,>1 with lim,, A,, =0
such that eq. (H:27) and eq. (H:28) hold. Given the weak convergence claim in eq. (H:27), it suffices
to show that

lim P, (Xj:’"“' ¢ B(X]rmbn, A)) = 0Vk € [K].
If X;rk’*’"” = {, we must have )A(;;*’"”’A" = 7 as well. Therefore, for all n large enough so that
3A, < A,
P, (X[ ¢ BXLA )
=P, (X[ ¢ B[S, ), X[ £ 1)
<P (X[rm¢ | Bmg,2aa), X A1)
ji mj €Gee

<Po(Xmg U Blmg A, X[ A1),

j: mjEGre

Apply eq. (H:28) and we conclude the proof. O

H.1 PROOF oF LEMMA [H.1]

First, we introduce another dichotomy for small and large noises. For any 7 > 0 and any learning
rate 7 > 0, we say that a noise Z,, is small if

0 Zn| >n7

and we say Z,, is large otherwise. For this new classification of small and large noises, we introduce
the following notations and definitions:

ZETN = Z,1{n|Z,| <07}, (H.29)
Z7 0N = Z,1{n|Z,| > 17}, (H.30)
T'(F) 2 min{n > 1: 5|Z,| >n7}. (H.31)
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Similar to Lemma [G.T2] the following result is a direct application of Lemma[G.T1] and shows that
it is rather unlikely to observe large perturbation that are caused only by small noises. Specifically,
since o > 1 we can always find

N 11
1— A=
7 € (0, ( aAQ)

Be (1, (2-27) Aa(l—7)).

Now in Lemma , ifwelet A =3 A = A/2ande = § = 1 (in other words, u(n) =
1/n*=7, v(n) = n7/?), then for any positive integer j the condition eq. li is satisfied, allowing

us to draw the following conclusion immediately as a corollary from Lemma
Lemma H.6. Given N > 0 and

T€0.0-2)A5), B € (L2-29)A(aad)),
we have (as n . 0)

[[D( max ZETN 4oy g S 7/2) — o(nM).
j:1)27...7((1/n)[i-‘ 77| 1 7 ‘ n (77 )

The flavor of the next lemma is similar to that of Lemma[G.13] Specifically, we show that, with
high probability, the SGD iterates would quickly return to the local minimum as long as they
start from somewhere that are not too close the boundary of an attraction field (namely, the points

51,82, ,8n,. ). To this end, we consider a refinement of function #(-) defined in eq. lb For
any ¢ = 1,2, , nmin, any & € §; and any n > 0,y € (0,1), we can define the return time to

1Y —neighborhood for the ODE x" as

£ (@) A i . — T

ty(x,n) = min{t > 0: [x"(t,z) —m;| <n"}.
Given the bound in eq. (which is stated for a specific attraction field) and the fact that there
only exists finitely many attraction fields, we know the existence of some ca < oo such that for any

i=1,2,-+ npin, any n > 0, any v € (0,1) and any x € Q; such that |z — s;| V |z — s;_1| > 7117,
we have

9 (2,m) < caylog(1/n)/n
and define function ' as
t'(n,7) £ ey log(1/n).
Lastly, define the following stopping time forany i = 1,2, , Ny, any € §2; and any A > 0
Tidm(n, &) 2 min{n > 0: X]l(x) € B(m;,24)}

where we adopt the notation B(u,v) £ [u — v, u + v] for the v—neighborhood around point u.
Lemma H.7. Given

~ 1 1 ¥ ~
1- = - £
7 € (0, ( a)/\(Q))»WG(Oa 16Mc2/\4)’
andany i = 1,2, Ny, any A > 0, we have
- . i 2coylog(1/n) (i)
lim inf £ Pm(T,(), A) < 22008V xn e v < T A)
minf e e erurn (1, A) < ) s X € Qi < T (), A)

=1.

Proof. Throughout this proof, we only consider 7 small enough such that

2caylog(1/n)/n < [(1/n)?], nM <n*7, 27 < A2, 297/* < g (H.32)
The condition above holds for all > 0 sufficiently small because 8 > 1,25 < 1, and v < 7/4.
Also, fix some 8 € (1, (2 —27) A (@ — o))
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Define the following events

AX é{ ZEAN Ly <A %/2}
i (m) j:LQg}?ggl/mmnl T+ 27 >

A () 2{T7(F) < [(1/n)"1} (see eq. (H.3T)) for definition of the stopping time involved)
and fix some N > 0. From Lemma[H.6] we see that (for all sufficiently small 7))
P(AY () <™.

Besides, using Lemma|G.4| together with the fact that 5 < «(1 — 7¥), we know the existence of some
constant 6 > 0 such that

P(A5 (n)) <0’
for all sufficiently small 7.

C
Now we focus on the behavior of the SGD iterates on event (AlX (n) N AS (77)) . Let us arbitrarily

choose some z € €; such that |z — s;| V [ — s;_1| > 217 First, from Lemma|G.6|and eq. (H.32),
we know that

X} () — ¥}, ()] < 2nM exp (2Mcaylog(1/n))
< PV 2Mexy < oY <Y Wt < 2e9y1og(1/n)/n (H.33)

Next, from the definition of the function ¢'(-) and eq. (H.33), we know that for

. A
Toprewm (237, A) = min{n > 0:y"(z) € B(m;, 0 +n")}, (H.34)
we have
T6p e (231, A) < 2caylog(1/n)/n (H.35)
Yo >sic14+n7, ¥yl < s —n7 ¥n < 2cavlog(1/n)/n. (H.36)

Furthermore, on event (AlX (n) N A (n)) , due to Lemmaand eq. (H.32), we have that

o

| X () -y (2)| < /% exp (2M ez log(1/n)) = n2z ~2Me2Y < pV/* < 7 W < 2¢9vlog(1/n) /1.

Combining this with eq. (H:33)), eq. (H:36)), we can conclude that (recall that due to eq. (H:32) we
have 217 < A/2)

T (1, A) < 2c2vlog(1/n) /1
X € Q; ¥Yn < 2coylog(1/n)/n

on event (AlX (n) N AS (77)) . Therefore,

; 2 log(1 ;
liminf T (n, ) < 228U e ¢ 0 v < 10, )

in w(
0 zeQ;:|z—s;_1|V]z—s;|>2n7 n
> liminf]P’((AlX (n) NAS (77)) ) > liminf1 — ™ — 5% = 1.
10 nd0
This concludes the proof. O

The takeaway of the next lemma is that, almost always, the SGD iterates will quickly escape from the
neighborhood of any s;, the boundaries of each attraction fields.

Lemma H.8. Given any~y € (0,1),¢ > 0, we have

NP : . _ £y
it _ng o (i {027 ¢ B2} < 775) =1
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Proof. We only consider 1 small enough so that

. 1ty
“min S; — Si—1| > 377,

1=2,3, ,Mmin—1

nM <n7.

Also, the claim is trivial if z ¢ U;B(s;,2n7), so without loss of generality we only consider the case
where there is some j € [nmin] and x € [—L, L],z € B(s;,2n"). Let us define stopping times

T £ min{n > 1:1|Z,| > 517}; (H.37)
Teape = min{n > 0: X1 ¢ U; B(s;,2n")}, (H.38)
and the following two events
t
Af () 2AT7 > =},
= )

14y
AX(m) 2 0| Zr| > 7= ).
First, using Lemma [G.3| and the regularly varying nature of H(-) = P(|Z;| > ), we know the
existence of some 6 > ( such that
P(A} (1)) < exp(—1/n")
for all n > 0 sufficiently small. Next, by definition of 7", one can see that (for any n € (0, 1))

PUAS (1) = o).

Again, dueto H € RV_, and 1 — v > 0, we know the existence of some 6; > 0 such that

P(AS (n)) <™
for all n > O sufficiently small. To conclude the proof, we only need to note the following fact
on event (AlX (n) U AS (n))c. There are only two possibilities on this event: Telcape < 77 — 1, or
Tezcape > T7. Now we analyze the two cases respectively.

« On (AY () UAF (1) N {Tdape < T7 — 1}, we must have Teeape < T7 < t/H(1/n).

* On (AF(n) UAS ()" N {Tape > T}, we know that at n = T — 1, there exists an
integer j € {1,2,--- ,nmin — 1} such that X! € B(s;,2nY). Now since nM < 7" and
n|Zr~| > 517, we must have

|X;7”’v - X;]“’Y—1| >4n" = Xg“’v ¢ B(Sja2777)~

On the other hand, the exclusion of event A () tells us that | X, — X, || < e
Due to eq. (H.37), we then have X! ¢ U,;B(s;, 2n7).

In summary, (A (n) U A5 (7)) € {Tium < t/H(1/n)} and this conclude the proof. O

In the next lemma, we analyze the number of transitions needed to visit a certain local minimizer
in the loss landscape. In general, we focus on a communication class G and, for now, assume it is
absorbing. Next, we introduce the following concepts to record the transitions between different local
minimum. To be specific, for any 7 > 0 and any A > 0 small enough so that B(m;, A) N Q5 = 0)
for all j, define

To(n,A) =min{n > 0: X € U;B(m;,2A)}; (H.39)
Iy(n,A) = j iff X;O(n’A) € B(mj,2A); (H.40)
Ti(n,A) =min{n > Tp_1(n,A) : X! € Ujzr, ,(n,a)B(m;,2A)} VE>1 (H.41)
L(n.A) = jift X7, ) € B(m;,2A) Wk > 1. (H.42)

As mentioned earlier, the next goal is to analyze the transitions between attraction fields it takes to
visit m; when starting from m; when m;, m; € G. Define

Ki(n,A) & min{k > 0: I(n,A) = i}.

73



Published as a conference paper at ICLR 2022

Lemma H.9. Assume that G is an absorbing communication class on the graph G. Then there exists
some constant p > 0 such that for any i with m; € G, any € > 0, and any A > 0,

sup P, (K;(n, A) > u - Nyin) < P(Geom(p) > u) +€ Yu=1,2,---,
j: mj€G; x€B(m;,2A)
sup P, (Elk € [Ki(n,A)] s.it.mp, (.n) ¢ G) <e

j: m;€G; x€B(mj,2A)

hold for all n > 0 sufficiently small.

Proof. The claim is trivial if, for the initial condition, we have x € B(m;, 2A). Next, let us observe
the following facts.

* Define (recall the definitions of measure 1; and sets E;, E; ; in eq. (G.I)eq. (G.5)eq. (G.6))

J(J)

>

arg  min i —3| Vi #£i
j:.ui(Ejj)>0
i PEim)

i g#i, mieG  ui(Ey)

*
(1>

* From the definition of J(j) and the fact that there are only finitely many attraction fields we
can see that p* > 0. Moreover, G being a communication class implies that

() —i| < |j—il Vj#i, m;eq.

Indeed, if 7 < j, then since G is a communication class and there are some m; € G with
i < j, we will at least have p;(E; j—1) > 0,50 |J(j) — | < |i — j| — 1; the case that ¢ > j
can be approached analogously.

* Now from the definition of J(j) and Proposition [G.25] together with the previous bullet
point, we know that for all ) sufficiently small,

€[1£1£ 1) P:E(uk’-‘rl - Z‘ < ‘Ik - 7’| -1 mr., € G | Ki(nvA) >k, my, € G) > p*/?

uniformly for all &£ > 0.
* Meanwhile, since p* > 0, we are able to fix some & > 0 small enough such that
Nmin0

— W <€
(v /27

* On the other hand, for any } with my ¢ (3, by definition of the typical transition graph we
must have i (Ej ;) = 0 for any j with m; € G. Then due to Proposition again, one

]

can see that for all 7 > 0 that is sufficiently small,

sup Py(my,.,, ¢ G| Ki(n,A) >k, mp € G) <9
z€[—L,L]

uniformly for all £ > 0.
* Repeat this argument for ny;, times, and we can see that for all ) sufficiently small
p*

inf P (Ki(0, A) < ko n | K3(,A) > , > (2™
Lt P, A) < B | K, 8) >k, ma, € G) > ()

sup Py (3l € [min] s.t. my,,, & G| Ki(n,A) >k, my, € G) < nigind
z€[—L,L]

uniformly for all £ > 1.
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* Lastly, to apply the bounds established above, we will make use of the following expression
of several probabilities. For any j with m; € G and z € B(m;,2A) andany v = 1,2, -- -,

P, (3l € [unmn] s.t. my, € G, K;(n, A) > w - npin)

u—1
= Z P, (E”f S [nmin] s.t. MIiyon
v=0

‘min

¢ G| Ki(n,A) >v-nmin, my, € GVL < Unmin>

v—1
I e (KZ- (1,8) > (W + Dggin, M1, € Gk € [
w=0

Ki(n,A) > w - nmin, my, € GVI < wnmin>

P.(my, € GVI € [unmm], Ki(n,A) > - nmin)
u—1

= H ]P’(Ki(n, A) > (v + Vi, mi,,,, € Gk € [Nmin]

v=0

Ki(n,A) > vnmin, my, € GVk € [vnmin])

In summary, now we can see that (for sufficiently small 7)

sup P, (Hk € [Ki(n, A)] LR UTNCWN) ¢ G)
j: m;eG; x€B(m;,2A)
< Z sup P, (Elv € [Nmin] such that myp, g ¢ G,

=03 mi€G; €B(m;,24)

Ki(1, A) > wnmin, mz, € G Vk € [unmin])

oo

< Z sup P, (EIU € [Mmin] suchthatmy, ¢ G ’
u=0J: mjEG; x€B(m;,2A) "

K;i(n,A) > unmin, my, € GVk € [unmin])

u—1

sup P, (Ki(n, A) > (v + Dnin, mry . € Gk € [Nmin]
ve0 J: M; €EG; 2€B(m;,2A)

Ki(n,A) > vnmn, my, € GVEk € [Wlmin])
< anin5(1 — (%)nmin)u_l _ ( nmin(s

5 p /2
and
sup Pw(Ki(nv A) >Uu- nmin)
jim;€G, x€B(m;,2A)
< sup P, (3 € [unmn) s.t. my, &€ G, K;(n, A) > w - nyin)
jimj€G, x€B(m;,2A)
+ sup P.(my, € GVI € [unmn], Ki(n,A) > u - nmin)
jim; €G, x€B(m;,2A)
u p* ) v—1 p* U
< m1n6<1 (i nmm) (1 _ (L nmm)
_;n () + ()
nmm(S p* N u
< ” — <1 (7) mm)
(p /2) ‘min 2
P\ |
<ot (1 Eym)
€+ ( ( 5 )
uniformly for all u = 1,2, - - -. To conclude the proof, it suffices to set p = (%)""‘i". O
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The proof above can be easily adapted to the case when the communication class G is transient.
Define

K&(n,A) 2 min{k >0: I;(n,A) =ior mr,n.a) € G}

Lemma H.10. Assume that G is a transient communication class on the graph G. Then there exists
some constant p > 0 such that for any i with m; € G and any A € (0,€/3),

sup P (KE (1, A) > u - nypin) < P(Geom(p) > u) Yu=1,2,- - (H.43)
j: m;€G; x€B(m;,2A)

hold for all n > 0 sufficiently small.

Proof. The structure of this proof is analogous to that of Lemma[H.9] Again, the claim is trivial if,
for the initial condition, we have x € B(m;, 2A). Next, let us observe the following facts.

* Define (recall the definitions of measure y; and sets E;, E; ; in eq. (G.T)eq. (G.5)eq. (G.6))

J(j) 2 arg_ min  |i—j| Vj #i

Jii(E; 5)>0
ca oo HEG)
j: j#i, mieG ,U,](E])

* From the definition of J(j) and the fact that there are only finitely many attraction fields we
can see that p* > 0. Moreover, G being a communication class implies that
|J(5) =il <lj—il Vj#i,m;eqG.

Indeed, if 7 < j, then since G is a communication class and there are some m; € G with
i < j, we will at least have p;(E; j_1) > 0,50 |J(j) — 4| < |i — j| — 1; the case that ¢ > j
can be approached analogously.

* Now from the definition of J(j) and Proposition [G.25| together with the previous bullet
point, we know that for all 7 sufficiently small,

[in£ L]IP{,E(|I,C+1 —i| < |l —i| = 1, mp,, € G|KZ(n,A) >k >p*/2
xe|[—L,

uniformly for all &£ > 0.
* Repeat this argument for ngy,;, times, and we can see that for all 7 sufficiently small
int | Pa(KE 0 8) < kot | KO.8) > 1) = (5)
uniformly for all £ > 1.
* Lastly, for any j # ¢ withm; € G and z € B(m;,2A) andany u = 1,2, - -,
P, (KE (1, A) > u- npyin)
v

]:[ Po(KE(n,8) > (04 )riin

KiG(n, A)>v- nmm>

= o

— UH (1 -P, (Kf(n, A) < (v + 1)nin

=0

KzG(naA) > - nmin))

In summary, now we can see that (for suffciently small 7))

sup P (K (0, A) 2w i) < (1= (2)™)
jim;€G, x€B(m;,2A) 2

*

uniformly for all w = 1,2, - - -. To conclude the proof, it suffices to set p = (&-)"m". O
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We are now ready to prove Lemma[H.1I] which, as demonstrated earlier, is the key tool in proof of
Theorem

Proof of Lemma[H.1] The claim is trivial if /"¢ = 1, so we focus on the case where "¢ > 2. Fix
some

A
"16Mcy 4

TEO,0- ) AG), BE (L2-2) Ala—a7), 7€ (0

Let ¢* = max; p;(E;(0)). We show that for any ¢ € (0, ﬁ) the claim is true.

Now we only consider A € (0,&/3) and 1 small enough so that nM < 7Y and 7 < A. Consider
the following stopping times

T e = min{n > 0: X7 ¢ U;B(s;,2n")};

escape

T = min{n > 0: X} € U;B(my,2n)}.

First, from Lemma[H.8] we know that

sup P (Teepe > 1/H(1/1)) < 6/2
z€[—L,L]

for all n sufficiently small. Besides, by combining Lemma with Markov property (applied at
Telcape), We have
1

sup IP’m(T;Yum—T“Y > 2¢9vlog(1/n n’T” §7)<5 2
te[_L7L] et escape ( / )/ escape H(l/n) /

for all ) sufficiently small. Therefore, for all 7 sufficiently small,

Sup ]:P) <1;Zturn >

log(1
n 2027M> <. (H.44)
z€[—L,L] n

1
H(1/n)

Let J be the unique index such that X;Zw € 2. Our next goal is to show that, almost always, the

return
SGD iterates will visit the local minimum at some large attraction fields. Therefore, without loss of
generality, we can assume that m; ¢ M large and define
T’Y

large

2 min{n > Thum: X € |J B(mi,24)}
irm; € Marge

and introduce the following definitions:

70 < Tr’gtumv Jo £J

T = min{n > 7,1 : X € U B(mj,2A)}

J#EIk—1

Je=jo X] €Q; VE>1

K 2 min{k > 0: my, € M9},
In other words, the sequence of stopping times (7 )x>1 is the time that, starting from T});,, the SGD
iterates visited a local minimum that is different from the one visited at 7,1, and (Jx) x>0 records
the label of the visited local minima. The random variable K is the number of transitions required

to visit a minimizer in a large attraction field. From Lemma [H.9] we know the existence of some
p* > 0 such that (for all n sufficiently small)

0
sup Pu(K > u-nyp) < P(Geom(p*) > u) + - Vu=1,23,--.
x€[—L,L] 2

where Geom(a) is a Geometric random variable with success rate a € (0, 1). Therefore, one can find
integer N (0) such that (for all sufficiently small 7))

sup P(K > N(8)) < 6. (H.45)
z€[—L,L]
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Next, given results in Proposition [G.25]and the fact that there are only finitely many attraction fields,
one can find a real number u(0) such that (for all sufficiently small 1)

sup Pu(ri — 161 < ﬂ) < d/N(9) (H.46)
z€[—L,L] )‘Jk—1(n)

uniformly for all k = 1,2,--- , N(J). From eq. (H.44), eq. (H.45),eq. (H.46)), we now have

) v = v B 1 loa(Un)
ze?il?up””<x”¢jzmngB( 5:28) ¥ < N g + gy + 20

<36 (H.47)

for any sufficiently small 5. To conclude the proof we just observe the following facts. First, due to
H € RV_, and I'™ > 2 we have

e () log(1/n) i
lim H(1 =0, lim =0, lim —=————=)\"&(n) =0.
ling H(1/m)/n i ) i - (n)
Therefore, for sufficiently small 7, we will have (note that €, § are fixed constants in this proof, so
N(6),u(d) are also fixed)
H(/n)/ 1 log(1/m)
N(@)u(®) Sutty + mrapm 202075
£/ AeEe ()]
.
) 4q*

<e (H.48)

Second, recall that we fixed some ¢ € (0
small enough so that

) where ¢* = max; u;(E;). Also, choose some C' > 0

C<6/2,201+0C) <4,

From Proposition [G.23]and the fact that there are only finitely many attraction fields, there exists
some 7jp > 0 such that for any 1 € (0, 7j9) and any A > 0 sufficiently small,

t
sup sup P (0", n) < 7)
iim, €M x€[m; —2A,m; +2A] ’ 7( ) )\large(n)
< sup sup Py (ui(Ei)A‘”ge(n)oi(n) < q*t)

iim; € Mge x€[m; —2A ,m;+2A]
<O +2(140)%*q*t < 26.
Combine this bound with Markov property (applied at 7x ), and we obtain that

sup P, (Eln e [[t/N=m))] st. X0 ¢ U Qz) <26
z€[-L,L] it € Muge

for all ) sufficiently small. Together with eq. (H:47)eq. (H.48), we have shown that

sup P, (Vsma“(n,e,t) > 6) <50
z€[—L,L]

holds for all n sufficiently small. O

H.2 PrOOF oF LEMMA [H4] [H.3]

We shall return to the discussion about the dynamics of SGD iterates on a communication class G.
Recall that 1 e e . ’ |

G — ("™, i), G = (e,
If X! is initialized at some sharp minimum on G, then we are interested in the behavior of X! at the
first visit to some large attraction fields on G. Define

Te(n,A)2 min{fn>0:X7€ | J B(mi,2A)o0r XJ ¢ Ui m,eci} (H.49)

i: m,; € Glarge
Not only is this definition of Tz analogous to the one for T2TM¢ in eq. (H.16), but, as illustrated in
the next lemma, 7T also behaves similarly as T on a communication class G in the following sense:
the probabilities p; ; defined in eq. @ govern the dynamics regarding which large attraction field

on (G is the first one to be visited. Besides, T is usually rather small, meaning that the SGD iterates
would efficiently arrive at a large attraction field on G or simply escape from G.
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Lemma H.11. Given any 6 € (0, (a — 1)/2), € € (0,1), 4, j € [Nuin) Such that m; € G, m; ¢
G'rg¢ | the following claims hold for all A > 0 that is sufficiently small:

0
limsup sup P, (Tg(n, A) < il , X7, € B(mj72A)) < pij + e,
nl0  zeB(m;,2A) Ac(n)
0
.. . n
lminf inf B (Ta(n, A) < L XJ, € B(mj,28)) = pij - 5e,
W senim o\ E) = Sy Ao € B028)) = by =0

0
limsup sup P, (Tg(mA) > ) < 2e.
nl0  zeB(m;,2A) /\G(U)

Proof. For Gs™all # () to hold (and the discussion to be meaningful), we must have Iz > 2
Throughout the proof, we assume this is the case. Besides, we require that A € (0, €/3) so we have

B(mi, 30) NQ§ = 0 Vi € [nmin]

and the 3A-neighborhood of each local minimum will not intersect with each other. In this proof we
will only consider A in this range.

From Lemma[H.9|(if G is absorbing) or Lemma [H.T0| (if G is transient), we know the existence of
some integer N (¢) such that for (see the definition of I, in eq. (H.39)-eq. (H.42))

Ng(n,A) £ min{k‘ >0: M, (n,A) € Glarge op My, (n,A) §7§ G},
we have

sup P, (Ng(m A) > N(e)) <e
z€B(m;,2A)

for all n sufficiently small. Fix such N(¢). Next, from Proposition|G.25| we can find u(e) € (0, 00)
and A € (0, &/3) such that for all A € (0, A), we have

eBS(UI‘) ) P, (Tk(n, A) = Ti-1(n, &) > u(e) /A(I-1(n, A)ﬂ?)) <¢/N(e) Yk € [N(e)]

for all 7 sufficiently small. Fix such u(¢) and A. Now note that on the event
A2 {Ng < N} 0 {Tu(n, ) = Tia (0, A) < w(e)/A (L1 (1, 8),m) Yk € [N ()]},

due to the choice of # € (0, (o — 1)/2) and H € RV_,, we have (whenn € (0, 1))
20

zumA»—n,m%Aw;§§EVk<NdmA>
20
=Ta(, ) = T, ) < Nule) 37

For any 7 sufficiently small, we will have N (€)u(e) % < %?n) In summary, we have established

that for all A € (0, A),

6
limsup sup P, (TG > 7) <limsup sup P, (A°) < 2e. (H.50)
nd0  zeB(m;,2A) Ac (1) nd0  zeB(m;,2A)

Next, let
S(€) = {( /1’ U 7m§V(e)) € {mlv' o ’m”min}N(E) IS [N(G)] s.t. m;c = mJ}

We can see that S(e) contains all the possible transition path for Y?TMC where the state my is
visited within the first N (e) steps. Obviously, |[S(e)| < oco. Let €1 = €¢/|S(¢)|. If we are able to
show the existence of some A; > 0 such that for all A € (0, Ay), the following claim holds for any

N (e
(mi)aty € S(e):

limsup  sup

P, (m[k = m), Vk € [N(e)]) - P(Y,f’TMC(m,») = m), Vk € [N(e)])‘ <el,
nl0  zeB(m;,2A)

(H.51)
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then we must have (for all A € (0,A A Ay))

limsup  sup P, (X;ZG € B(mj, 2A)) — Dij
nd0  zeB(m;,2A)

—limsup sup  |P, (X;lc € B(m;,20), Tg < N(e)) +P, (ch € B(m;,20), T > N(e))
nl0  xzeB(m;,24A)

~ B(YAE me) = my, TETMC < N () ~ B(YHFME (i) = my, TE™C > N(©))|

<limsup sup [P, (X;lc € B(mj,2A), Tg < N(e))
nl0  xeB(m;,2A)

~ P(VERME (m) = my, TETHE < N ()
+limsup  sup  P.(Tg > N(e)) + P(TETMC (m;) > N(e))
nl0  xzeB(m;,24A)

<IS(e)ler +limsup  sup  P.(Tg > N(e)) + P(TETMC (m;) > N(e))
nd0  xzeB(m;,2A)

<3e.

To show that eq. (H.51) is true, we fix some (m},)~') € S(e) and let (K'(k))~% be the sequence
with my () = mj, for each k € [N (e)]. From the definition of Y ?TC we have (let K'(0) = 1)

N(e)—1

! E/ ’ )
P(Y.2TMC (my) = ml Wk € [N(e)]) = e (k) (B () K (k1) '
( ’ ) k1;[0 tier (i) (B (1))

On the other hand, using Proposition|G.25| we know that for any arbitrarily chosen €’ € (0,1), we
have

N(e)—1
(1—)[ Mk’(k)(Ek/(k),k’(kH))

E—0 tie () (B (i)
N(e)—1

. . e (i) (B (i) ! (k1)) )
liminf  inf P, (m =m) Vk € [N(e)]) > -(1=¢€),
0 zeB(m;,24) Te(n.8) F IV )D - kE[o ,uk’(k)(Ek’(k)) ( )

: (1 + Gl)a

limsup sup P, (mIk("hA) =my, Vk € [N(e)]) <
nl0  ze€B(m;,2A)

for all A > 0 sufficiently small. The arbitrariness of ¢’ > 0, together with |S(¢)| < oo, allows
us to see the existence of some A; > 0 such that with A € (0,A;), eq. (H.51) holds for any

(my, )N(E) € S(e). To conclude the proof, observe that

0
. n
limsup  sup | X7 € B(m;,2A)) — P, (Ta(n, A) < , X1 € B(m;,2A ‘
nl0  z€B(mi,2A) ( Ta (m )) ( (. 2) Aa(n)” e (m; ))
0
<limsup sup P, (TG > L) <€
nd0  xzeB(m;,2A) AG(T])

due to eq. (H.50). O

Recall that continuous- tlme process X*" is the scaled version of X" defined in eq. (H:I3), and
the mapping T*(n,n) = nAg(n) returns the timestamp ¢ for X, . corresponding to the unscaled
step n on the time horizon of X/. As an inverse mapping of T*, we define the mapping N*(¢,7) =
[t/ Ac(n)] that maps the scaled timestamp t back to the step number 7 for the unscaled process X .

In the next lemma, we show that, provided that X ™" stays on a communication class G before some
time ¢, the scaled process X, " is almost always in the largest attraction fields of a communication
class G.

Lemma H.12. Let G be a communication class on the graph G. Given any €1 > 0, t > 0 and any
x € Q; with m; € G, the following claim holds for all A > 0 small enough:

limsup]P’gc({Xt*’" ¢ U B(mj,SA)} N {X;"77 € U O Vs € [O,t]}) < 2¢.

ni0 jimj €Glarge k: mpeG
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Proof. Let A € (0,€/3) for the constant € in eq. (G.28)eq. (G.29), so we are certain that each
B(m;, 2A) lies entirely in €2; and would not intersect with each other since

B(m;,3A) N QS =0 Vi € [nmin].

Besides, with e = A/3, we know the existence of some ¢ > 0 such that claims in Lemma
would hold of the chosen ¢, §. Fix such ¢ for the entirety of this proof. Lastly, fix some

1

TEO.(-2)A(G). B (L2 Aa—aT). 1€ 0

SN
A=)
‘T6ae; " 1)

The blueprint of this proof is as follows. We will define a sequence of stopping times (Nj)?:1
such that the corresponding scaled timestamps T;f = T*(N;, n) gradually approach ¢. By analyzing
the behavior of X*" on a time interval [t — A4, ¢] that is very close to ¢ (in particular, on the
aforementioned stopping times T;-‘), we are able to establish the properties of a series of events
A; D As D As. Moreover, we will show that A5 C {Xt*""’A € Ui: m, cquee B(mi, 3A)}, so the
properties about events A, As, A3 can be used to bound the probability of the target event.

Arbitrarily choose some A; € (0,t). To proceed, let Ny = N*(t — Ay, 7)) be the stopping time
corresponding to timestamp ¢ — A, for the scaled process. Using Lemma we know that for
stopping time Ny = min{n > Ny : X/ ¢ U; B(s;,2n")}, we have

o . Ay/4
liminf inf P,(IN7 — Ny < =1
nl0  z€[-L,L] (M 0 H(l/n))
Next, let N2 £ min{n > Ny : X7 € U;B(m;,2A)}. From Lemmaand H € RV_, (so that
log(1/n)/n = o(H(1/n)), we have

o A/4
liminf inf P,(Ny— N
minf i Pe(No = Nu < a7

Collecting results above, we have

)=1.

o A2
fminf nf  Pe(No = No < a7

) =1. (H.52)

Now note the following fact on the event { Ny — Ny < HA(i//i) }. The definition of the mapping

T implies that, for any pair of positive integers ny < ng, we have T"(na,n) — T"(ny,n) =

(ne —n1)Ag(n) < (n2 —nq) - H(1/n). Therefore, on { Ny — Ny < HA(iﬁ)} we have

. . . A
T*(N2,n) — T*(No,n) < A¢/2 = T*(Na,n) <t—?t.

Besides, let T; = T* (N3, 7). Now we can see that for event

Aoé{X:’”E U QkVSE[O,t]}ﬂ{NQ—N0< A/ }a

ke mreG HQ/m)
we have
A
AgC A 2 {T; <t- 5} N {X:ﬂ7 e U uvse [O,T;}}.
k: mpeG
Meanwhile, from eq. (H.52)) we obtain that
limsup sup P, (Ai N{X;"e U QO Vs € [O,t]}) =0. (H.53)
nl0  z€[-L,L] k: mpeG

Moving on, we consider the following stopping times

N3 £ min{n > Ny: X € U B(m;,2A) or X! ¢ U Q1
§: mj; €Glaree j:m;EeG
T5 = T*(N3, ).
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Using Lemma[H.T1] we have

lim sup P, (N Ny >

s ‘ A ) (H.54)

)\

Meanwhile, on event A; N {Ng Ny < 5t n)} { 2" € Uk mpea O Vs € [0, t]}, we have
T; — T5 < Ay/4, hence T; € [t — Ay, t — Ay /4]. In summary,

Am{ Ng_At/Zl}ﬁ{X;‘”’e U kase[o,t}}

Ac (1) k: mpe@
C {T§ € [t—At,t—At/zl]} N {X;**" e |J uvse [O,Tg}}
k: mpeG

Moreover, on event {X "€ Uk mpea O Vs € [0,1] }, if we let J3 be label of the local minimum
visited at T5 such that J3 = j <= X*;’*" € B(mj,2A), then we must have m;, € G4,
Meanwhile, consider the following stopping times

T? £ min{s > Ts: X" ¢ Q,,}.
From Proposition [G.23] we know that

i sup P (TU ST < A, {T; et —Apt— At/4]} N {X;,n c ) HEG O Vs € [O,Tg]})

<e1+1—exp ( -1+ el)q*At) (H.55)

where ¢* = max; p;(E;). Now we define the event

A/4
Aa(n)

Using eq. (H:53)-eq. (H.33), we get

limsup sup P, (A§ N{Xr"e U O Vs € [O,t]}) <2 +1—exp(—(1+e€)g"Ay).
70  z€[-L,L] k: mpeG

Ay 2 Am{N3 N, < }m{T”-T§;>At}m{X:"e U kase[om;]}.

k: mpeG

(H.56)
Furthermore, on event As, due to T5 € [t — Ay, t — Ay /4] as established above, we must have
X>"eQy, Vs € [Ts, t].
Now let us focus on a timestamp T} = HA(’JS) Ac(n) and Ny = N*(T}, n) . Obviously, T; > T;
on event As. Next, define

N5 £ min{n > Ny : XJ €| JB(m;,2A)}
J
Using Lemma[H.7]and [H.8] again as we did above when obtaining eq. (H:52)), we can show that

A;/16
lim sup P, (N — N, > ) —0. (H.57)
nd0 > * H(1/77)
On the other hand, on event A5 N {N5 — Ny < I?(tl/ /1:) } we must have

* * Ay * Ay Ay
*T; -T, < H(1//16))‘G( ).s0 Ty € [t — H(1§§,)/\G( )it — H(l//l,?))\G(W)k

. X;é” €Qy,,dueto T? — T5 > A,
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This implies that for event

At/g
_H(l/n) )‘G(n)at_

A,/16
H(1/n)

is{mcp Aol Xif €2 priX;ve | 2vseD T,

k: mpeG

we have A5 N {N5 — Ny < I?(tl//lf)} - A. Lastly, observe that

« From Lemmal|G.4} we know that for Ng(0) £ min{n > N : 7|Z,| > §} we have

limsup P(Ng(6) — N5 < A/H(1/n)) < A/6%
nd0

* As stated at the beginning of the proof, our choice of & allows us to apply Lemma|G.14]and
show that

limsup sup P,(3n=Ns,---,Ng—1s.t. X]! ¢ B(my,,3A) | A) =0;
nl0  z€[~L,L]

* Combining the two bullet points above, we get

lim sup P, (Els € [T, 4] such that X*7 ¢ B(my,,3A) ‘ E) <A/ (HS58)
nl0
On the other hand,
AN{X;" € B(my,,30) Vs € [T, 8]} C{X;"e | B(mx3A0)}
k: my € Glree

In summary, for event

A;/16

é _ < —4 -7 *,1 *

A3 AQQ{N5 Ny < H(l/n)}m{X“ GB(mJ3,3A)VS€[T5,t]},

we have Az C {X;"" € U, ., ecme B(my,3A)}. Besides, due to eq. (H.56)eq. (H.57)eq. (H.58),
we get

limsup sup P, (A§ N{XI"e U Vs € [O,t]})
nd0  z€[-L,L]

k: mpeG
" Ay
<2e1+1—exp(— (L+e)g"Ay) + Jo
Remember that d, €1, ¢* are fixed constants while A; can be made arbitrarily small, so by driving A;
to 0 we can conclude the proof. O

Recall the definition of jump processes in Definition [H:1} Central to the proof of Lemma[H.4] the
next result provides a set of sufficient conditions for the convergence of a sequence of such jump
processes in the sense of finite dimensional distributions.

Lemma H.13. For a sequence of processes (Y™),>1 that, for each n > 1, Y" is a
((U]”)jzo, (Vj”)jzo) Jjump process, and a ((Uj)jzo, (Vj)j20> Jjump process Y, if
® UO = O,‘

o (Uy, Vg, U, V*, Uy, VY, - - - ) converges in distribution to (0, Vy, Uy, Vi,Us, Va, -+ ) as
n — 0o;

e Foranyx > 0 and anyn > 1,

PO+ +U, =z)=0;

e foranyxz > 0,
lim P(U; +Us +---U, >2) =1,

n—0oo
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then the finite dimensional distribution of Y™ converges to that of Y in the following sense: for any
ke Nandany 0 < t; <ty < --- <l < 00, the random element (Y;",--- | Y/') converges in
distribution to (Yz,,- -+ , Yz, ) asn — oo.

Proof. Fix some k € Nand 0 < t; < t3 < --- < tx < oo. For notational simplicity, let ¢t = .
Let (D, d) be the metric space where D = Dy 4, the space of all cadlag functions in R on the time
interval [0, t], and d is the Skorokhod metric defined as

d(¢r,G) & /{g\ 11— Cao AV IIA—1]

where A is the set of all nondecreasing homeomorphism from [0, ¢] onto itself, and I(s) = s is the
identity mapping. Also, we arbitrarily choose some ¢ € (0, 1) and some open set A C R¥.

From the assumption, we can find integer J(¢) such that IED( ijl) U; < t) < €, as well as an integer

N(e) such that, for all n > N(e), we have P(Zji? Ur < t) + IP’(U(;L > tl) < €. We fix such
J(€), N(€) (we may abuse the notation slightly and simply write J, N when there is no ambiguity).

Using Skorokhod’s representation theorem, we can construct a probability space (€2, F, Q) that
supports random variables (UJ, Vi, -+ , U}, V})p>1 and (Up, Vo, - - , Uy, Vy) and satisfies the

following conditions:
s LU, VG-, U VE) = ﬁ(ﬁ’g, ‘70", cee ,Tj'}l,f/}’) foralln > 1;
* LU0, Vo, Us, Vi) = L0o, Vo, -+ U, Vi)
- U7 L2 U; and V! 2% Viasn — oo forall j € [J].

Therefore, on (€2, F, Q) we can define the following random elements (taking values in the space of
cadlag functions):

. . -
s T its < U
s n - - ~ ~ ~ ~ 1

=0 Vj 1[Ug+Up+~~+U;.l, Ug"+U{’/+~~+U;Lrl)(3) otherwise

b

J

J V.~ JU ~
}/5 - Z‘/}H[U1+"'+U]‘7 U1+"'+Uj+1)(8) Vs 2 0.
Jj=0

Note that (1) for the first jump time of Y+ we have Uy = 0, hence YOU = Vp; (2) when defining
Y™+ we set its value on [0, UR) to be V{* instead of 0.

Since U}' L2 Uj and %5 225 Vi asn — oo for all j € [J], we must have
limd(Y* Y} =0

almost surely, which further implies that Y*+/ = Y}/ as n — oo on (D,d). Now from our
assumption that, for the jump times Uy +- - -+ U;, we have P(U1 +- - -+ U; = 2) =0Ve > 0,5 > 1,
as well as (13.3) in Billingsley| (2013)), we then obtain

(Y;T‘LJa e 7}/;27‘LJ) = (Y;JIJv e 7Y;ftJ) (H59)

as n — oo. Recall that A is the open set we arbitrarily chose at the beginning of the proof, and ¢ > 0
is also chosen arbitrarily. Now we observe the following facts.

* Using eq. (H.59), we can see that
liminf Q¥+ Y 4) € 4) 2 QY-+ i) € A).
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* The choice of N(¢) and J(e) above implies that

J(e)
QU V) € A) ~ (Y- Vi) € )| < P(DoU; <) <

j=1
QY YD) € A) —B((v, - ) € 4

SP(ZZEU;L < t) +1P>(Ug; > t1> <eVn> N(e).

Collecting the two results above, we have established that

lminf P((Y,?,--- V) € A) > P((Va,, -+, Y,) € A) — 2.

From Portmanteau theorem, together with arbitrariness of ¢ > 0 and open set A, we can now conclude
that (Y;",---,Y}) converges in distribution to (Y;,,---, Y3, ). O

The following lemma concerns the scaled version of the marker process X*mA defined in eq. l -
eq. (H:I4). Obviously, it is a jump process that complies with Definition [H.I] When there

is no ambiguity about the sequences (7, )n>1 and (Ap),s1, let X 2 XommAn
eq. —eq. H.11) and eq. (H.15), we know that for any n > 1, X(™ is a ((T;(nn,An) —

From

751 (M, A”)>k20’ (mfk(m“An))kZO) -jump process (with the convention that 7*; = 0). Also, for

clarity of the exposition, we let (foralln > 1,k > 0)

S = 0ty An) — Ty (0 ),
S = 1 (s Bn) = 771 (110 D),
W = MTE (1, An)
Wi =mie, a,)-

Lastly, remember that Y is the continuous-time Markov chain defined in eq. (H.I8)-eq. and
7mi(+) is the random mapping defined in eq. that is used to initialize Y. Besides, Y is a
((Sk)kzo, (Wk)kzo) jump process under Deﬁnition with Sp = 0 and Wy = mg(m;) (here
z € Q; and X, g = x, so ¢ is the index of the attraction field where the SGD iterate is initialized). The
following result states that, given a sequence of learning rates (7,,),>1 that tend to 0, we are able to

find a sequence of (A,,),>1 to parametrize X0) = X*mmBa X (0) = X*0n8n 5o that they have
several useful properties, one of which is that the jump times and locations of X converges in
distribuiton to those of Y (7 (m;)).

Lemma H.14. Assume the communication class G is absorbing. Given any m; € G, x € §;, finitely

many real numbers (tl)fil such that 0 < t1 < to < --- < ty, and a sequence of strictly positive
real numbers (1) n>1 with lim,,_,q n, = 0, there exists a sequence of strictly positive real numbers
(Ap)n>1 with lim, A, = 0 such that

e Under P, (so Xg = x), as n tends to oo,

(S(gn)a W()(n)a Sin)a Wl(n)a Sén)a WQn)v o ) = (SOv WO? Slv le 527 W27 o ) (H60)

* (Recall the definition of Ty, I, in eq. (H39)-eq. (H.42)) Given any ¢ > 0, the following
claim holds for all n sufficiently large:

21;181% <3j € [Ti(Mn, An), Tk (Nn, Ay)] s.t. X;7 ¢ U Ym0, € G) <€
> I: meG
(H.61)
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* Given any € > 0, the following claim holds for all n sufficiently large,

mlk(nnaAn) € G)

iup Pk (mlk(nn,An)Jrv ¢ Glarge Yu € [unmin]
>0

<P(Geom(p*) > u)+eVu=1,2,--; (H.62)

» Foranyl € [K'],

7£g;P$CX;mL¢ U  Bma). x0me | QjVse[QtWD::O
i m; EGlare j:m;eG

(H.63)
where p* > 0 is a constant that does not vary with our choices of 1, or A,,.

Proof. Let

A

v = aj = 1 (Ej)
vik = 1 (Ejk)
so from the definition of g; ;, we have g; k. = 1{j # k}vjk + D1 1, eqoman Vi iDLk

In_ order to specify our choice of (A,),>1, we consider a cogstruction of sequences
(A()))j>0, (1(4));>0 as follows. Fix some 6§ € (0,ac — 1)/2). Let A(0) = 7(0) = 1. One

can see the existence of some (A(j));>1, (17(j));j>1 such that

* A(j) € (0,A( - 1)/2], 9(5) € (0,9(j — 1)/2] forall j > 1;

* (Due to Lemmal(H.7) for any j > 1, € (0,7(j)], (remember that 2 and ¢ are the fixed
constants prescribed in the description of the lemma)

Ps (“3 (n, AG)) <’ I§ (n, AG)) = z) >1— 2%

For definitions of o, 75, IS, f,f, see eq. -eq. lb

* (Due to Lemma[H.11)) for any j > 1,7 € (0,7(5)],

P (7 (1, AG)) = o (1, AG)) <, I (0, AG) =2 | I (1, AG)) = 1) = P
<1/27

uniformly for all £ > 0 and all m;, € G*™! m;, € G". Also, by definition of o* and
7%, we must have

for all k > 0 and m;, € G'ae°,

* (Due to Proposition|G.23) for any j > 1, € (0,7(j)],
1 - L
X 2 27
- ?"_exp(_ (1+ E)q“u) 4,
<P, (i (0, AG) =72 (0, AG)) >, T =i | 1€ (n, AG)) =)
1

1 l/i1,i2+%

1

Viy i

uniformly for all £ > 1, all u > 1/2j, and all m;, € Glaree m;, € G.
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* (Due to GG being absorbing and, again, Proposition [G.25) for any j > 1, for any j > 1,
n € (0,7(7)], (Recall the definition of T}, Iy, in eq. (H.39)-eq. (H.42))

g . X (o ‘ 1
Po (T (0, AG)) =iz | Ie(n, AG)) = i1) < o (H.64)
uniformly for all &k > 0, m;, € G, m;, ¢ G.

¢ (Due to Lemma There exists some p* > 0 such that for any j > 1, for any j > 1,
n € (0,7(5)].

¢ G vy € [UNmin)

P (mv-‘rfk (nAG) Ie(n, A7) = Zl)
<P(Geom(p*) > u) +1/27 (H.65)
uniformly for all £ > 0,% > 1 and m;, € G.

* (Due to Lemma|H.12)) for any j > 1, forany 5 > 1,7 € (0,7(5)],

P, (X U B, AG), Xime | 9¥se o)) <1/2
j: my€Ghee j:m;eG

(H.66)

uniformly for all & € [£'].

Fix such (A(7));>0, (7i(j))j>0. Define a function J(-) : N+ N as
Jn) =0V max{j > 0 7(j) > nn}
with the convention that max () = —oo. Lastly, let
A, =A(J(n)) Vn > 1.

Note that, due to lim, 7, = 0, we have lim, J(n) = oo, hence lim, A, = 0. Besides, the
definition of J(-) tells us that in case that J(n) > 1 (which will hold for all n sufficiently large), the
claims above holds with 7 = n,, and j = J(n). In particular, by combining lim,, J(n) = oo with
eq. (H.64)eq. (H.63)eq. (H.66) respectively, we have eq. (H.61)eq. (H.62)eq. (H.63).

Now it remains to prove eq. . To this end, it suffices to show that, for any positive integer
K, we have (S(()n), Wén), e SR ,WI(?)) converges in distribution (S, Wy, - , Sk, Wk ) as n
tends to infinity. In particular, note that So = 0, Wy = mg(m;), so Wy = m; with probability p; ; if
m; € G and Wy = m; if m; € G'ee,

For clarity of the exposition, we restate some important claims above under the new notational system

with S, W™ S W™ we introduced right above this lemma. Given any ¢ > 0, the following
claims hold for all n sufficiently large:

e First of all,

P, (53”) <n?, WM = mi) >1—e (H.67)

e Forall k > 0 and all m;, € G*™ m,;, € G'ee,

P, (S,g”) — 8 <y W =y, | W = m) — Pivia| < € (H.68)
e Forall k > 0 and all m;, € G,
P (S5 = S = 0, Wi =y, | W = mi, ) =1, (H.69)
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e Forall k > 0, all m;, € G m;, € G andall u > ¢,

f€+exp(f (1+€)Qi1u)M

i1

<P, (30 - S > u, WD, = m

<P, (gl(cz)l — S,(Cn) >u— 172, ngi)l =M,

Viyig T €

W,gn) = mil)

<e+exp ( —(1- e)qilu) (H.70)

qi,
* Here is one implication of eq. . Since |G| < numin, We have
P (S0 = 51 2l | W = i, ) < - € (H71)
for all k > 0 and m;, € G,
« Note that for any m;,, m;, € G and any k > 0

Py (S](Cj*)l - 5" >, ngi)1 = My

W,En) = mil)

=iz # i1} (S = S0 > u, Wi, = m,

Wlin) = My, )

+ Z /S>0 Py (S,(er)1 - S,(ci)l > (u—s) Vo0, W,ii)l =m;,

iz mi, €Gemall

Py (S,(:j_)l — S,g") = ds, Wéi)l =mj,

W =)

Fix some i3 with m;, € G*™. On the one hand, due to eq. (H.71)),
/ B (S0, — S0 2w s W, = m,
s€(0,u—n?f]

2, (B0, — 8 = ds, W = m

Wé") = mis)

W]En) — m’il)
<Nmin€.

On the other hand, by considering the integral on (u — 1%, 00), we get

/s ot o0) Py (5;(!31 — S > (w—s) VO, W =m, | W = m)

P (B, — 8 = ds, W = e, | W) =)
> R (W = me | W = m,)
s€(u,00)
Py (S,ETl — S,(cn) = ds, W,gi)l = my, W,gn) = mil)

Viy iz — €
Z(pig,iz_6)(—6+exp(_<1+6)qilu)L>

due to eq. and eq. (H.70). Meanwhile,

/6( 9 )Pw(S,(c’fl—g,ile(u—s)\/O, W, = miy | W0 = my,)
sc(u—mn;,,0

P, (S,(g_)l - S,(C") = ds, ngi)l = m,,

ngn) = mil)
Viyig T€
S(nmin6 + Dis,in T+ 6) (6 + exp ( - (1 - e)qilu) 7)

i,
due to eq. (H.68), eq. and eq. (H.7T).
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* Therefore, for any m;,, m;, € G'arge and any k > 0,

(Sl(:u -5 n) ngi)l = My

W,g") = mil)

]1{22 ;é il}yi N + Z s . eGemall Viy iz Pis i
Sg(€)+exp(_(1_6)%1u) D 131 Mz € 1,4313,02

qiy
<g(e) +exp (= (1 — e)gs,u) 122 (H.72)
i1
and
P (Skrjr)l - S !>, ngi)l = My ngn) = mil)

Wia # i1 }i o + 2oiy: iy, eoman VinisPis iz
qiy
> —g(e) +exp (— (1+€)gi,u) Ginsiz (H.73)

i1

> —g(e) +exp (— (1+€)gi,u)

where ¢* = max; ¢; and
1+e€
gle) 2 e+ — = + Nnin (1 + €)e + e—— = Tmin

€ 1
+ nmin(e + qT) + nmin(nmine +e+ 1)<1 + E)e

Note that lim¢ o g(€) = 0.

Now we apply the bounds in eq. ((.67)eq. (H.72)eq. (H.73) to establish the weak convergence claim
regarding (S, W™, - ,Sl(,?), Wﬁ(n)) Fix some positive integer K, some strictly positive real

numbers (s;)5_, a sequence (wi)E_, € (Gl"“g"')KJrl with wy, = m;, for each k, and some € > 0
such that € < ming—g 1,... .k {Sx}. On the one hand, the definition of the CTMC Y implies that

]P)(So < tog, Wo = wop; S > s and Wy, = wy, Vk € [K])
K
:P(ﬂ'g(mi) = wo) H (Sk > Sk and Wk = Wk ‘ W}g,1 = ’wkfl)
k=1

:(]l{mi € G**, ig =i} + 1{m; € Gsmall}pio,u) H exp(—¢qi,_, 8 )q;k o
Tk—1

On the other hand, using eq. ({.67)eq. (H.72)eq. (H.73), we know that for all n sufficiently large,

P, (S5 < s0, WS = wos S > sy and W™ = wy, ¥k € [K])

) (1{ms € G, g = i} + Ui € G™ (i, 5, — €))

>(1—¢)
I (=96 + exp(—(1+ g, 50) 2=t )

k=1 Tir—

and
P, (S(gn) < Sg, Wo(n) = wy; S,(Cn) > s and W,gn) =wg Vk € [K})

<(1{ms € G™¥=, ig = i} + 1{m; € G} (piy,i, +0))

Qiy_1,ix
H ( +exp(—(1— e)qikflsk)g).

k=1 Tir—r
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Since € > 0 can be arbitrarily small, we now obtain

lim P, (5§ < to, W™ = wo; S > sy and W™ = my, ¥k € [K])

n—oo

:]P’(So < 89, Wo = wo; S > s and Wy, = wy, Vk € [K])7

and the arbitrariness of the integer K, the strictly positive real numbers (sj)f_,, and the sequence
K+1
(wi)i, € (Ghee) 1 allows us to conclude the proof. O

To extend the result above to the case where the communication class G is transient, we revisit the
definition of the YT in eq. (H.26). Let G = G"¢° U {}} and let my = } (remember that all the local
minimizers of f on [—L, L] are mq, - - - , mmin). Meanwhile, using ¢; and ¢; ; in eq. (H.20)eq. (H.21),
we can define
ij iti>1,72>1
qjj: 1{j = 0} ifi=0
ZjE[nmin],mﬁEG 4i.j ifi>1,7=0.

and qg =1, qZT = ¢; Vi > 1. Next, fix some ¢ with m; € G and z € ();. Define a sequence
of random variables (S;Dkzoa (W;I)kzo such that S;L = 0 and Wy = wg(m,), Wg = 11{W, ¢
G} + Wy 1{W, € G} (see the definition of random mapping 7 in eq. (H.22)) and (for all
k > 0and1,j withm;,m; € G)

(Wi =mu, Sy >t | Wl =my, WIS, (D) (H.74)

t
G
4
Then it is easy to see that YT (g (m;)) defined in eq. (H.26) is a ((S}) k>0, (W) )x>0) jump process.
In particular, from at any state that is not 1 (namely, any m; with m; € G'¥€°), the probability that
YT moves to t in the next transition is equal to the chance that, starting from the same state, Y moves
to a state that is not in G. Once entering mg = T, the process YT will only make dummy jumps (with

interarrival times being iid Exp(1)): indeed, we have qg = qg,o = 1and qg,j = 0 forany j > 1,

:IED(W,j+1 —my, Sf,, >t ‘ Wi = mj) — exp(—q!t)=LL vt > 0 (H.75)

implying that, given W,I = mg = f, we must have W,I +1 = mo = . These dummy jumps ensure
that YT is stuck at the cemetery state T after visiting it.

Similarly, we can characterize the jump times and locations of the jump process XA (for the
definition, see eq. ). When there is no ambiguity about the sequences (7, )n>1, (An)n>1, let
Xt = XtxmmBn gpd XT:(n) = X*mm.8n  Also, recall that 7¢ defined in eq. is the step n
when X7 exits the communication class G. Now let (E});>0 be a sequence of iid Exp(1) random
variables that is also independent of the noises (Z),>1 (so they are independent from the SGD
iterates X7). For all n > 1,k > 0, define (see eq. (H.6)-eq. (H:TT)) and eq. (H.T5) for definitions of
the quantities involved)

§T,(n) _ UZ("%N An) A T*(TG<77n)ann) - 7'1:_1(7711» An) ifT]:_l(nna An) < T*(TG<77n)ann)
k 0 otherwise

STa(") _ T (Nny An) A T* (76 (1), n) — T;—l(nmAn) it 77 (s Ay) < T* (76 (1), 1n)
k E, otherwise

whe — ) (a0 if o (7, An) < T (76(17n), 71n)
k T otherwise

WT)(n) — ml;?(%An) lfT]::(T]n,An) < T*(TG(nn)vnn)
k T otherwise

with the convention that 7*; = 0. Note that T* (7 (7, ), 1) is the scaled timestamp for X (") = X*7

corresponding to 7¢ (7, ), hence T* (7¢(1,), 7,) = min{t > 0 : X ¢ U;. e 2;}. One can
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see that X (") is a ((S,i’(n))kzo, (Wg’(n));@o) jump process. The next lemma is similar to Lemma
and discusses the convergence of the jump times and locations of X1(") on a communication
class G in the transient case.

Lemma H.15. Assume that the communication class G is transient. Given any m; € G, © € €,
finitely many real numbers (tl)f/ 1 suchthat 0 <ty < tg < --- < ty, and a sequence of strictly

positive real numbers (1), >1 with lim,,_,o n, = 0, there exists a sequence of strictly positive real
numbers (Ay,)n>1 with lim,, A, = 0 such that
e Under P, (so Xg = x), as n tends to oo,
(S(;’(n)v WJ’(H)v SI’(n)v WlJr’(n)v S;(n)7 W2T’(n)7 T ) = (Sg, ng SI? W1T7 Sg, W2T7 e )
(H.76)
» Foranyl € [K'],
lim P, (XZ;W ¢ |J Bmua,), xitWe [J ovsel, tl]> ~0

n—oo X
ji my €Glarse j:m; G

(H.77)

Proof. Let
S pi(Bjx) Vi k>1, j#k
it s D, By YmyeG™

S
ol
|

j: m;%G
A 1
G2 D) vkt Y VjkPk,t Vm; € G
kmp¢G k: myeGsmall

In order to specify our choice of (A,),>1, we consider a construction of sequences
(A(5))j>0, (1(j));j>0 as follows. Fix some ¢ € (0, — 1)/2). Let A(0) = 7(0) = 1. One

can see the existence of some (A(j));>1, (1(j));j>1 such that

* A(j) € (0, A - 1)/2], 2(j) € (0,1(j — 1)/2] forall j > 1;

* (Due to Lemma|H.7) for any j > 1, € (0,7(j)], (remember that = and i are the fixed
constants prescribed in the description of the lemma)

P (o5 (0. AG)) <o’ I§ (. AG)) =) > 1 o

For definitions of o, 75, IS, f,f see eq. -eq. lb
* (Due to Lemma|H.11)) for any j > 1, n € (0,7(j)],

Po (7 (1, AG)) = o (1, AG)) <, IE (0, AG) =2 | T (1, AG)) = 1) = P

<1/2
uniformly for all £ > 0 and all m;, € G*™ m,, ¢ G Also, by definition of o* and
7%, we must have

forall k > 0 and m;, € Glarge,

* (Due to Proposition|G.23) for any j > 1, € (0,7(j)],

1 1
— 5 texp (-(1+ g)qM)

Vii,ia — 2%

i1

<P, (i (0, AG)) =72 (0, AG)) >, Ty = ia | 1€ (, AG)) = in)
1 1 Vi ip T %

Sﬁ + exp ( —-(1- E)qllu)#
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uniformly for all k > 1, all w > 1/27, and all m;, € G" m,, € G.
* (Due to Lemma|H.12)) for any j > 1, forany j > 1,7 € (0,7(5)],
P, (Xt(:) ¢ | Bm.AG). XMe |J vse [O,tk]) <1/2 (H.78)
7 mjeGlarge J: mJEG

uniformly for all & € ['].

Fix such (A(7));>0, (71(j))j>0. Define a function J(-) : N +— N as

J(n) = 0Vmax{j = 0: n(j) =1}
with the convention that max () = —oo. Lastly, let

A, =AJ(n))Vn > 1.

Note that, due to lim,, 1, = 0, we have lim, J(n) = oo, hence lim,, A,, = 0. Besides, since
Xj’(”) = Xt(") given X" € Uj: m,ec 2 forall s € [0,¢], by combining lim, J(n) = oo with
eq. (H.78) we obtain eq. (H.77).
Now it remains to prove eq. . To this end, it suffices to show that, for any positive integer K,
we have (SI' Wi .. gL wEMy converges in distribution (ST, W, .-+, ST, W) as
n tends to infinity. In particular, due to introduction of the dummy jumps, we know that for any &
with 77 (1, An) > 76(1,) (in other words, X (") has reached state § within the first & jumps) we

have S,Zfll) ~ Exp(1) and W,Lr(’f) = 1. Similarly, for any k with S} + --- + S| < 7, we have
S,i R Exp(1) and W,I 41 = 1. Therefore, it suffices to show that, for any positive integer K, any

. . . ~\K+1
series of strictly positive real numbers (sk)kK:O, any sequence (wk)szo € (G’) ! Such that wj # 1
for any j < K, indices %, such that w, = m,, for each k, we have

n—oo

lim P, (Sg*“” < to, W™ = wo; SP™ > 5 and W = wy VE € [K])
=P (] < 50, W = wo; S| > si and W] = w, vk € [K]) (H.79)

. Y R e . :
Fix some (s5,) 5o, (w) Ky € ()", and indices (i) £_, satisfying the conditions above. Besides,

arbitrarily choose some € > 0 so that € < ming—g ... x s;. To proceed, we start by translating the
inequalities established above under the new system of notations.

* First of all, for all n sufficiently large, (remember that x and ¢ are prescribed constants in
the description of this lemma)

P, (53‘”’ <nt, Wh = m) >1—e (H.80)
e Forall k > 0 and all m;, € G*™! m,;, € G"%¢ it holds for all n sufficiently large that

<e  (HS8D

P, (SH) 0 < of, W) — m,,

Wi = mz‘l) — Diy i

* On the other hand, for all £ > 0 and all m,;, € Gsmall it holds for all n sufficiently large that

P, (SZM) LG 0w g ‘ e mi1> - Y b

izt miy G
=[P, (S} = S <), WO = | WL = ) = pig| < 182
e Forall k > 0 and all m;, € G"%°, it holds for all n that
P, (S;iv(n) _ §;£,(n) =0, W]I7(7L) = m;, W]j(n) _ mil) =1. (H.83)
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e Forall k > 0, all m;, € Glarge, m;, € G and all u > ¢, the following claim holds for all n
sufficiently large:

—e+exp(—(1 4—e)qi1u)V“L__6
i1

<P, (5;2&1) — S,Z’(n) > u, WIL(T) =m,,

W,j’(n) = mh)

<P, (S,L(_q) — S};’(n) > u— 772, W,j_é;’) = m;,
) Viy ig +e
qiy

)

<e+exp (— (1 —€)g;,u (H.84)

* On the other hand, for all £ > 0, all m;, € Glaree the following claim holds for all n
sufficiently large:

—€+ Eiz: ml2¢G VilaiQ
i,

<P, (SM?) — S,i’(n) > u, W,Iff) =1 ‘ Wg’(”) = mil)

—etexp(—(1+€)g,u)

<P, (S0 = L™ > w—nfy, WY =4 | W =m))
€+ Zizz miy, ¢G Viyia

<e+exp(— (1 —e€)qu) ”

(H.85)

* Here is one implication of eq. (H.81)eq. (H.82). Since |G| < nmin, we have (when n is
sufficiently large)

P, (S;i") — 5 >l

WA =i, ) < o - € (H.86)

forall kK > 0 and m;, € Gsmall,

* Note that for any m;,, m;, € G' and any k > 0

(17 = SE 5w, Wi =

Wi = m,)
=1{is # i1 }Ps (glff) =S5 > w, WY = my,

X (s -8 2 w9 v, WY = m
>

i3: Mg eGsmull

P (8L — SP = ds, WL = m,,

W,I’(n) = mh)

W = my,)

W,I’(n) = mil).

Fix some i3 with m;, € G*™. Due to eq. (H.86)

[ RS B > WY = | T = )
s€(0,u—n?]

B (SE — SE0) = ds, WEG = m,

W =)

<Nmin€-
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Meanwhile, by considering the integral on (u — 12, c0), we get
/ P (SEY B > (w9 VO W) =,
Se(u—ﬂﬁvoo)
-P, (S,:fll) — S;’(n) =ds, ng?) =My,
= / P (W,}ﬁ) = M,
s€(u,00)

P (8P — SP = ds, WESD = m,

W,I’(n) = mi3)

ng(") - mil)

W _ mis)

i =m,)
Viy,ig — €
>(piy, =)= e e (= (14 gy u) )
i1

due to eq. (H.8T)) and eq. (H:84). As for the upper bound,

/e( P (SEY 8L 2 o) v o, WY = m,
u—ny,,00

W = m,)

P (SE — SP = ds, WESD = m,

=)
Viy,ig + 6)

11

<(Nmin€ + Dis in + €) (6 +exp (— (1 —€)g;,u)
due to eq. (H.8T)), eq. and eq. (H.86).
* Therefore, for any m,,, m;, € Glarge and any k > 0,

B.(SL) L > WL =

W,I’(n) = mh)
Wia # in}Virio  Diy: i, eqoman Vi iaPis iz
iy
<g(e) +exp (= (1 — €)gs,u) T2 (H.87)

i1

<g(e) +exp (— (1 — €)gi,u)

and

P, (S,Zfll) — S’,i’(n) > u, WIL(?) =m,,

Wg’(n) = mil)
Wiz # i1 viy i, + D4, sy €Gomai Vi i Dis i
di,
> —g(e) +exp (— (1+€)gi,u) q;lim (H.88)

1

> —g(e) +exp (— (1+€)gi,u)

where ¢* = max; ¢; and
A € 1+e€
g(E) = 2¢ —+ qf* —+ nmin(]. —+ 6)6 + ETnmin
€ 1
+ Nmin (€ + q—*) + Tmin (min€ + € + 1) (1 + q—*)e.
Note that lim o g(¢) = 0.

* On the other hand, for the case where the marker process Xt jumps to the cemetery state
1 from some m;, € G'¥2, note that

Po(SEY = SP > w, WS =1 | Wl =)
D / Po (P = ST = (w—s) vo, WY = | W™ = my,)
i32 miSGGsmall s>0

oSG - 51O = ds, WD = mi,

W]:(”) — mil) .
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Arguing similarly as we did above by considering the integral on [0, u —71?] and (u—n?, 00)
separately, and using eq. (H:82) and eq. (H.85), we then get (for all n sufficiently large)

(S5 > WD 1 =,

Zi25mi2¢G Viy ia + Ziz:mQGGsmau Vi17i2pi271'
di,

<g(e) +exp (— (1 — €)gi,u)
Giq,t

1

=g(e) +exp (— (1 — €)gi,u) (H.89)

and
Po(SEY = SP > w, WS =1 | Wl =)

Zi2:mi2 ¢G Vil,iz + ZiQ:miQGGsmall Vil,izpiz,'i'
qi,

> —g(e) +exp (— (1 +€)gi,u)

= —gle) +exp (— (1+€)gi,u) L0t (H.90)

i1

For simplicity of presentation, we also let ¢; 0 = ¢;,+ and p; o = p; +. First of all, remember that we

. . . ~n K+1
have fixed some series of strictly positive real numbers (s )/, some sequence (wi)f_ € (G) *
such that w; # { for any j < K, and indices i, such that wy, = m;, for each k. The definition of the
continuous-time Markov chain Y implies that

P(So < tg, Wo = wp; Sk > s and Wy, = wy, Vk € [K])
K
ZP(ﬂg(mi) = wo) H (Sk > Sk and Wk = my ’ Wk,1 = wkfl)
k=1

K
:(]l{mi €GP iy =i} + 1{m; € Gsmau}pio,il) : H eXP(*Qik,lsk)(];_ilM~
k=1 et
On the other hand, using eq. (H:87)-eq. (H:90), we know that for all n sufficiently large,
P, (S(()") < 50, WS = wp: 8 > s and W™ = wy, Wk € [K])

>(1 - ) (1{mi € G, ig = i} + 1{m; € ™} (piyi, — ©))

-ﬁPmHmHHmmw%”)
k=1

iy
and
P, (S(()n) < so,Wén) = wy; S,(Cn) > sy, and W,gn) =my Vk € [K])
S(]l{ml S Glarge7 g = ’L} + ]l{ml € Gsmall}(pio’il + 6))
T (96) + exp(—(1 = gy, s0) 2.
k=1 ir—
The arbitrariness of ¢ > 0 then allows us to establish eq. (H.79) and conclude the proof. [

Now we are ready to prove Lemma[H.4]and Lemma [H.3]
Proof of Lemma From Lemma [H.14] one can see the existence of some (Aj),>; with

lim,, A, = 0 such that eq. -eq. 1) hold. For simplicity of notations, we let X0 —
X#nmBn X () — X*Mn and let T = ¢
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Combine eq. (H.60) with Lemma [H.13] and we immediately get eq. (H:23). In order to prove
eq. (H:24), it suffices to show that for any ¢ > 0,

lim sup P, (X;f) ¢ U B(mj,An)) < 4eVk € [K].

j: mjeGlree

Fix € > 0, and observe following bound by decomposing the events

P, (Xf(:) ¢ U B(mijn))

ji my €
<P, (ng) ¢ U Bmyua), xMe |J ovie] ﬂ)
j: mjEeGlee j:m;eG
+P, <3t € 10,7 such that X" ¢ | J Qj)
j:m;eG
Therefore, given eq. (H:63)), it suffices to prove
lim sup (Elt € [0, suchthat X{™ ¢ | ) < 3e. (H.91)

j:m;eG
Let
T3V 2 min{t >0: X" e |J B(m;,2A,)}
jm;eG

MW =j — X(T’E) € B(mj,2A,,)

)

(1>

T,gn) min{¢ > T,gT_L)l : Xt(n) € U B(mj,2A,)}

jim;€G, J;ﬁl(")
I(") =] <= X((n) € B(mj,24,).
Building upon this definition, we define the following stopping times and marks that only records
the hitting time to minimizer in large attraction fields in G (with convention k(™¥¢¢(—1) —
n),l n
I A )
k(")’large(k) £ min{l > k(")’l‘“ge(k -1): () € Gluee}

n),l n n),l n
( )large & Té(n)) (1) I( )large A I]E(n)) .

Now by defining
T 2 gk >0 T <,
() & 4k > 0 T < ),

T (s,8) 2 #{k>0: T € [s,1]},

we use J (™ (¢) to count the numbers of visits to local minima on G, and Jlgrg)e

visits to minimizers in the large attraction fields on G. .J(") (s, t) counts the indices & such that at

(t) for the number of

Té") a minimizer on G is visited and regarding the hitting time we have T,g") € [s,t].

First of all, the weak convergence result in eq. (H.60) implies the existence of some positive integer
N (€) such that

lim sup P, ( large(f) > N(e)) <
n
Fix such N (e). Next, from eq. (H.62), we know the existence of some integer K (¢) such that
limsupsup P, (J(”) (Tlgi)l’mge, T,Sn)’large) > K(e)) < €/N(e).

n k>0
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Fix such K (¢) as well. From the results above, we know that for event

Ai(n) 2 (I () < N(e)}n {J(”) (T pimEey < () vk e [N(e)}},

large
we have lim sup,, P ((Al( ))C> < 2¢. On the other hand, on event A;(n), we must have

JM (@) < N(e)K (e).
Meanwhile, it follows immediately from eq. (H.61)) that

lim sup Sup]P’(EIt € [T,En)l,T(")] such that X(") ¢ U ) < N(i
€

n k>0 j: m;EeG

hence for event

Az(n)é{Xf”)E U @viep N(e)K(e>]}
j:m;eG

we must have lim sup,, P, ((Ag (n)) C) < e. To conclude the proof, note that

Ar(n) N As(n) € {TM (@) < N(e)K(e)} m{ e U viery), <€)]}
j:m;eG
(T 2B {xMe U we0Ti .}
j: m;eG
C {X“’) e |J 9velo ﬂ}
= t J )
j:mjeG
so we have established eq. (H:9T). O

Proof of Lemma[H.3] From Lemma [H.15] one can see the existence of some (A,),>1 with
lim, A,, = 0 such that eq. (H.76) and eq. (H.77) hold. For simplicity of notations, we let
X)) = xtxmAn XT(n) = X150 and let £ = ¢

Combine eq. (H.76) with Lemma [H.13] and we immediately get eq. (H:27). In order to prove

eq. (H:28), note that
{xi™¢ U Boms,A)and X" #T}

ji m; eGlz\rge
:{ijm ¢ |J Bm.A)adxi™e |J 9 vsel, tk}}
j: mjEeGhaee jim; G
so the conclusion of the proof follows directly from eq. (H.77). O

I FIRST EXIT TIME OF TRUNCATED HEAVY-TAILED SGD IN R¢

1.1 MAIN RESULT

The object of interests is the following truncated heavy-tailed SGD iterates
X (2) = X (@) + oo (— 0V (X (2) + nZysr) VE >0

where the initial condition is prescribed by Xo(z) = =, f is a real-valued function on R%, p > 0
is the learning rate, (Zx)x>1 is the sequence of heavy-tailed noises, the standard gradient clipping

operator is ¢, (v) = min{1, HvH} v with [|-|| being Lo norm. To ease notations, we also use P, to

denote the conditional law on { X = z}.
Specifically, we are interested in the first exit time of X! from a domain G, i.e. the stopping time
o(n) =min{n >0: X! ¢ G}.

We work with following assumptions.
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Assumption L.1. The region G is connected, bounded and open, and 0 € G.
Assumption L2. The function f is smooth, i.e. f € C*(R%).

Assumption L.3. The boundary set 0G is a (n — 1)-dimensional manifold of class C* such that the
vector field n(-) of the outer normals on G exists with

Vi) Tn(w) > ¢ Vv e dg 1.1
for some constant cy > 0.
Assumption L4. For V2 f(0), the Hessian of f(-) at point 0, all the eigenvalues are strictly positive.
For any = € G, let z;(x) be the ODE flow with z(x) = x solving
(x) = fo(:ct(x)) Vi >0,

Assumption L5. W.L.O.G., the origin 0 is an attractor of the domain, i.e. Vf(0) = 0 and 0 is
asymptotically stable in G in the sense that

tlgroloxt(x) =0 Vreg.

We have the following assumption regarding the heavy-tailed noises (Z,,),,>1. Forany z € R%, x # 0,
define the following polar transformation

T(z) = ([[=], z/||[) (12)
with T, (z) = ||z]|, To(z) = 2/ ||z||. Also, let © = {0}

Assumption 1.6. EZ, = 0. Besides, there exist a positive integer m > 1, a sequence 1 < a; <

g < -+ < ayy < 00, a sequence of slowly-varying functions (l1,- - - , 1), a sequence of probability
measures (S1,- -+, Sy,) on the unit sphere S™=1 with support F; = supp(S;) as closed sets on S?~!
such that

» F,NF; =0foranyi# j;

* For any j € [m)], define the cone E; 2 T, ' (F;) U Q in R? and measure PY) (\) = P(Z, €
-N Ej), we have

£ - 1;(t) - P o Tt dr x df) — vq,(dr) x S;(df) ast — oo (1.3)

in the sense of M(E;\Q). Here v, is a Borel measure defined on (0,00) satisfying
Valt, 00) =t ¥t > 0;

* For measure P)(-) £ P(Z; € - \(U, E;)) and any o > 0,
ta-IP’(O)oT_l(t~dr><d9)—>O ast — oo 1.4)
in the sense of M(R?\Q);
* Forany j € [m], the measure S; is absolutely continuous w.r.t. spherical measure on Sé-1,

A function [ : Ry — R is slowly varying (at co) if lim;_, o, I(tx)/I(x) = 1 holds for any = > 0.
For details on M—convergence and regular variation in general metric spaces, see Lindskog et al.

(2014)). Here we state one implication of the assumption. For any j = 0,1,--- ,m, let
() 2B, ({y € RY: |yl > 2}). (15)
The assumption above immediately implies that, forany j = 1,--- ,m, H;(+) is regularly varying (at

(
oo) with index —a; (denoted as H; € RV_,,), namely lim;_, o H;(tx)/H;(t) = x=% V& > 0.
Meanwhile, for any « > 0, Hy(z) = o(1/x%) as x — oo.

The asymptotically behavior of the first exit time hinges on the following geometric character-
ization of the domain G. For any integer £ > 1, a sequence of strictly positive real numbers
(ta,- - ,tr) with t; = 0, a sequence of non-zero vectors (wi, - ,wy) and some n > 0, let
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= (t1, - ,tg),w™ = (wy,--- ,w), and define the ODE path with & jumps (clipped at size b)
by wh) = (wl, - ,wy ), we define perturbed ODE path " as

&"(0;t™), w®)) = gy (nuwy);

dz" (t, z; ") aw®))
dt

k
= _nvf(gn(tvx;t(k)vw(k))) vt ¢ {tlvtl +t27 e 7th}

J
i"(t,x;t(k),w(k)) = En(t—,x;t(k), w®)) + ep(nw;) ift= Zti for some j
i=1
with the convention that g(t—) £ limgq g(s) for any function g. Also, when ) = 1 we simply write
x. Now we can assign a cost to each jump w; based on the direction using the following function:
J(w) = {aj -1 if w#0,we Ej,

1.6
00 otherwise. (L6)

Given any set of perturbations described by t*) € {0} x R’i‘l, w®) (Rd\@)) k, we identify the
destination of the flow as

k
h(k; t ) aw®)) = 53(2 tr; R ),
j=1
Besides, define function Z(w®)) = (i1, ,i,,) if #{i € [k] : w; € E;} = i; forall j € [m)].

This allows us to define the following configuration sets

Alin, -+ vim) 2 {w® € (RNO)": Z(w™) = (i, i), k=Y 4} @7

j=1
for any (i1, ,4m,) € N™, i.e., some set of jumps w® is said to have configuration (i1, 5im)
or belong to the configuration set A(iq, - - , i,,) if the number of jumps in cone E; is equal to ;.
We can also define the cost for each configuration as

T (i, yim) = (a5 = 1)ij. (1.8)

1

<.
Il

Now we can characterize the minimum cost to exit G:

k
Jg £ min{}_ J(w)): 3k € N,t® € {0} x R, w® e (RNO)"

k
st (> t, 020wt ¢ G} (1.9)
j=1
From the boundedness of G, one can see that 0 < Jg < oo regardless of the actual value of the

clipping threshold b > 0. We need the following technical assumption regarding the configurations
of jumps that can trigger the exit with the minimum cost.

Assumption L.7. There exists only one array (i1, ,im,) € N™ such that ZT:l ij(e; —1) = Jg
and (for k =370 i)

k
M e {0} x RE L w® € Aliy, - i) st 80 tr, 010 w®)) ¢ G,

We use i* = (47, -+ ,iF,) to denote the unique configuration in Assumptlon and k* = Z;nzl i
The implication is that, for a set of jumps t*), w¥) with any other configuration, one of the following
must happen: (i) this set of jumps has a cost strictly higher than Jg; (ii) this set of jumps cannot send

the ODE flow out of G.
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Meanwhile, we introduce the following concept as the coverage of a certain configuration set.

Glir, vim) 2 {F(s,0;4), w®)

m k
k=> i, t® e {0} x Ry L w®) € Aiy, -+ i), s €0,) 4]} (1.10)
j=1 j=1
It is easy to see that, for any configuration (i1, - -« , 4., ) With cost J (¢1,- - - ,im) < Jg, the coverage
G(i1, -+ ,im) is a closed set, and the following technical assumption holds for (Lebesgue) almost

every b > 0. Here the distance d(A4, B) = inf,ca yep ||z — y|| for any A, B C R%, and A° is the
interior of the set A.

Assumption L8. For any (i1, ,i,) € N™, one of the following must occur:
° d(g(lla T 77;m)7 gc) > 0;
© (G(ir, ++ ,im)NGE)" #0
Note that with ¢* and k£* defined above, we can define the following mapping h from r =
(ri, 1), 0= (01, ,0p+) € (STHF [t = (t1,-- ,ty-) € {0} x RE such that
-
h(r,0,t) = () _;,0; t,w)
i=1
where w = (wl)f:1 with w; = r;0;. Also, we introduce the concept of type for configuration 2*.
Specifically, define
J(Zla 7im) = {(]17 7]’?*) € {051727"' am}k* : #{Tl : ]TL = k} =i Vk € [m]}
and for any j € j(¢*), we say that w = (wyq, - -+ ,wg~) € A(2*) has type j if
w; € Eji Vi € U{Z*]
In other words, based on the direction of each jump in w € A(¢*) we group them into different types.

Note that |5(3*)| < co. Now for any type j € 5(i*), define a (Borel) measure on R% x (S41)k" x
RE 1 as
+

k* k*
k*—1
Mg 2 (H Vaji) X (H S.h) X MM gy
=1 =1

where, for any o > 0, the measure v, is the Borel measure on (0, 00) with v, (z,00) = 1/z! .
Lastly, define measure y as yt = Zj (i) Md- As will be established in Lemma , the following
technical assumption is also a very moderate one since it holds for (Lebesgue) almost every b > 0
under the current setting.

Assumption LY. The set h™1 (ag ) has zero mass under the measure |i.

Having specified the problem setting, we are now ready to present Theorem [[.T] the main result of
this section. The implication of the theorem is clear: under proper scaling, the first exit time o (n)
converges in distribution to an Exponential random variable. Moreover, the scaling A(7) is roughly
of order ' /¢, implying that the first exit time o(7) is roughly of order 1/1' ¥ as the learning rate
1 approaches 0.

Theorem L.1. Let AssumptiOnshold. There exists a function \(n) that is regularly varying (as
1 J 0) with index (1 + Jg) such that, for any x € G and any t > 0,

lim [Py (o (m)A(n) > t) = exp(—qt)
where the constant ¢ = j1(h=(G¢)).

The proof is provided in Section[J]} As a concluding remark, we stress that the order of the first exit
time is dictated by Jg, the minimum cost for exit we introduced above. Bearing obvious similarity to
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the first exit time analysis of SDE driven by heavy-tailed Lévy processes in |[Imkeller et al.| (2010al),
our result can be viewed as a natural generalization when gradient clipping is applied and heavy-
tailed noises may not always align with a finite number of lines. In|Imkeller et al.| (2010a), the
unclipped setting implies that the escape from the domain G can always be achieved with one big
jump. However, a big perturbation (in noise) along different directions may correspond to different
heavy-tailed indices, i.e., induce different costs given our definition of cost function J(w) in eq. .
In Theorem 1 of Imkeller et al.|(2010a)), we see that the order of the first exit time is determined by a1,
the smallest heavy-tailed index. The underlying reason is that the exit is almost always trigger by a
single big jump with the smallest cost. Similarly, in our setting where multiple jumps are required for
escape due to the clipping mechanism, we see that the order of the first exit time is not dictated by the
number of jumps or the accumulated distances of the jumps, but the smallest possible accumulated
cost defined as the summation of J(w;) where w;’s are the jumps the lead to escape from G. As
detailed in the proof, this is because such jumps with the smallest costs Jg dictates the most likely
way for exiting G.

1.2 A SPECIAL CASE: UNIFORM HEAVY TAIL INDEX ALONG ALL DIRECTIONS

As stated above, Theorem@ deals with general case where the noise distribution is allowed to have
different heavy-tailed indices along different directions (see Assumption[[.6). As a special case, it
is worth noticing that if a single heavy-tailed index « can be used to describe the tail behavior of
noises along any direction (this can be easily guaranteed if the heavy-tailed noise is manually injected
into a light-tailed setting), then the minimum cost Jg will be equal to I*(av — 1) where I* is the
minimum number of jumps required for escape. The readers can see that this is a natural extension of
our R! results, implying that the same strong preference for “wide” minima still hold in R? under
truncated heavy-tailed SGD. To be specific, we work with the following assumption about the noise
distribution.

Assumption 1.10. EZ; = 0. Besides, there exists some o > 1, a slowly-varying functions I, a
probability measures S on the unit sphere S*=1 with support supp(S;) = S such that

* For the measure v(-) = P(Z; € - N E;), we have
t*-1(t)-vo T_l(t ~dr x df) — va(dr) x S(df) ast — oo (I.11)

in the sense of M(R¥\Q). Here v, is a Borel measure defined on (0,00) satisfying
Valt, 00) =t ¥t > 0;

o The measure S is absolutely continuous w.r.t. spherical measure on S~
Compared to Assumption[[.6] one can easily see that Assumption [[.10]is a stronger version with the

specific proviso that a single index « can describe the tail of the noise distribution along any direction
in R?. The first exit time results now admit a simplified form. In particular, the cost of jumps will

degenerate to the count of jumps in the sense that Zle J(w;) = k(o — 1) for any k& > 1 and any
(w1, ,wi) € (RTN\O)*. Moreover, we now have Jg = I - (v — 1) where

k
152 min{k e N: 3t® e {0} x RF1 w® e (RN\0)" s.. (> t,0;t™ w) ¢ G}
j=1

and the measure y can now be expressed as 1 = (Hiil Vo) X (Hiil S) x mige; !, Therefore, the
following theorem is merely a restatement of Theorem|L.I]in this simplified setting. Still, we present
the result to highlight the role of the minimum jump number Jg in the first exit time.

Theorem 1.2. Let Assumptions and hold. There exists a function \(n) that is

regularly varying (as 1 | 0) with index 1 + [§(oc — 1) such that, for any x € G and any t > 0,
lim P, (o ()A(n) > 1) = exp(~at)
where the constant ¢ = p(h='(G¢)).

It is clear that first exit time since the first exit time is roughly of order 1/ ni*t(@=Dlg Therefore, even
in the general R? case, the quantity lg, i.e. the minimum count of jumps to escape from a domain G,
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induces a hierarchy of first exit time as the first exit time from the domain with largest /¢ (requiring
most number of jumps to escape) will dominate the first exit time from other regions.

Lastly, if we work under the standard setting such as the ones in Zhou et al.|(2020) where local
strong convexity of f in the domain G is assumed, the results can be further simplified and the
minimum jump number /g will be directly tied to the width of the each domain. Specifically, the
quantity rg = SUPyecg |ly|| can be interpreted the effective width or radius of G, and we work with
the following assumption.

Assumption L11. The function f is strongly convex on the closed ball {y € R? : ||y|| < rg}.

Two consequences follow immediately from this assumption. First of all, there exists some constant
¢ > 0 such that
lze(2)]| < |zl e Vo e {y: |yl <rg}.

As aresult, we must have I§; > 7g/b. Next, as long as rg /b is not an integer (which holds for Lebesgue
almost every b > 0), for k = [rg/b] we can find to > 0,--- ,t; > Oand wy # 0, - ,wr # 0
where (s, 0; (0,2, ,t), (w1, ,wi)) ¢ G for some s > 0. In fact, it is worth noticing that
Assumption [[.8| now degenerates to the condition that rg /b is not an integer, and we now know that
for any such b > 0, we have [§; < [rg/b]. In summary, we have established the following result
indicating that the strong preference for wider minima under truncated heavy-tailed SGD still persists
in R¢ given proper convexity assumption on f.

Theorem L3. Let Assumptions|[[I{I.5] [[.10) and[L .9 hold. There exists a function \(n) that is

regularly varying (as ) | 0) with index 1 + I* (o — 1) such that, for any x € G and any t > 0,

lim . (5 (A1) > ©) = exp(—a1)
where the constant ¢ = u(h_l(gc)) and I* = [rg/b].

1.3 RELAXING THE TECHNICAL ASSUMPTIONS

In order to achieve the tightest characterization of the first exit time, some assumptions introduced
above are slightly stronger than the ones in Imkeller et al.[|(2010a)). For instance, in Assumption
we require G to be of class C? while the assumption (A3) in[Imkeller et al. (2010a) only requires
it to be a C'* manifold. Besides, Assumption requires that .S, the limiting distribution of the
directions of each heavy-tailed component in noises, to be absolutely continuous w.r.t. the spherical
measure. As will be stressed in Section [K.] these conditions are only imposed to prove Lemma
thus ensuring that Assumption .9/ holds for almost every b > 0. Briefly speaking, all the efforts
to guarantee Assumption [[.9|allows us to conclude that the law of scaled first exit time A(n)o(n)
converges exactly to that of Ezp(q) with ¢ = p(h™1(G¢)).

Fortunately, the discussion below will show that, even when we relax all the extra technical assump-
tions above (hence removing Assumption[[.9), the order of the first exit time is still dictated by the
minimum cost for escape Jg, and a similar result about the first exit time can be obtained where the
distribution of the scaled first exit time A(n)o(n) will be asymptotically bounded by two Exponential
RVs.

Specifically, we reiterate that the first half of Assumption[[.3] i.e. G is a differential manifold, will
only be applied to prove Lemma The second half of the proof, namely the lower bound in
eq. (L1), only serves the ensure that for any = € G, we have z;(z) € G V¢t > 0 so that the gradient
flow starting in G will never leave this domain. Now let us focus on the open sets G¢ and G, for some
small € > 0 where

G 2{yeR?: d(y,G)<e}, G2{yeg: d(y,G)> e}

Note that N.G¢ = G, U.G. = G and for any positive reals ¢y, €5 such that €; # ¢ and the two reals
are small enough for G, and G, to be non-empty,

G NoG2 =0, 9G., NIG., = 0.

Given eq. (L.1)), as well as the smoothness of the vector field V f (see Assumption and the fact
that G is connected, bounded and open and contains a unique attractor O (see Assumption[[.T]and[[.5),
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it is easy to see that for all € > 0 sufficiently small, we will have z;(z) € G¢ V¢ > 0 for any z € G€
and x;(z) € G V¢t > 0forany x € G..

Meanwhile, in our proof below we will establish eq. (T.I7) (which, again, does not require the
C? class assumption on G or the absolute continuity assumption on the measures S;). Note that
eq. (J.17) implies the existence of A > 0 such that u(h’l(QA)) < 00. Therefore, for all but only
countably many € € (0, A), we have p(h~(9G¢)) = p(h™1(dG.)) = 0. In other words, we can
find a sequence of €,, with lim,, €,, = 0 such that

u(h~1(0G)) = p(h™(8G.,)) = 0 ¥n > 1

. Also, for a fixed b > 0 that ensures Assumption|[[.7and [[.8] one can see that similar conditions will
also hold for sets G and G, as long as € > 0 is sufficiently small. In summary, if we consider first
exit times

o™(n) £ min{k >0: X! ¢ G}, on(n) = min{k>0: X' ¢ G}

with the obvious bounds that 0,,(n) < o(n) < ¢™(n) for all n > 1, then it suffices to apply
Theorem|[.T] directly onto 7,,(17), 0™ (7). Note that we did not attempt to establish that 9G¢ or dG. are
differential manifolds. However, we reiterate that this is not needed since the C? manifold condition
in Assumption [[.3|only serves to ensure that Assumption [[.9] holds for almost surely every b > 0,
which we sidestep by picking a proper sequence ¢,, to explicitly satisfy the condition. More formally
speaking, consider the following relax ted assumptions.

Assumption L12. The boundary set 0G is a (n — 1)-dimensional manifold of class C* such that the
vector field n(-) of the outer normals on 0G exists with

Viw) n(w) >cy Yo € G
for some constant cy > 0.
Assumption 1.13. EZ; = 0. Besides, there exist a positive integer m > 1, a sequence 0 < a1 <

Qg < -+ < ayy < 00, a sequence of slowly-varying functions (11, - - -, lL,,,), a sequence of probability
measures (S1,- -+, Sm) on the unit sphere S*=1 with support F; = supp(S;) as closed sets on S~
such that

* F,NF; =0 foranyi# j;

* For any j € [m)], define the cone E; 2 T, ' (F;) U Q in R? and measure PY) (-) = P(Z, €
-N Ej), we have

%5 - 1;(t) - P o Tt - dr x df) — vg,(dr) x S;(df) ast — oo

in the sense of M(E;\Q). Here v, is a Borel measure defined on (0,00) satisfying
Volt,00) =t~ Vit > 0;

* For measure PO) (1) 2 P(Z, € - \(UJL, E;)) and any o > 0,
t* - POor ' (t-dr xdf) =0 ast — o
in the sense of M(R?\Q).

We say Assumptions [LTH[.2] [12] [L4HL.3] [13] [L7HL.8] are the set of relaxed assumptions. The
discussion above implies that the following result is an immediate consequence from Theorem [T}

Theorem L.4. Let the relaxed assumptions hold. There exists a function \(n) that is regularly varying
(as m | 0) with index (1 + Jg) such that, for any x € G and any t > 0,

exp(—qt) < limiionf P.(c(mA(n) > t) < limsup P, (a(n)A(n) > t) < exp(—q't)
n nd0

with g = p(h=1(G¢)),¢" = M(h_l ((?)C))

J  PROOF OF THEOREM [L1]

This section is devoted to establishing Theorem|[[.1] For clarity of the exposition, we break down the
proof into several major steps, each contained in a subsection below.
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J.1 PICKING CONSTANTS ¢, €, 0

The goal of this subsection is to fix several important constants that characterize the typical sizes and
inter-arrival times of large perturbations in SGD trajectory that can cause the escape from domain
G. We will abuse the notations slightly when referencing certain constants, and quantities such as
co, €1, C2 may not be equal to the ones used in assumptions above.

First, from Assumption and the definition of Jg, we can define

=[Jg/(cp —1)]+1 Jd.1
and we must have co > [* > k*. Meanwhile, from Assumption we can find € > 0 such that
d(g(il, ce i), G) > 1000%E J.2)
for any (i1, ...,%m) € N™ with Z;n:l ij(o;j — 1) < Jg, as well as

Jdx € G(2¥) such that d(z, G) > 100!€.

Furthermore, Assumption |L.5/implies that V f(v) # 0 for any v € G\{0}. From Assumptions
and [[.5] (and by picking a smaller € > 0 if needed), one can see the existence of some ¢y > 0,€ > 0
such that

()] < ™"l vt >0, z € B(0,8), (1.3)

IVf(z)| > co Vo € G\B(0,e), J.4)

d(z(z),G°) > d(z,G°) + cot if zs(x) € Gandd(xs(2),G°) <eVse [0,t].  (.5)

Here B(x,r) = {y € R? : ||z — y|| < 7} is the open ball centered at x with radius r > 0. One
immediate consequence from eq. is that

d(x.(),G°) > min{d(z,G%),&} Vz € g,t>0. J.6)

Besides, the boundedness of domain G and smoothness of f(-) imply the existence of some M > 0
such that

G C B(0,M), (1.7
IIVf( )| <M vz ed, (1.8)
|V2f(z)| <M Ve eG 1.9)

where for the matrix norm we use spectral norm.

Recall the definitions of the conﬁguration sets A(i1, -+ ,im), the unique configuration ¢* and count
of jumps k* to trigger the exit with minimum cost (see Assumptlon 7|and the remark underneath).
The following three results provide control on the sizes and inter-arrival times of typical jumps that
can trigger the escape from G. The proofs involve analyses of the deterministic dynamical system
& and will be provided in Section[K] In particular, we introduce another concept as fype of jumps

(w1, -+ ,wy) that is similar configuration (i1, - - - ,i,,) and configuration sets A(i1, - , %,,). For
any k € Nand any (wq,- - ,wi) € (RN\O)*, we say that the (w1, - -+ ,wy) is of type-j for some
j = (jlv"' 7.716) S {1727 7m}k iff

wi € By, Vi=1,--- k. (1.10)

In other words, if w' and w? are of the same type j, then they have the same cardinality |w!| =

|w?| = || = k for some k € N; moreover, for any i € [k], the jumps w} and w? are both in the cone
Ej, so both jumps point at directions in cone E;, and have the same cost J(w}) = J(w?) = aj, — 1
for some j; € [m]. Define the set

AP = {w € (RN : w is of type-7}.

The accumulated cost for any w € AZ™ is defined as Jiype(5) = 3 1 (aj, — 1). Lastly, define the
skip-one accumulated cost for any type Jas

l)%pe(j) = maX{ Z (O‘ji - 1) k=12, 7|J|}7

=1l ik

ie., Jtype( j) is the highest possible accumulated cost if we remove one element in w for w € .Atype.
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Lemma J.1. There exist some t € (0,00),0 € (0,00),e0 > 0 such that the following claim
holds. Let k' € Nand j = (j1,--- ,jx) € {1,2,--- ,m}k/ be such that ‘Z)l,[,e(j) < Jg. For any

tH) = (t1, -+ twr) € {0} x Ri_ly wk) = (wr, - ,wg) € A?W, the following set of conditions
tp <t Vj=2,3,- K (J.11)
Hw]H >g VJ:1,2, 7k/' J.12)

is the necessary condition for inf ;> d(:E(s, 0; ) w®), QC) < €.
Lemma J.2. Let t,4, ¢y be the positive constants prescribed in Lemma There exists some €; > 0
such that the following claim holds.
Let K € Nand j = (j1, -+ ,jw) € {1,2,---,m}¥ be such that j,)l,pe(j) < Jg. For any
x € B(0,6), any t*) = (t1,--- ,t)) € {0} x Rfi_l,w(k,) = (wy, ,wp) € Atjy‘”e, the
following set of conditions
t; <2t Vj=2,3,- kK J.13)
lw;| >6/2 Vji=1,2,--- K. (.14)

is the necessary condition for inf ;> d(i(s, z; tF) (k) gC) < €p/2.
Lemma J.3. There exist some €y > 0, g > 0 such that

sup d(i(s,:c; t(k),’w(k)),gc) > €
s>0

forall x € B(0,d), all (i1, -+ ,im) € N with J (i1, ,im) < Jg and k = 377, i;, and all
w®) € A(iy, -+ im), t® € {0} x RFL

Similar to the ODE path x, we defined the following paths with rate > 0:

(@) (z) = =V f (2] (z)) Vit >0, (1.15)
zll(z) = . J.16)

In other words, ODE flow x; is equivalent to «; with rate 7 = 1. The next result gives us an upper
bound for the return time to a neighborhood of the local minimum as for the gradient flow.

Lemma J4. For 7}, (z,€) £ min{t > 0: x/(x) € B(0,¢)}, there exists ¢ € (0,00) such that
Sorany e € (0,8),
c1+c 10g(1/€)

Tope(T,€) < — Vz € G.

Proof. Due to eq. (1.4), we know that Tpy & S2Peca J@) —infoco J(2) ) opg

co

sugTéDE(x,E) <Tp.
zeg

Furthermore, from eq. (J.3) one can see that

_ log(1/e) —log(1/€
Suthl)DE(mﬂe) _TéDE(x76) < W/ >Co W/ )
S

Now combining these two bounds with a 1/7 time scaling, we have
log(1
sup 78 s (,¢) < 11108/
zeg n
log(® 1 0

co ' cod”

for ¢; = max{Tp +

With Lemmal[J-T}{T.4] we are able to pick some constants to facilitate the analysis below. By decreasing
€ and increasing M if needed, we can assume the existence of some ¢ < co,§ < € such that
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* (Dueto Lemmaand Forany k € Nand j € {1,2,---,m}* such that Jt#pe(j) < Jg,
any x € B(0,1000*€), any t*) = (t1,--- 1) € {0} x RE1 w® = (wy, -+ ,wy) €

type _:
AT with
k
d(@(> t,z; tH,w®), G°) <1000,
j=1
it holds that
t; <t Vj=2,3,--- kand [[w;|| >6 Vj=1,2,--- k. J.17
o Forany (iy,...,4m,) € N™ with J(i1,...,i,) < Jg,
* There exists some = € G(¢*) such that
d(z,G) > 100l"E; J.19)
* (Due to Lemma[I.3) The constant € > 0 is sufficiently small such that
supd(i(s,x; t(k),w(k)),gc) > 1000 e J.20)
s>0

for all 2 € B(0,1000*€), all (iy,--- i) € N™ with J (i1, - ,4m) < Jg and k =
Sty andallw® € Aiy, -+ i), t8) € {0} x R

* (Due to Lemma([J.4) The constant ¢ < oo is large enough so that

sup 7pg (¢, €) < /7.
x€G

J.2  BOUNDING THE DISTANCE BETWEEN ODE FLOW AND SGD ITERATES

Moving on, we show that, without large jumps, the SGD iterates X!(x) are unlikely to show
significant deviation from the deterministic gradient descent process y}! () defined as

yo(z) =z, J.21)
Yi@) =¥} 1(@) =0V (v (@), (1.22)

We are ready to state the first lemma, where we bound the distance between the gradient descent
iterates y? (y) and the ODE x" (¢, ) when the initial conditions x, y are close enough.

Lemma J.5. Givent > 0 and x,y € G such that the line segment between x" (k, ) and y (y) lies
inGforanyk=1,2,--- |t],

*1(s,2) =¥, )| < @nd + [l = y) exp(n)

sup
s€0,t]

where M € (0, 00) is the constant in eq. (J.8)eq. (1.9).

Proof. Define a continuous-time process y”(s;y) = yTL’S | (y), and note that

X(s,2) = x| s],2) — L: V(57 0, 7))
Ls]
X)) o= [ V00 wa))du

Ls]
Vi) =¥/(lshw) =y =n [ Vi)

Therefore, if we define function
b(“’) = Xn(”? 1‘) - yn(ua y)7
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from the fact |V f(-)|| < M, one can see that ||b(u)| < nM + ||« — y|| for any v € [0,1) and
[b(1)]| < 2nM + ||z — yl|. In case that s > 1, from the display above and the fact || V2f(-)|| < M
we now have

|1y @) = 7.2 < Ll + mace
Ls)
(LDl < a1 [ b du.

From Gronwall’s inequality (see Theorem 68, Chapter V of |Protter| (2005)), where we let function
a(u) be a(u) = ||b(u+ 1)

¥l @) = x(s.2)|| < (2001 + 12— yl) exp(nare).

This concludes the proof. O

Now we consider an extension of the previous Lemma in the following sense: when both perturbed
by at most [* similar perturbations, the ODE flow and gradient descent process should still stay close
enough. Analogous to the definition of the perturbed ODE ", we can construct a process y" as a
perturbed gradient descent process as follows. For some integer 1 < I < [*, a sequence of strictly

positive integers (to,- - ,t;) (with convention ¢ = 0 and let t) = (t1,--- ,11)), a sequence of
non-zero vectors w\) = (@y,--- ,w;) and y € R?, define the perturbed gradient descent iterates
with gradient clipping at b as

gn(y: 10, w?)

=gn (it 1) + o (- V@) (y;tV,w D)) +Zl{n7t1+ St t}w;)  (3.23)
=2

with initial condition gl (y; t), @) = y + @y (W).

Corollary J.6. For any fixed e > 0,t > 0, the following claim holds for all n > 0 sufficiently small:
given any z,y € G, some integer 1 < | < l*, a sequence of strictly positive integers t\) = (tj)§:2

(with convention t, = 0), and any two sequences of vectors w'") = (wj)é.:l, wl) = (@j)§'21 such
that (let tepg = 22:1 t;)

clz—yl<e

o t; <2t/nforallj e l];

* lwj —w;| < eforalljel];

* The line segment between T"(k,z;t") w®) and v (y; t® w®) lies in G for any k <
tend - L

then we have

sup [@7(s, 2360, w®) = g, (55D B | < plo)e
S€[0,tend]

where the constant p = (2exp(2Mt) + 2)'". In particular, p = p(t) is a constant where t is the

constant in eq. (J.T1).

Proof. Throughout this proof, fix some 1 € (0, ¢/2M). We will show that for any 7 in the range the
claim would hold.

First, on interval [0, ¢), from Lemmal[J.5] one can see that (since 2M1n < €)

sup
s€[0,t2)

‘En(s,x;s(l),w(l)) yL J(y,t(l l) H < 2exp(2Mt) - €
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The at ¢ = to, by considering the difference between ws and w,, and the possible change due to one
more gradient descent step (which is bounded by nM < ¢), we have

sup ‘i”(s, z; W, w®) — 17[’8] (y; ¢, IB(”)H < (2exp(2Mt) +2) - .
s€0,t2]
Now we proceed inductively. For any j = 2,3,--- ,] — 1, assume that
sup ‘ (s, ;80 wl) — ) (s t(l),ﬁ(l))H < (2exp(2Mt) +2)7 1 e
s€[0,t5]

Then by focusing on interval [¢;,¢;41] and using Lemma again, one can show that

sup ‘;E"(s,x; sV wl) — g[’SJ (y;t(l),ﬁ(l))H < 2e+ ((2exp(2Mt) +2)7 7" + 1) exp(2Mt)e
tE[t),tj+1]
< (2exp(2Mt) +2)7 - .
This concludes the proof. O

Using an almost identical approach, one can show the following results that bounds the distance
between two ODE flows with similar initial values and jumps.

Corollary J.7. There exists some constant p* € (0, 00) such that the following claim holds: For
any fixed e > 0, any x,y € G, any integer 1 < | < I*, a sequence of strictly positive integers
t®) = (tj)é:z (with convention t; = 0), and any two sequences of vectors w) = (wj)é':p w®) =

(@j)§21 such that (let teo,q = Z;zl t;)

clr-yl<e
o t; <2t/nforall j € [l];
* lw; —wj;| < eforallj€l];

s The line segment between " (s, z;t"), w®) and " (s,y; tV, wW) lies in G for any s <
tend;

then we have

sup :E”(s,x;t(l),w(l)) — in(s,y;t(l)7ﬁ(l))H < p'e.

S€[0,tend]

In the next few results, we show that a similar type of control can be obtained on the distance between
gradient descent iterates y;! and the SGD iterates X!. Specifically, our first goal is to show that before
any large jump, it is unlikely that the (deterministic) gradient descent process ;! would deviate too
far from X!. To facilitate the analysis below, we introduce some additional notations. First, we will
group the noises Z,, based on a threshold level § > 0: let us define

Z30" 2 Z,1{n || Z|| < 6}, (1.24)
Z70" 2 Z,1{n || Zn|| > 6} (1.25)

The former are viewed as small noises while the latter will be referred to as large noises or large
jumps. Furthermore, for any j > 1, define the j™ arrival time, size, and direction of large jumps as

T7(5) 2 min{n > T/, (8) : 0| Za > 6}, TP() =0, (1.26)
Wi (0) = Zry(s), (3.27)
07(8) £ W} (8)/||[W](8)]| - (J.28)
The following event
A(n,m,€,0) = Zi+-+ 2| < .29
(n,1m,€,9) {k:1,2,---gll%€(T1”(6)—1)n” 1+ Zg| e} (J.29)

describes a scenario where, before the first large jump, not much perturbation has been caused by
noises.
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Lemma J.8. For any e > 0,1 > 0, any xz,y € G and positive integer n such that ||z — y| <

m, on event
€
A _—
(n7 nv 2 eXp(nMn) ) ) ﬂ

{the line segment between y(y) and X} (x) liesin G ¥j = 0,1,--- ,n A (T} (8) — 1)}7

we have
lym(y) = X2 ()] <e Vm =1,2,--- ,n A (T7(5) = 1).

Proof. On the said event, we are able to apply Lemma [G.5]and obtain that

4] (y) = X7 (@) < (lo =yl + Jexp(nMj) <e Vj=1,2,--- ,nA(T{(d) - 1)

€
2exp(nMn)

and conclude the proof. O

Similar to the extension from Lemma [I.5]to Corollary [J.6] we can extend Lemma [J.8|to show that, if
we consider the a gradient descent process that is only perturbed by large noises, then it should stay
pretty close to the SGD iterates X!. To be specific, let

V@) =

V() =Y, (2) — oo (= V(Y1 (@) + Y L{n =T} (0)}nZ).
i>1

be a gradient descent process (with gradient clipping at threshold b) that is only perturbed by large
noises. The next corollary can be shown by an approach identical to the one for Corollary [I.6] (namely,
inductively repeating LemmaJ.8]at arrival time of each jump) so we omit the details here.

Corollary J.9. There exists some function p : (0,00) — (0, 00) such that the following claim hold
forall e > 0,t > 0 and all sufficiently small n > 0: For any x,y € G) with ||z — y|| < € and any
1 € [I*], on event Ag(e,n,0,1,t) N Bo(e, n,d,1,t) N Cole,n,d,1,t), we have

1Y (y) = Xi ()|l < pt)e ¥n =1,2,--- ,T}()
where

A0(67na6al7t) = {vz:lv 7l

, max Zn + -+ Z;
=T G )1 H T o g

30(6»77’ 67 lvt) v] = 27 e 7l77}n(6) - T;]—l(é) S 2t/77}a
Co(e,n,0,1,t) = {the line segment between Y}'(y) and X} (z) lies in G ¥j = 0,1,--- ,T"(6) — 1}.

<o
~ 2exp(2tM) )’

[
=

In particular, p = p(t) is a constant

The next result shows that the type of events A(n, 7, €, §) defined in eq. (J.29) is indeed very likely to
occur, especially for small e. For clarity of the presentation, we introduce the following definitions
that are slightly more general than the small and large jumps defined in eq. (T.24)eq. (I.25) (for any
c>0)

ZEC £ Zn || Zn]] < e},
Vi e Zn || Zn|| > c}-

Lemma J.10. Givenanyt > 0, € > 0, and N > 0, the following holds for any sufficiently small
6> 0:

( |25 22 > ) = ot
net o AT €) =elr)

asn | 0.
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Proof. For any C' € (0,00),6 > 0,5 € (0,1), consider the following decomposition of the small

noise Z,%‘s/ "I, Here we adopt the convention that Ey = Rd\(U}”:lEj). (For definitions and properties
of the closed cones F, - - - , E,,, see Assumption |[.6|and the remark underneath.)

Z9) & 2,1{Z, € Ej},

Z5C6.0) n‘)‘ <

€ (C,0/nl}

Based on this decomposition, we define the following iid random variable sequences

1>

z59 ) 2 29|29

~(J’)( ) A ZSC’(j) _ EzéC,(j)’

1,G
29 2 || 25 m H
Zéj HZ<1/n ()
Meanwhile, define the projection operators P; : R? — R with P;(v1,- -+ ,vq) = v;. First, recall that
EZ, = 0. So for all C sufficiently large, we have
sup |[EZ=Y >yl o £
e H L I <5

Moreover, due to H; € RV_(q, 1) for allj =1,2,---,mand Ho( ) = o(1/x%) for any o > 0

(for definition of functions H, see eq. ( < ooforany j =0,1,---,m,
implying that for all C large enough, we have (for any j = 0,1 ,m)
sup [[EZE0 — 250 < 1.30
y,ZZpC H 2t 24\/ ( )

Fix such C'. Besides, recall that in Assumptionmwe have 1 < a1 < g < - < auy,. Therefore, we
are able fix some 3 € (0,1) and > 0 so that

Bay > 1, 4310

€

N €
(ﬂal—l +1)6 < IENCESS (J.33)

With the fixed C' and 4, note that eventually §/n > C as 7 | 0. Therefore, for all  sufficiently small,

IP’( max leé/n+._.+Z§5/7, >6)
n=1,2, ft/fﬂ
<19>( max 75 _gz=n| s 5)
= \n=1,2, [t/ ; k k 2
—P( Jmax 03T ZE00 —BZECY 4 28 () + BZECY —BZEO > 5)
R LA iyt
SZp( ) énaxl-t/ “77 ZZICSC’(J‘) _ EZICSC’(J‘) + Zé”(&]’;(k‘) +EZ]§C’(j) _ EZI€§5/77’(J‘)
. n=1,2,-,[t/n
=0
> )
2v/m +1
m n
< IP( ma 70 (k 7) 134
< P(L s, Zj B > g (1.34)
Jj= k=1
+§:]P’(77 S Z9) (k) > L) (1.35)
i Pt 6vm +1
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We bound the two terms eq. (I.34) and eq. (J.35) respectively. First, observe that

m

& @<ZZP(H L2m e/ 1”’21’ Gk ﬁ)

7=01i=1 (m+1

Let 27 (k) = P;(20)(k))
Hoeffding’s inequality,

c 2
eq.§2(m+1)d'exp<—%~( )2. 1/77]):0(”1\’)'

6y /dm+ 1)  2CTt/y
As for term eq. (I.33), w.l.o.g. let us fix some j = 0, 1,--- ,m and bound
- 6
P(n nz::l 29 > W> (1.36)
_kqp [t/nl =0 . B [t/n ) .
_; (W%Z () > G I-z)—HP’(nnz_:lZ (> ——. Izk)

21 £(m
where I £ #{n =1,2,---,[t/n] : Z@(n) > 1/n"} and k is some positive integer such that

€
kS < — k(Bay—1)> N.
vy M-

Note that we can find such % due to our choice of constants in eq. (J.31)-eq. (J.33).

For (I) and any s = 0,1, --- , k — 1, observe that (the non-negative RVs Zg(n) and Z (n) are defined
at the beginning of the proof)

[t/n]—i
o< ("M)p(n X 200> g i 200 < U e [ i)

— 6vm +1
o Tl
<l P Y Z9m) > o 29 < 10 ¥ € [1/n] 1)
. i/ » . )
<fm' B( 32 2000 > s )

Let WO (n) 2 Z(gj)(n) - IEZEJ)(n) and let W) be an iid copy. Due to eq. (1.30), for all

sufficiently small we will have that [t/n]|EZS” (1)| < ;&= - 1. Therefore, for all 5 sufficiently
small,

[t/n]

M < [t/n] ( Z W (n 0.37)

1
24\/ )
Observe that \W )| < 2/n° and
. iy . 1/n°
E(WW)2 = varZ[gj) < I[?,(Zé]))2 = / 2yP(Z; 79 > y)dy = / 2yH;(y)dy.
0 0

Note that there are only two possibilities:

* If j # 0 and a;; < 2, then from Karamata’s theorem, we have E(Zéj))z € RV_p2_a;)(n)
and note that (2 — ;) < 1;

* Otherwise, one can find some A > 0 such that H;(z) = o(1/x**2), implying that
E(Zg))2 < ;7 2yH;(y)dy < oo regardless of the actual value of 1 > 0.
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In any case, using Bernstein’s inequality, we can conclude that

; Nrem) o
o G200 O )

On the other hand,
) <P(I>k) < (“Qﬂ> -P(ZU)(n) 1/ Vn=1,.. k) < t/n]* - (Hj(l/nﬁ))k,

which is upper bounded by a function regularly varying w.r.t. 7 with index k(ﬁal — 1) > N.
Therefore, (II) = o(n”) and we conclude the proof. O

J.3 ANALYZING DIFFERENT SCENARIOS BEFORE THE FIRST EXIT OR RETURN

Using results and arguments above, we are able to illustrate the typical behavior of the SGD iterates
X1 in the following two scenarios. First, we show that, when starting from anywhere in G, the SGD
iterates X! will most likely return to the neighborhood of the O within a short period of time without
exiting €.

Lemma J.11. For any € € (0, ), the following claim holds:

lim inf P, (XZ € GV < Trenum(n, €)and Tyeturn (), €) < p(e)/n) =
0 z:d(z,G°)>e

where the stopping time involved is defined as

Trewrn(n,€) = min{n > 0: || X]7]| < 2¢}
and the function p(€) = c¢1 + c1log(2/€) with ¢; € (0, 00) being the constant specified in Lemma
/4

Proof. Let t = p(€) = ¢1 + c¢1log(2/€) and n = [t/n] and arbitrarily choose some = with
d(z,G°) > e. Also, fix some N > 0. Due to Lemma/.10} we are able to pick some § > 0 such that
(note that nn < 2t eventually as 7 | 0)

€
O e
met i TIET T 2 S b @) o)

First, from Lemma [Jl:5] we know that for any 7 small enough such that
2nM exp(2tM) < €/2,
we must have
H:c’?(sw) - yfsj (x)H <e€/2 Vs e|0,n].

Next, using Lemma[J-8] we see that on event

An,n, =————.,8) [ {I7(6) > [t/n]},

2exp nnM

we must have

HylZ(x) - XIZ(‘T)H <e Vk= 0,1,---, ft/7ﬂ~
Combining these facts with the Lemma , we have shown that, for all € (0, W(%M))’
on event A(n,n, oty OM{T) > [t/n]} we must have X7 € G ¥n <
Treturn (M, €) and Treturn (1, €) < p(€)/n. In other words,

lim sup P, (XT’Z ¢ G for some 1 < Trepum (7, €) OR Troturn (1, €) > p(e)/n)
740 . d(xz,G°)>e

€
<1 c : n < .
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However, our choice of 4 at the beginning of the proof implies that
lim,, 0 P(A(n, 7, TeptmD) §)¢) = 0. Meanwhile, from Assumption we see that

H/ﬁ] m m
P(TY(8) < [t/a) =Y (1= H;(a/n) - O H;(8/n)
k=1 Jj=0 j=0
[t/n] -
<(m+1)Hy(6/n) Y (1 Hi(3/n))
k=1

for all 7 sufficiently small (due to regularly varying nature of H; and 1 < o; < --- < ). In
particular, since H; € RV_,,, for any fixed A € (0, a; — 1), we have (for all 5 sufficiently small),

. Aﬁf/rﬂ - a1+A :m+1
P(TY(6) < [t/n]) <(m+1)n Z A P(U(n) < Tt/nl)

where U (1)) £ Geom(n®+4). Lemmathen tells us that, for all 7 sufficiently small, P(U(n) <
[t/n]) < 2np*1~1+4 thus implying

2(m +1
lim sup P(T7(8) < [/5]) < lim sup 27D joa1-a _ g
70 nl0 t

and concluding the proof. O

In the next result, we show that, once entering a e—small neighborhood of the local minimum, the
SGD iterates will most likely stay there until the next large jump.

Lemma J.12. Given Ny > 0, the following claim holds for all ¢ € (0,€/3) and all § > 0 that is
sufficiently small:

sup P(En <T7(0) s.t. || X ()| > 36) = o(n™°)
z€B(0,2¢)

asn | 0.
Proof. Let t = ¢; + ¢1log(1/€) where ¢; € (0,00) is the constant specified in Lemma [J.4] and

n = [t/n]. Fixsome 8 > 1+ a3 and N > § — 1 4+ Ny. Due to Lemma(J.10} the following claim
holds for all ¢ that is sufficiently small:

2
P( sta/n Z;a/nH ¢/ ): N
k= 1£n~,[t/1ﬂ77 ! Tt - 2exp(2nnM) on”)
We fix one of such §. Therefore, for event
~ 1/n8
é{ <
[t/n]
<8/n <s/n <8/ €/2 }
kzléflf?f‘w,ﬂ77HZ1+<;'—1>Wn1 + 23 Grym tt 4 H ” Sexp(2ndl) )’

the iid nature of noises (Z,,),>1 implies that

~ 2
HJ)(A) §(1+ 77HZ1§5/77_|_...+Z]€§5/77H>L)

1
— P
tnﬁfl) (k 1£n Tt/n 2 exp(2nnM)

=o(n™7P*1) asn 0.

Meanwhile, Note that 77(8) < T"V(8) 2 min{n > 0 : n|Z,| > 6, Z, € Ei}. Therefore,

P(T(8) > 1/n%) < P(T?"™M(5) > 1/1P). Specifically, note that T7(8) £ Geom(H;(5/n)) and
H, € RV_,,. Lemma|G.3|then tells us the existence of some ¢ > 0 such that

P(T{(6) > 1/n") = o( exp(—c/n))
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as 17 | 0. In summary, we have established that

P(AU{T](5) > 1/0°}) = o(n™°).

Now let us focus on the complementary event (A)° N {T7(5) < 1/n°}. On this event, there must be

some j < [ H/7 such that 1+ (j — 1)[t/n] < T7(6) < j[t/n].

Let us arbitrarily choose some z € B(0,2¢). If j = 1, then due to eq. (J.3), we know that
x"(s,x) € B(0,2¢) forall s > 0. Also, from Lemma [J.5|we know that for any 7 small enough such
that 2nM exp(2tM) < €/2, we must have

[ (s,2) =y @) < /2 vs € o, [t/ml].

Besides, on event (A)¢ U {T7(8) < 1/nP}n{j = 1}, due to Lemma we must have
lyi(z) = X (@)l <€/2 VE=0,1,--- , T7(9)

with 7(8) < [t/n]. In conclusion, in the case that j = 1, we must have || X/(z)|| < 3¢ for all
n < T7(9).

Now consider the case with j > 2. Similarly, due to Lemma[J.5]and[J.8] we now have that

s, ) =y, @) < /2 ¥s € o, fe/m)
lyi) = X} (@)l < ¢/2 Vk=0,1,--,[t/n],
" (s, x)|| < 2e Vs € [0, [t/n]].

In particular, due to our choice of ¢ at the beginning of the proof and Lemma|[J.4] one can see that
[l ([t/n],z)| < e. Collecting all the results, we now know that

IXP @) < 3¢k < [t/n], || XT,0;
Now it suffices to apply the repeated apply the same arguments above. For instance, if j = 2, then
by letting z1 = XFt/n (x) and bounding the gap between trajectory of X’CSJ+[t/7ﬂ (x) and 2" (s, 1)
using Lemma J.5|and[J.8] one can show that || X(z)|| < 3¢ for all n < T7'(§) (since in the case of
j = 2, we have T{'(8) < 2[t/n]). Otherwise, we have j > 3 and the same arguments above can be
applied to show that

(;«)H < 2.

X7 ()] < 3¢ VE < 2[t/n], HXFt/M (x)H < 2., ngrtm (z)H < 2.

In summary, by proceeding inductively, we establish that for all n € (0, m),

sup ]P’(Eln < TV(6) st ||X7(2)]| > 36) <P(AU{T(6) > 1/7°})
x€B(0,2€)

and this concludes the proof. O

We introduce a few concepts that will be crucial to the analysis below. Recall the definition of ODE
with jumps @ (note that we will drop the notational dependency on learning rate 7 when we choose
7 = 1). Recall the definitions of 4*, k* (see Assumption [[.7]and [I.8] and the remarks underneath).
We define the following mapping h from 7 = (r1,--- ,7%+),0 = (61, ,0p) € (S HF |t =
(t1,-+ ,ti=) € {0} x RX" such that
o
h(r,0,t) = 5(2 t;,0; t,w) (J.38)
i=1
where w = (wi)f;l with w; = r;6;. From the continuity of the ODE flow, we see that A is a
continuous mapping. Also, we introduce the concept of type for configuration 2*. Specifically, define

Gty vim) 2 {01, gee) €{0,1,2,- - m}* 0 #{n g, =k} =i, VE € [m]} (J.39)
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and for any j € j(2*), we say that w = (wy, -+ ,wy~) € A(2*) has type j if
w; € Eji Vi € UC*]

In other words, based on the direction of each jump in w € A(¢*) we group them into different types.
Note that |5(3*)| < co. Now for any type j € 5(i*), define a (Borel) measure on R%" x (S4—1)k" x
]R’_f_l as

k* E*

152 ([ ] vey,) x (J] S5.) x Leb* ! (1.40)

i=1 i=1
where, for any « > 0, the measure v,, is the Borel measure on (0, 00) with v, (z,00) = 1/x%. We
use the concepts above to characterize behavior of large noises in (Zn)n21~

Definition J.1. For any 1,6 > 0,5 € j(i*) and any Borel set A C R, we say noise Z,, is of
type'(Aa 57 7, .7) lff

* 0l Znll >0

» Fort; =nandt; £ min{k > t;_y : n||Zs|| > 6} foralli =2,3,--- ,k*, it holds that
ti —ti—1 < 2t/nforalli=2,3, -, k*;

e Fort; = t~1 —t~i_1 (witht, =0), w; = 7727:’ and

7 = (JJwi]], lwall - -, lwee ),
0 = (wi/ |lwil, -, we/ [|Jwe=|),
t= (tlv"' 7tk*)7

it holds that h(r,0,t) € A.

More generally, we say noise Zy, is of type-(A, ,n) iff there exists j € j(i*) such that Z, is of
type'(A7 57 , .7)

Due to the iid nature of (Z;);>1, let us consider an iid sequence (V}),;>o where the sequence has
the same law of Z;. Note that for any fixed n > 1, the probability that Z,, is of type-(A4, §,7n, ) is
equal to the probability that V; is of type-(A, 8,7, j). More specifically, let H(x) = Z;nzo Hj(z) =
P(||Z1|| > ). Due to Assumption[l.6| H € RV_,,,. Besides, P(n ||Vy| > &) = H(5/n). Now we
focus on conditional probability admitting the following form:

p(4,6,1,5) =P (Vo is of type-(4, 8,1, 3) | n [Voll > o).

Lemma J.13. Forany § > 0, any j € j(i*), and any Borel set A C R? such that
h(T‘l,"' JThrs 01,0 Ops b, - - ,tk*) €A = t; < 2t Vi =2,--- ,k‘* andr; > 6 Vi € [k‘*},

J.41)
it holds that
A .
Mj(h_l(AO)) S lim inf p( ?67777.7) —

! §ar . I, (H’“(l/”)) i
H(1/m)n*"—1
A 0,1, 7 _

Slimsup p( ) 7777.7) - S,U/g(h_l(A>)
! §or . k=1 (H"“(l/”)) i

H( =

Proof. Let us start by fixing some notations. Let 77 = 0, and define stopping times 7; = min{n >
Tj—1:n ||Vl > 0} and inter-arrival times 7} = T; — T);_; for any j > 2 (with 7] = 0), and large
jump W; = Vr, for any j > 0. Note that: first, the pair (7], W;) is independent of (77, W) for any
i # 7; besides, W; and T]’ are independent for all 7 > 1.

Define the following sequence (of random elements) w = (w1, -+ ,w;+) and t = (t1,--- ,t;+) by
w; =Wy, t; =nT}.

and 7 = (T, (w;))F,,0 = (Tg(w;))E, where operators T, (z) = ||z, Tg(x) = x/ ||| constitute
the polar coordinate transform. By definition of type-(A, 6,7, j), we know that
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T <2t/nforanyi=2,--- k*;

n||Wi|| > 6 forany i =1,2,--- | k*;
* w; € Ej, (ie. 0, € Fy) forall i € [k*];
h(r,0,t) € A.

Therefore, (let R; = T, (W;),0; = To(W;))

p(A,0,1,7)
:<]P’(T2’ < 2£/n))k _1-/]1{(1~,0,t) € h*l(A)}
k* k*
. (HP(WZ S Ei) 'P(nRi = dri, @z = d@l)) . (HP(’I]T{ = dti ‘ ’I7TZ-/ S 2{))
=1 . . =2
=(p(ry<2i/m)) - [[IPOV: € B Qyag (b (4) (1.42)

i=1

where QQ,, 5 ; is the probability measure on Rff X (Sdil)k* X R{f‘l induced by a sequence of
random elements (nRy, - ,nRy~,O1, -+ ,@k*,nTQT(n), e ,nTT* (1)) such that

e Foranyi=1,--- ,k*, wehave R; = TT(WZ-T(U))7 0; = TQ(WJ(?’])) where the distribution
of Wj(n) follows the law IP’(VO €- ’ n||Voll > 9, Vo € EJ) ; Besides, (Wf(n))fil is an
independent sequence;

« Foranyi = 2,--- ,1*, the distribution of T () follows fromP(an(n) € ‘ nTy(n) < 2{)
(for the definition of stopping times T (n), see eq. 11.26)); Besides, (Tf(n))f;l is an
independent sequence, and it is independent of (Wf(n))k*

i=1>

° Q%&J‘(') = ]P)((anv 777Rk*v@17" : 7@k*a77T2T(n)a"' 777TT*(77)) € )

As for weak convergence of (nRy, -+ ,nRp, 01, -+, O« nT;(n), e ,nTT* (1)), observe that

* Foranyi € [k*], from Assumption|l.6{one can see the regularly varying nature of distribution
of Vj on the cone Ej; (hence for W' (1) as well), thus yielding that (nR;, ©;) = (R}, ©})
as 7 | 0 where R} and O] are independent, the law of O] is Sj,, and the law of R is the
Pareto distribution with

P(R; o
( 7 ‘T) (.’17 Vi 6)(1]'1. ’
* For any z € [0, 2], since lim,, o |2/n|H(d/n) = 0, it is easy to show that

. 1—(1—H(s/n)le/m
oo |x/m]H@G/m)

therefore, we have (for any = € (0, 2t])

1—(1L—H@/n)

PTY (n) < @ | TP () < 20) = 1— G~ 5

as 17 . 0, which implies that T;(n) converges weakly to a uniform RV on [0, 2¢].
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Together with the assumption on set A in eq. (T.41)), we can now see that, if we denote the weak limit
of measure Q,, 5 ; as s, j, then (the measure 115 is defined in eq. (J.40))

K say,
psg(h=1(A)) = %’t_‘);f_lw (h=1(4)).

From the continuity of mapping h, one can see that h~1(A) is a closed set and h =1 (A°) is an open
set. Using Portmanteau theorem, we now have

I.C* 0%
Uit 2505 (17 (4%) < tin it @5 (07 () < Hinsup Qs (17 (4) 143
n
k* .
S 0% -
< 1}2}32*1 pi(h1(4)). (J.44)

Moving on, we analyze the limit of the other terms in eq. (J.42). For any i € [k*], note that

P(W; € E;) = fm.

Now due to the regularly varying nature of H; and H,
I Hiil P(VVz S Ei) gk o
1M =7 = 5 e
1 Limy Hi (U/n)/H(/n) [, 6%

On the other hand, from Lemma|[G.4]and the regularly varying nature of function H, for any fixed
k > 1, we have

J.45)

. 0 P(Ty <28/ \F" =1 _ g 0%t 20H(0/m)/m\F =1 ey

lim sup — = <K limsup | —= - —————— =K ,
710 ( 2t H(1/n)/n ) nl0 ( 2t H(1/n)/n )

60 P(TY < 2F/p)\ k-1 K1 oo (0%0 2UH(6/n)/n\F 1

1 (. 2=/ > (1 1 fl—=  ———=7—

e (2t H(1/n)/n ) z/m o (2t H(1/n)/n )

= (1/r)" L.
Due to arbitrariness of x > 1, we yield that

(e < 2t/m)" !

n (H(l/n), 25)16*71

—1. (J.46)
R Ly

Collecting all the limits in eq. (T.44)-eq. (I:46) and plugging them into eq. (T.42), we now have

established that

p(A, 5;”7.7) A

1 (1 (A°)) < liminf p(A,0,1,5) < limsup < pj(h~1(A)).

n o . CaH(Um) T, s . o Hy (1/m)

H(1/n)nk" ~1 H(1/nnk" 1

To conclude the proof, recall that for any type j € j(¢*), we have #{k = 1,2,--- [ k*: jr = j} =

z; (i.e. for any j € [m], the number of elements in (ji,- - - , ji~) that are equal to j is exactly i3),
k* m iy

thus Hi=1 Hji(l/n) = Hk:l (Hk(l/n)) k. O

More generally, for

p(A,8,m) = P (Vo is of type-(A,6,m) | n Vol > o)), (1.47)
we know that p(A,§,7) = Zjej(i*) p(A,d,1n, 7). Also, define measure p as
p= > u (1.48)
JEI(E)

The next result follows immediately from Lemma and the fact that |5 (¢*)| < co. Recall that Jg
is defined in eq. (L.9).
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Corollary J.14. There exists a function X(n)) € RVi4 j5—a, (n) such that, given any 6 > 0 and any
Borel set A C R® with

h(T‘l,"' JThrs 01, Opx b, - - ,tk*) cEA = t; <2£VZ':2,'~' ,k‘* andr; > 6 Vi € [k‘*},

J.49)
it holds that
p(h™H(A%) < liminfw < lim sup w < pu(h™'(4)).
6% A(n) no 0% A(n)
In particular, the regularly varying function X() admits the form
_ m(H (1))

H(1/m)n* 1

Consider the following stopping times
o(n) =min{n >0: X! ¢ G};
R(e,8,m) = min{n > T}(8) : | X7]| < 3¢}.
Here o indicate the first time that the iterates exit domain G, while R denotes the time the SGD
iterates return to a small neighborhood of the attractor O after the first large jump. In the next few
results, we study the probability of the different scenarios regarding the first exit time o(7) and first
return time R(e, d, 7). To this end, let

K"(6) £ max{k > 0: T;/(§) < o(n) A R(e,d,n)}
be the count of large jumps before the first exit or first return. Furthermore, we introduce the following
concept as the accumulated cost of large jumps before the first exit or return. Let J) % = 0and
T E T+ I(W) Yk < K7(8)

where the cost function J(-) is defined in eq. (I.6). In other words, .7, % indicates the total cost of the
first k& large jumps, if there are at least k large jumps, before the first exit or first return. Similarly, we
can also define a step-wise accumulated cost as

T 5(n) = max{ 7"’ : T](8) < n} Vn < a(n) A R(e, 8,1).

In other words, Jni s(n) evaluates the total cost of large jumps up until step n. As a preparation
for our analyses below, we first discuss the following technical tools. For any ¢ > 0, let £(e) =
c1 + ¢1 log(1/€) where ¢; is the constant in Lemma Besides, define
0 A € A € A €
€el€e) = = = =~
zexp(2id) " p(E(e)) " (i)
where functions f(+), p(-) are defined in Corollary [I.6|and [l.9]respectively. Furthermore, define an
event A* = A (e,8,n) U A5 (e, d,n) where

AX(e,8,m) 2 {311 < T7() s.t. | X ()| > 36}, (1.52)

J.s1)

A;(eaéan)é {3]:27 ,l* s.t.

max L 4o Do »H>'€e}
k:l,z,.--,(Tj"(5)—T;11(5)—1)A(2£(e)/n)n H Ty 1 (8)+1 T 1 (8)+7 (e)

(1.53)

where the positive integer [* is defined in eq. (J.1). By definition of [*, we must have K" () < I*.
Lastly, define events (for any K € [I*])

By (K) 2 (A% n{Jp’ < Jg, K < K"(8)}

n{vj € [K], [T} 1(3) Ao(n) A R(e,6,m)] = T} (6) <

By (K) 2 (A*)°n{Jp’ < Jg, K < K"(8)}

N{3j € [K]s.t. [T} 1(8) Aa(n) A R(e,d,n)] —Tj(8) >
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Recall that the minimum cost for exit Jg is defined in eq. . Note that, in the definition of B;* (K)
and B, (K) above, T}, 1 (6) A o(n) A R(e, d,1) < T]”H((S) only if j = K = K"(9).

Lemma J.15. For any K € [I*], any € € (0,€/3) and any n > 0 sufficiently small, the following
claim holds on event B{* (K):

A X @) = (5 X O @) T W) | < 26
s€[0, T 1 (H)Aa(mAR(e,8,n) =Ty (3)]
where T = (O,TQ"(é) — T(S), T () — TI (), - T}}H(d) _ T}Q(zi)), W o=

(Wln(é)v W3 (6),- - 7W1n(+1(6)> and X! )(m) XT"((s) (@)

Proof. We focus on the distances between the following three objects: X (x),

Fomy [ X ) ifn < TV(5);
V(@) +ou (= V(Y () + Yo Hn=T](0)}nZ,) otherwise;

z(s) =" (s, XY (2); T,W) Vs > 0.

. 1 _ _ s
First of all, for X(1) = X%z((;),l(l‘) = Y:ﬁf(é)fl
| X®|| < 3¢ < & Then due to eq. (J.20) and the definition of event B{(K) (in particular,

the fact that 7. }}’6 < Jg), we know that
d(z(s),G%) > 100I*€ Vs € [0, T} (8) Aa(n) A R(e,8,n7) — T{(5)).

z), by definition of event (A*)¢ we have
(z), by

In light of the definition of By (K) (i.e. the upper bound on T/, , (6) — T} (9)), by applying Corollary
P76, we can show that

LSHT” 5) H < €.

sup Hz(s)

s€[0,T] ., (§)Aa () AR(e,6,m)—T] (5)]
In particular, by applying Corollaryinductively foralln < Ty, (6) ANa(n) A R(e, d,n) —T7(9),
we know that the line segment between z(s) and YL J+T"(§)( x)isin G forall s < T}, (6) Aa(n) A
R(e,d,m) — T} (8) so Corollary[J.6 . can be further applied to n + 1 and establish the inequality above.

Similarly, due to our choice of é(¢) in eq. (J.51) and the upper bound on T}, , (§) — 7} (9) in definition
of event B (K), by applying Corollary|J.9|inductively, we know that for all 7 sufﬁc1ently small,

sup H?Z gy (€)= X (:U)H <e
J=0,1,2, TP, (B Ac(mAR(e,sm)—T (5) | LIFT(O) LeJ+T7(2)
holds on event B;* (K') and this concludes the proof. O

Lemma J.16. For any K € [I*], any € > 0 and any n > 0 sufficiently small,
BX(K) = 0.

Proof. The definition of event B (K') ensures that we can define some j* as the smallest integer in
[K(6)] such that for T* £ T7L(8) + [2i(e) /n], we have

TL(0) <T* < T}, 1(0) ANa(n) A R(e, d,n). (J.54)

Analogous to the proof of the previous lemma, we focus on the pair-wise distances between the
following three objects: X(x),

- [X20) i it < TI(0);
Yol (@) F (= V(Y (2) + X5, H{n =T (8)}nZ,)  otherwise;
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and

z(s) = i”(s,X(l); T7W) Vs > 0.
with T = (0,75(5) — T7(0),T5(6) — T5(8),---, T 1 (6) — TL(5), W =
(W{(8), W3 (8),--- , WL, (6)), and XM = X;]n(&) Agam using Corollary . and .

one can see that for all » > 0 sufficiently small, we must have

sup HX"S sy (T) — z(s)H < 2¢
s€[0,7*—T7(8)] LsJ+77(9)

on event B (K'). However, eq. and HX(l) || < 3e < € implies that

sup d(z(s), G°) > 100l*e.
s€[0,7. (8)—T7 (9)]

In the meantime, LemmalJ.4Jand our choice of €(e) in eq. (I.51) implies that

12(T" = TY'(6)|l < eand [[X7.(z)]| < 3e,
thus dictating that R(e, d,n) < T™* and contradicting eq. (J.54). This concludes the proof. O
Now we are ready to apply the tools above and analyze some atypical scenarios regrading the first

exit and first return time. In the next result we show that, when starting from the local minimum, it is
very unlikely to escape if the total cost of large jumps is less than Jg .

Lemma J.17. For any fixed € € (0,€/3), N > 0, the following claim holds for any sufficiently small
d>0:

sup P (a(n) < R(e,6,m), T} s(o(n) < Jg) = o(n™) asn 40,

xz: ||z]|<2e
Proof. Since the constant ¢ > 0 is fixed, one can see that £ = ¢; + ¢; log(1/¢) is also fixed where ¢,
is the constant in Lemma Besides, we can fix some € > 0 such that
. € I o
< ————, p(t)e <k, t)e < e
T @) p(t) p(t)
where functions p(+), 5(-) are defined in Corollary [J.6|and [I.9] respectively.

Let us define an event A = A} U AJ where
Ax 2 {an < TV(O) s.t. | X7 ()| > 36},
Ar 2 {3;’:2,--- I st

max L + -+ I »“>?}
k2, (T (8) T ()= D)AEfm) | H T2 @)+ T+

where the positive integer [* is defined in eq. (J.1| . By definition of I*, we must have K"(§) < I* on
event {7} s ((n)) < Jg}.

Now let us analyze the dynamics of X! on event (A*)° N {Jj’a(o(n)) < Jg}. In particular, we
decompose it into two events

By £(A*)°N{Jy 5(0(n) < Jg}
N{Vj=1.2,- , K"0), [T}, (8) Ao(n) A R(e,8,m)] — T} (5) < 2¢/n},
2(A)° N {Ty5(0(n) < Jg}
N{3j =12, K"(0) st. [T}}(8) Ao(n) A R(e, 8,m)] — T} (6) > 2¢/n}.
Using Lemmaand the fact that By = (UK L BE(K) N {K"(6) = K}) N {JIZ’U‘S((S) < Jg},

one can see that for any 1 > 0 sufficiently small, we must have
d(Xg(n)AR(E’M)(x),QC) > 1001*€ — 2¢ > 100l"e — € > 0.
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on event B;. In other words, on event B; we must have R(¢,d,n) < o(n).

On the other hand, Lemma the fact that By C Ui:l BS(K)N{K"(§) = K} implies that
By = () whenever 1 > 0 is sufficiently small.

In summary, we have established that

sup P (a(n) < Rle,n), Ts(0(m) < Jg) < sup  P(A%).

z: [|o]|<2e T ||z]|<2e
Lastly, from Lemma[J.10]and[J.12] one can see that for any § > 0 that is sufficiently small,
sup  P(AX) = o(n™),

z: ||z <2¢
and this concludes the proof. O

Using an almost identical approach, we can establish the next two results and conclude that it is also
rather unlikely to have scenarios where

* The accumulated cost of large jumps exceeds Jg before the first return or exit,

¢ Or the first return occurs before the first exit,

yet it takes rather long for the said event to occur.
Lemma J.18. Given e € (0,€/3), N > 0, the following claim holds for any sufficiently small § > 0:

sup P, (3}{ €Nst. Jp° > Jg and TV(5) — T

Jj—1

(8) > 2t(e)/n for some j = 2,3, - - ,K)

x€B(0,2€)
=o(n™)
asn § 0 where t(€) = c; + ¢ log(1/e).

Proof. Given the fixed € > 0, define = ¢; + ¢; log(1/€). Also, fix € > 0 as the largest possible
value such that

e< ‘ s(hE<e, ph)E<
e ——————, €<e, c<e
= Jexp2iM)’ ” r
where functions p(-), p(-) are defined in Corollary [J.6]and [l.9] respectively.
Let us define an event A* = A U A where

A 2 {30 < T0) st |1X]()] > 3e},

AX é{ajzz,--- I st

>'g}

max Z +--+Z ;
k=1,27"'7(Tj7(5)—T;]—1(6)—1)/\(2£/n)77H T 1 (0)+1 T 1 (0)+

where the positive integer [* is defined in eq. (J.1). Furthermore, define event

21
B2 (AN {31{ € Nst. 710 > Jg and TV(8) — TV, (5) > -, forsome j =23, ,K}.
Note that on event B, the index
K*=max{k>1:J"" < JgV¥j=12 k—1}

is well defined with 1 < K* < [* (due to the definition of [*). As a consequence, we must have
Ti.(8) < a(n) A R(e, d,n).

Now based on the exact value of K*, we can decompose the event B into B = UZIEZOB (K') where

B(K)2 (A n{K*—1=K}n{Jx° < Jg}n {77, (0) =T} (%) > fforsomej € [K]}.
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By applying LemmalJ.16] we know that for all > 0 sufficiently small, B(K) = . Therefore, for
all sufficiently small 7,

sup P, (3K € Nst J° > Jg and T} (6) — T},
x€B(0,2¢)

< sup P, (AX).
x€B(0,2¢)

Lastly, from Lemma [J.10]and [J.12] one can see that for any § > 0 that is sufficiently small,
sup  P(A%) = o(n™),

@t ||z <2¢

(6) > 2i(e)/n for some j = 2,3, - ,K)

and this concludes the proof. O

Lemma J.19. Given e € (0,€/3), N > 0, the following claim holds for any sufficiently small § > 0:

sup P, (R(ﬁvéa 77) < U(Tl)v J;’ég((s) < ng

z€B(0,2¢)

n
Tj+1

(6) A R(e,d,m) — T} (6) > 2t7(]6) for some j € [K”(é)]) =o(n™) asnlo0
where t(¢) = c1 + ¢ log(1/e).

Proof. Given the fixed € > 0, define ¢ = ¢; + ¢; log(1/¢). Also, fix € > 0 as the largest possible
value such that
€

€< ————
4exp(2tM)
where functions p(-), 5(-) are defined in Corollary [I.6and [l.9| respectively.

, pB)E<e ph)E<e

Let us define an event A = A U AJ where
A2 {an < T7(6) st. |X7(2)] > 36},
A2 {Elj — 2 I* st

max Zm 4 o4 L H>€}
k7:1»27"'7(T;7(6)*T;’71(6)71)/\(2£/n)77 H TJ—1(5)+1 T]_1(5)+]
where the positive integer [* is defined in eq. . By definition of [*, we must have K"(4) < [* on

event {J?(’f? @ < Jg}. Furthermore, define event

B é(AX)C N {R(€a67 7]) < U(n)a J?(,S((S) < Jg,

T2.4(0) A (e 0.m) - T)(8) > )

for some j € [K"((S)]}
Now observe that B C Ullzzl B(K) where
B(K) 2(A)°N{K"(6) = K} N{T° < Jg}
N3 € O] st [Ty, (6) Al A Re.dn)] = T} (6) > =)

By applying LemmalJ.16] we know that for all > 0 sufficiently small, B(K) = (. Therefore, for
all sufficiently small 7,

sup P, (R(e,&, n) < a(n), J;’(’g((s) < Jg,

x€B(0,2¢)
T (6) A R(e, 8 () > 2 g e [K"(6)]) < P, (A%
P (9) AR(e,0,0) = T](8) > = = forsome j € [K'(3)]) < sup_ Po(4%)

€ B(0,2€)
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Lastly, from Lemma[J.10]and [J.12] one can see that for any 6 > 0 that is sufficiently small,
sup  P(A%) = o(n™),

@t ||z <2e

and this concludes the proof. O

Recall that in Lemma [J.17] we have shown that it is rather unlikely to have the first exit with
accumulated cost of large jumps less than Jg. In the next result, we show that even with large jumps
of accumulated cost Jg, if some jumps are still not large enough, or the inter-arrival times are too
long, then it is still very unlikely for the SGD iterates to even get close the the boundary. Define

K & minfk € [K(9)] : 77 > Jg}
6 . 6 . 6
and let K77 = o0 if Ty 5) < Jg. Also, if K777 < oo, let
T (5,8) 217, ,(6)
Ig
In other words, T'=7¢ (n, ) is the first time that, prior to first exit or return, the accumulated cost of
large jumps has reached Jg. Regarding the o(n'*7/¢~®1+4) term in the next Lemma, we note that
the function A defined in eq. l| is regularly varying (as n J 0) with index 1 + Jg — 3. Therefore,
pitJo—a1tA — o(\(n)) as n approaches 0.
Lemma J.20. There exists some A > 0 such that the following claim holds for all € € (0,€/3) and
all 6 > 0 that is sufficiently small:

sup o (B3, (€, 6,m) U B ) (e,6,m)) = o(n' /o7 014)
x: ||z]|<2e ’

asn | 0 wheret(e) = ¢y + c1log(1/€) and
B yy(e,0,m) = {K7 < oo} N {j;fé > Jg},
g

8 K
B2><7(11)(67 63 77) = {Kgg < OO} n {j[zv),é = Jg}

Ig
n {aj =2,3,---  KJ? st T0(8) — T, (6) > 2/nor 3 = 1,2, K% s.t.p|[W(8)]| < 5}
N min d(X7, G°) <el.
{jzoﬁl,---,Tz"g (1.,9) (.69 <&
Proof. From Assumption [[.8] we know the existence of some A > 0 satisfying the following

condition: Forany k € Nandany j € {1,---,m}* such that Zf:_ll(aji -1) < Jg < Zle(aji —1)
(note that there are only finitely many possible choices for such j5), we have

k
Jo+ A<D (o, — 1) (J.55)

i=1
Fix such A > 0. Meanwhile, given the fixed € > 0, we can define = ¢; + ¢; log(1/¢) and choose
€ > 0 as the largest possible value such that

~ €

e —————

dexp(2tM)

where functions p(-), p(-) are defined in Corollary [J.6 and .9 respectively. We stress that  is a fixed
constant while 7 depends on the value of €, and for any sufficiently small € we will have £ > .

, ﬁ(f)?ﬁ €, ﬁ(f)?g €

Let us define an event A* = A U A where
Ax 2 {an < TI(O) s.t. | X7 (z)|| > 36},
A2 {Elj — 9. I st

max Zopr + o+ L ‘H>g}
b2, (T T ()~ | H T @+ Tt
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where the positive integer [* is defined in eq. 1} By definition of [*, we must have K 996 < [*on
event {Kf}j < oo}

First, we analyze the following event
2t
0 ; 0
B = (A*)°n{K}’ <oo}n {Tj"(é) —Tj 1(6) > o forsome j = 2,3, , K7’ }
In particular, note that B = UZK;E B(K) where
B(K) #(4*)* N {K}) = K+ 1} {JR° < Jg}
2t
{Tjnﬂ(é) T}'(6) > o for some j = 1,2,3,--- ,K}.

When K = 0 < 1, the event B(0) = () by definition (due to event {TJH((S) - T7(0) >

%f for some j =1,2,3,--- ,K}). For K =1,--- 1%, Lemmaimplies that B(K) = () for all
sufficiently small. In summary, B = {) for all ) sufficiently small.

Now we focus on the following two events

. 2t ,
C2(A)N{K} <oo}n {T;(a) ~T7,(8) < v forall j = 2,3, 71@;} (T n(ﬁ) > Jg},

. 2t _
D2 (A n{KY’ <oo}n {T;’(a) —T7,(0) < 0 forall j = 2,3, ,Kf}j} N {T s = Jat-

On the one hand, event C' can be decomposed as follows. Let

k—1 k
Tafefne . mf: k=15 (a;, 1) <Jg <> (aj, — 1)}
=1 i=1

be the set that contains all the types j such that the accumulated cost reach Jg if and only if the
last element is kept. One can see that there are only finitely many elements in JT. Now we have
C = U, ey C(3) where (see the definition in eq. (J.10))

) . 2t .
C() 2 (A*)° N K < oo} {TJ"((S) — T, (8) < ) forallj=2.3, ,Kf}j}

N {(W{(6), W (5), - ,W;,;ﬁ(é)) is of type-7 }.
“g
For any j € J', observe that (let k; = |5])
sup P, (C(j))
lz]|<2e

2t
. ,0 . 0
§IP’<W;’(6) € Bj, Vi€ [Kj ] and T;'(6) — T, 1 (9) < P foralli =2,3,--- K7 )

1

H 1{166//7777 (B(TP(8) < 2/n))"~

The last equality is due to independence of W,(6) and T;'(6) — T, ,(6). The regularly varying
natures of functions H; and H imply that

ky  Hy,(5/m)
i T Fom ol
R Hu(m) s o
O T2, 13{(1/7,7)] §2i=1 s

Meanwhile, from Lemma[@ and the regularly varylng nature of function H; and H (in particular,
repeating the same calculations that leads to eq. (J.46)), we have

(B(0) < 20/m) "

70 (H(;/n) 6%‘t1)k -1

=1
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herefore, we have yielded that
SUP|| <2 Pz (C(7 Skion 2 k.
lim s P H<_~2 =(C(7)) < ? )k, 1

= - : < 0
nd0 )\j (77) 52221 g, g

where
k.
X(n) A Hzil HJm(l/n) _ O(nlJrJg*arFA)
! ks H(1/n)
due to eq. (J.55)). Therefore, one can see that as 7 | 0,

sup P(C) = o+ A).
llz]l<2e

Furthermore, the discussion above have shown that for all n sufficiently small,

sup PI(B;(I)(@ g, 77)) < 0(771+Jg7a1+A) + sup P (A%).
z: ||lz]|<2e w: ||z||<2e

From Lemma [J.10]and [I.12] one can see that forall N > 1+ Jg — a1 + A and all § > 0 that is
sufficiently small, sup,. ;<2 P(A*) = o(n™). Fix such § > 0. In conclusion, we now have that

SUPyg: ||z||<2¢ Py (B2><,(I)(€7 9, 77)) = 0(771+Jg_a1+A)'
On the other hand, on event D, Assumption shows that (see the definition in eq. )
{K3;5 <oofn {\7}7?:7;(5) = Jg}
= {Kf}f < oo} N {(W](8), W3 (6),- - ’W;?(j}; (6)) is of type-j for some j € j(i*)}.
Therefore,
By (e, 6,m)N D

=(A%)° NI < oob N {(WF(0), WE(0), -+ Wk, s
g

(8)) is of type-j for some j € j(¢*)}

N {¥i=2,3, K52, )~ T4(6) < 2/n} 0 min  d(X],6°) <¢
J g0 70 =15 0) /m {jzo,l,m,TEJg(nﬁ) (X7.9°) <}

. 5 - . ) N
n {3] =23, K} s.t. T}(8) = T} (8) > 2¢/n OR 3j = 1,2,--- , K} s.t. n [|[W](6)]| < 5}.

In particular, using Lemma , one can see that when 7 is sufficiently small, on event B; an (e,0,mN
D we have || X}|| < 3eforall k < /() and

sup HX[]SJ — z”(s)H < 2e.
S€[0,T276 (,6)~T7 (5)]
Here
2(s) = in(s,X(l); T,W)Vs>0
with T = (0.J(0) ~ T ~ T0) - Thy 0) — Thy0), W =
(W(8), W3 (6),- - ,W}Zg;(é)), and X1 = X (5)_1- Besides, eq. (1.17) dictates that, on event

By (€, 0,m) N D, we must have inf,>o d(2"(s), G¢) > 100I*€, hence

min  d(X},G°) > 500"e.
ke[T>79 (n,5)]

However, this clearly contradicts the definition of event BQX(H)(G, 0,m). In conclusion, we have

established that (for all 7 sufficiently small) BS (¢, d,1) N D = () and

sup Pw(B;(II)(e,é,n))g sup P, (AX).
z: ||z]|<2e z: ||z]|<2e

However, as per the argument above, our choice of sufficiently small § > 0 ensures that
SUD,.. | <2¢ P(A™) = o(n*T797*1+4) and concludes the proof. O
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Furthermore, starting from the local minimum O, it is unlikely that the SGD iterates will be extremely
close to JG when the accumulated cost of large jumps reaches Jg. The next lemma provides an upper
bound for the probability of the said scenario. For any set A C R?, define its e—enlargement as the
following open set A€ £ {z : d(z, A) < €}.

Lemma J.21. Forany € € (0, €/(3+ 3p*)) and any § > 0 that is sufficiently small,

Supy: [|z||<2€e Py (B§< (67 57 77))

lim sup — <60 (e)
40 A(n)
where By (e,6,m) = {K}’ < oo} N {d(XTosg 50 09) < € and W(e) =

u(h_l ((89)(3'*'3’)*)6)) with h defined in eq. (1.38) and p defined in eq. (J.48)), and p* € (0, 00) is
the constant provided in Corollary[J7]

Proof. Again, given the fixed € > 0, we can define = ¢; + ¢; log(1/€) and choose € > 0 as the
largest possible value such that

————, p(t)e<e pt)e<
674exp(2tM) plifese plijese

where functions 5(-), p(-) are defined in Corollary [J.6|and [J.9)respectively. We stress that £ is a fixed
constant while ¢ depends on the value of €, and for any sufficiently small € we will have ¢ > .

Let us define an event A* = A U AJ where
A2 {Eln < TV(S) s.t. | X7 (z)| > 36},
A2 {Elj =9, ¥ st

max Zopm + o Do -H>E}
k:1,2,---,(T;l(5)*T;]—1(6)*1)A(2f/7l)77H SEICRS Tja (4

where the positive integer I* is defined in eq. (J.I). Consider the following decomposition of event
B (e, 6.m) 1 (AX)*:

Cay = B3 (€,6,m) N (A™)°N {JI"(’;,& > Jg}.
“g
Cay 2 B (c.6.0) N (A*)° N {Ts = Jg} N {aj =23, K17 s.t.
“g
_ , 5 ,
T(S) — T, (8) > 20 /nor 3 = 1,2, K} s.t.n||W(9)] < 5}
Cam = (B3 (€,0,17) N (A*)°)\(Cwy U Cay) -
Using Lemma([J.20] we know that for all § > 0 sufficiently small,
sup|g)<2e Po (Coy U Capy)

lim sup =
70 A(n)
As aresult,
. SUP |4 <2e P (B3 (€,0,m)) SUp||z<2e Pu(AX) SUp||z | <2e Pa(Cam)
lim sup = < lim sup = + lim sup = .
nl0 A(n) 710 A(n) 710 An)

From Lemma([J.10|and[J.12} one can see that for all N > 1+ Jg — o and all 6 > 0 that is sufficiently

small, we have sup,,. |, <2e P(A™) = o(n™) = o(A(n)).
Moving on, we focus on bounding the probability of event Cyyy. In particular, note that

Camy = (A*)°N{K]Y < oo} {j]Z’;s = Jo} N {d(X 7505, 50 09) <€}
; :
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By applying Lemma|r_1'5| on event C(yp), one can see that when 7 is sufficiently small, on this event
we have || X}|| < 3e forall & < T7(4) and

0725 (0) T [t =] < 2
Here
2"(s) =" (s, XW; T,W) Vs >0
with T = (0,75(8) — T7(6),T5(0) — Ty (6), - ,T;%;(é) - lezgj,l(‘s))’ W =
(W(8), W3 (8),- - ,W;{?; (6)), and XV = X;l,,(é)_l. To better control the location of 27(s),

we also construct
z](s) =x"(s,0; T,W) Vs >0

where the only difference is that we substitute the initial value X (1) with 0. Note that on event Cam,

we have HX @ H < 3e. By applying Corollary (the condition about line segments contained in G
is verified due to eq. (I.T8)), we have the following bound on event Ciyy):
sup [ 27(s) — 2(s)]| < 3p"e.
K0
s€0, 3, Ti]

Now recall Definition [J.T] Combining all the bounds we have obtained so far, we see that, when 7 is
sufficiently small, on event C(yipy we have

7,6
K;

d(=)( i T.), 0G) < (2+3p")e
i=1

and W is of type-j for some j € j(2*). It then follows immediately from Corollary that

SUP |5/ <2¢ P (Cam) p((0G) 2307 6,7

lim sup < limsup < 6 h=H((8G)(2+307)e
40 A(n) n A(n) ( ( ))

< 617 ((0G) 0+ )
and this concludes the proof. O

Lastly, we provide a lower bound for the probability of the most likely way of escape, i.e., due to k*
large jumps with accumulated cost Jg and relatively short inter-arrival time less (when compared to
t /m). We stress that, in the next result, the value of constant ¢, > 0 would not vary with the choice of
parameters ¢, 9.

Lemma J.22. There exists some c, > 0 such that the following claim holds for any € € (0,€/(4 +
3p*)) and any sufficiently small § > 0:

inf), ) <oc Pe(A°(€,0,7))

lim inf — >, 0N

o A(n)

where the event is defined as

A°(e,8,m) 2 {K’ < o0} N {a(n) =72 (n,a)} N {T;?(a) —T7 (8) < % Vj=2,3,--- k:}
and p* € (0,00) is the constant provided in Corollary[J.7}

Proof. First of all, Assumption[[.7]implies that

(K} < ook n{oln) =T (n,0)} = (K} = '} {oln) = TLO)}.
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We also stress that Kf}; = k* means that o(n) A R(e,d,n) > T}.(9) (i.e. the arrival time of the

k*—th large jumps and that the accumulated cost of large jumps W{'(4), - - - , W% (9) is exactly Jg.
Due to eq. (J.19) and eq. (J.17), there exists some j € j(i*), some @ = (61, - - - , Oy ) with 6; € F, Vi,
some ¥ = (77, -+ , 7k ) such that 7; > 6 Vi, some t = (t1,--- ,tp~) such that#; = 0 and ¢; € (0, %)

forall? = 2,--- ,k* such that
d(h(,8,t), G) > 100"

where h is the mapping defined in eq. li Lety = h(7, 0~, ;{) Moreover, the continuity of mapping

h implies the existence of some A > 0 such that (7,6,t) € X C h™'(B(y,€)) where the open
domain X is defined as

X2 {(r.0,t): t;=0and ‘ei—ai. <A, |ri =T <A, t; — | < AVi € [k}

In particular, the parameter A can be chosen small enough with
A< min t, A< min 7Al
i=2, k* i=1, K

so that for any (r,8,t) € X, wehave t; > Oforall¢ = 2,--- ,k* and r; > O for all i € [k*]. Fix
such A > 0. Meanwhile, from the definition of the measure /i(-) in eq. (.40Deq. and the fact
that 51 € Iy, where the closed set F; is the support of the probability measure S, on the unit sphere
S4=1 (see Assumption , one can see that (X) > 0.

Let R = (R))i,,© = (0,),,T = (I;)lZ, with B; = n|[W] ()], ©:; = W'(8)/ W] (6)]
and T; = n(T,"(8) — T;" ;(4)) for all i > 2 and T; = 0. Now recall Deﬁnitionand consider the
following event

B = {(R7 ®7T) € X} = {ZTII(S) is Oftype_(h(x)7na 6)}
Corollary [I.T4] then gives the bound

lim inf I?L(B) > pu(X) > 0.
o An)

From now on, we fix some ¢, € (0, (X)). Given the fixed € > 0, we can define = ¢; + ¢ log(1/e)
and choose € > 0 as the largest possible value such that

T
dexp(2tM)

where functions (), p(-) are defined in Corollary [J.6|and [J.9)respectively. We stress that £ is a fixed
constant while ¢ depends on the value of €, and for any sufficiently small € we will have ¢ > .

, p)E<e pli)e<e

Let us define an event A* = A U AJ where
Ax 2 {an < TI(8) st ||X7(2)]| > 36},
A2 {Hj — 9 K st

max Lo + -+ I H>'€}
k=1,2,...,(TJ."(é)—T;Ll(6)—1)A(2£/n)77H T, (9)+1 T] (8)+i

where the positive integer [* is defined in eq. (I}

Now we focus on the event B\ A*. On one hand, Lemma shows that, for all 7 sufficiently small,
on this event we have || X'|| < 3¢ < € forall k < T}'(d) and

sup HX”S n— Zn(S)H <% < e
s€[0,T) (8)=T7 (5)] [s]+T7 (6

Here
2(s) = 5’7(37)((1); T,W) Vs >0
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wih T = (0,1§(0) — T{(6).T}(6) — T3©),- TLG) — T ,(6). W =

(Wi(8), W3 (8),- -+, W(6)), and XI) = X7,

6)-1" To better control the location of
1

z"(s), we also construct
z(s) =x"(s,0; T,W) Vs >0
where the only difference is that we substitute the initial value X () with 0.

First of all, from eq. (J.20), we see that
o
d(2"(s),G%) > 100I*€, d(z{(s),G%) > 100I€ Vs € [0, Ty).
i=1

Besides, dueto X C h~! (B@, E)) we have that d(zg ( Zle E) , g) > 99[*€é. Next, using Corol-
lary we have that supg s~ ) 2"(s) — z](s)|| < 3p*e < & which further implies that

Iy
d(z"(> T;),G) > 991" — € > 98I"E.
i=1

Now we have the following facts regarding the distance between SGD iterates X;-’ and the domain G.
First, on event B\ A%, it holds that
d(X],G%) > 1000"€ — € > 99I"€ Vj < T;\.(9),

implying that o'(n) > T} (9).
Next, if R(e, d,n) < T} (6), then there exists some 77 (§ < j < T}~ (8) such that ||X;’|| < 2¢ hence
lz7(j — T7")|] < 2e + 2e < € < 100l*e. However, in light of eq. (J.20) we know that on event
{R(€,0,n) <T}..(6)} N (B\A*), we have

i

d(z"(>_Ti),G°) > 100"¢

i=1

and yield a contradiction. Therefore, on event B\ A* we must have R(e, d,1) > T}% (9).

Besides, bounding the gap between X/, 2" () and 2((j) at time j = T;. (9) using results above, we
can show that

d(X] (5.G) > 98l'e —& > 9T,

Therefore, we must have o(n) = T} (8). In summary, we have shown that, for all 7 sufficiently
small, B\A* C A°(e, §,7). Combining all the bounds above, we have

i fx S]PI A° ’57 3 x SPAX
timing PMieli<ze P2 (A°(€, 0,7)) > tim it 2B —limsupw
710 A(n) 70 X(n) Lo o
su P(AX
> §%¢, — limsup M
HO An)

To conclude the proof, it suffices to invoke Lemma and withsome N > 1+ Jg — ;. [

J.4 PROOF OF THE MAIN RESULT

Now we are ready to state the main result and provide upper and lower bounds to the distribution of
the scaled first exit time from domain G. In particular, we define a scaling function

() 2 Xn)H(1/n) (1.56)

where the function \(-) is defined in eq. . One can easily see that A\ € RV j,(n). We show
that the scaled first exit time A(n)o(n) converges in distribution to an exponential random variable as
7 1 0, which implies that, in expectation, the first exit time is roughly a 1/1'*7¢ term and its order is
dictated by the minimum cost for exit Jg.
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Proposition J.23. Given any C € (0,1),u > 0, the following inequalities hold for all ¢ > 0
sufficiently small,
limsup sup P,(o(n)A(n) > u) < 2C + exp(—(1 — C)?qu),
o lzfl<2e

liminf inf Py(a(n)A(n) >u) > —C +exp(—(1+ C)qu)
o [lz][<2e

where ¢ = p(h=1(G°)).

Before presenting the proof to Proposition we make some preparations. First, we introduce
stopping times (for all k£ > 1)

Tr(€,0,m) = min{n > T,_1(€,0,n) : || Zn|| > 0}

7k(€,0,m) = min{n > 7.(e,6,7) : | X/[| < 2€}
with the convention that 7o (e, d, ) = To (€, d,) = 0. Intuitively, at each 7, the SGD iterates have just
returned to a small neighborhood of the local minimum 0. Due to Markov property of X!, the SGD
iterates almost regenerate at each 7, despite the previous trajectory, and the times (73 ),>1 partitions
the entire timeline into different segments that can almost be interpreted as regeneration cycles, where
Tr—1 can be understood as the starting point of the k—th cycle. In light of the embedded (informal)
regeneration process, one natural approach is to determine the dynamics and probability of making
an exit on one (hence every) cycle, and this will be carried out with the help of technical results in the
previous section. It is worth noticing that 7 are defined under the proviso that 7, > 75, where 7 is
the first big jump during the k—th cycle. Considering results such as Lemma[J.12] it is reasonable to
expect that the SGD iterates would be trapped at local minimum until a large jump strikes. Therefore,
we define the (informal) regeneration points 7y in such a way that a cycle [7;_1, 7% ) ends only if we
have observed at least one large jump already. Regarding the notations, we add a remark that when
there is no ambiguity we will drop the dependency on €, 0, ) and simply write 7, Tg.

Specifically, we are interested in the large jumps and the accumulated cost thereof during each cycle,
which definitely entails some systematic bookkeeping. For all £ > 1, the random variable

jk < #{n = Tk»‘—l(e) 57 T])? Tk—1(67 67 77) + 1a T 77f:k’(67 5’ 77) A ‘7(77) *n ||Z7L|| > 6}
can be understood as the count of large jumps during the k—th cycle. Here are two remarks on this
definition.

* First, for any k with o(n) < T, we have j, = 0. Recall that the object we study here is the
first exit time o (), so there is virtually no need to keep track of the dynamics of the SGD
after it leaves the domain G.

¢ The random variable j, is measurable w.r.t. Fx rq (s, the stopped o—algebra generated
by the stopping time 7y A o(n), which, intuitively, is stating that one should be able to
determine the number of large jumps during the k—th cycle when this cycle ends.

Furthermore, foreach k = 1,2, -- -, let
Tra(e 6,m) = 7i-1(€,0,m) Ao(n),
Ty, j(€,8,m) = min {n > Ty j—1(e,0,m) || Z,| > 5} ANo(n) AT, Vi > 2,
Wij(&6,m) = Zg, j(eom) Vi>1
with the convention T}, (e, 9, 1) = Tr—1(€, 6,n). Note that for any £ > 1,5 > 1, T}, ; is a stopping
time. Besides, for any &k with 7, < o(n)
Feor + 1< Ty <7 Ao(n) Vi € [, (.57)

k

and the sequences (7}, j)i‘:l and (W, j)JJ":l are the arrival times and sizes of large jumps during the

k—th cycle, respectively. Again, when there is no ambiguity we will drop the dependency on ¢, §, 7
and simply write T}, ; and Wy, ;.

We are now able to keep track of the accumulated cost of jumps during each cycle. For any
k> 1,71 > 1, we define

T e, 8,m) 2 37T (Wi, 6,m))-

=1

130



Published as a conference paper at ICLR 2022

Moreover, we define the following index

205 (e, 6,m) & | I = 1,2, kTG 0m) 2 Jg) it (e, 6,m) < o(n)
A 00 otherwise

with the convention that min ) = oo. That is to say, if 7, > o(n) or J, CyCle( x) < Jg, we define
j=79 (k) as oo; otherwise j=79 (k) is the index for the first large jump during the k—th cycle that
drives the accumulated cost of large jumps to reach Jg. For clarity of the presentation below, we also
define
>, >J
T279 (kye,6,m) £ 1{j=79 (k) < 00}T, k27 1y T 1H{i779 (k) = 00}0,

299 (kye,8,m) 2 1{j=79 (k) < oo}XT>J9(1C o T 1{j=79 (k) = 0}0.

In other words, when j=/9 (k) < oo, the random variable X =7 (k; ¢, dn) is equal to X% _,. the
k,j="9 (k)
location of the SGD iterates right when the accumulated cost on the k—th cycle reaches J:; Notation

wise, we will drop the dependency on ¢, 8, 1) again and simply write j=7 (k), X 27¢ (k) or J2(5)
when there is no risk of ambiguity.

As have mentioned above, we want to zoom in on the each cycle and analyze the probability of each
possible case. To be specific, we want to introduce a series of scenarios, formally defined as several
events, that exhaust all the possibilities during a cycle. The events will be denoted in the form of A},
orB JX largely following the next few rules. First, we say an event/scenario is atypical if its probability
is rather small, and we assign it with superscript x; otherwise we say the event is fypical and add a
superscript o. Besides, the subscript £ indicates the cycle that the event concerns. Lastly, events with
label (of type) A usually describe how the SGD iterates try to escape from G, whereas events with
label B focuses on how the SGD iterates return to the local minimum.

Now we proceed and formally define the said series of events. First, for each k£ > 1, define the event

Alole ) 2 {3i e '] st. max A 0| Zrin + o+ 2| > €6) )
3=Th o141, Tk 142, (T i =D A(Th, i1+ [ 22 AT A (m)

U { | X7 > 3¢ for some j = F_1, Fomt + L, , Tt — 1} (J.58)

with £(e) = ¢; 4 ¢;1log(1/¢) and function €(-) defined in eq. (J.51)). It is similar to the event A*
defined in eq. (J.52)eq. (J.53) in the previous section, and its probability will be controlled using a
similar approach.

Next, consider event (for all £ > 1)

AL (e dm) 2 {oln) <7, TG < Jo ) (1.59)

that describes an atypical case where the exit occurs during the k—th cycle yet the accumulated cost
of all large jumps is less than Jg. Another atypical event is defined as

A, 2 {3779 (k) <00} N{3j =2,3,- -+ ,j779(k) s.t. Thj — T j—1 > 2i(e)/n}.  (1.60)

This event describes the case where the accumulated cost of large jumps in a cycle has reached Jg
but the inter-arrival time between some large jumps are unusually long. We stress that, by definition

of 5279 (k), we have {j=7¢ (k) < oo} = {Th_1 < o(n)} N {TX"Gix) > Jg}.
Moving on, we consider the following events (defined for all £ > 1)
AL 2 TPy < Jg, T < o(m)} N {Hj =23, g st Toy — Thjor > 25(6)/7;}
d.el)

that describes another similar case where the k—th cycle ends with return to the local minimum but
the inter-arrival time between some large jumps are unusually long.

The next event

AL 2 {79 () < o0, OG0 () = Job 0 {A(X>7 (1),6%) < e} 01 {3) € 27 ()] 5.t [ Wi | < 5
J.62)
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describes the case where the accumulated cost on the k—th cycle has hit Jg exactly at some point
with SGD iterates being rather close to G¢ yet some large jumps are not large enough when compared
to the fixed constant §.

Meanwhile, with events
Afs 2 {77 (k) < o0, P70 (k) = gk n{d(XZ72 (k),00) < e}, (1.63)
we analyze the case where the SGD iterates reaches somewhere close the the boundary set G with
large jumps of cost equal to Jg. Lastly, define event
Ao 2 {770 (k) < o0, P77 (R) > Jg} (.64)

for the case where the accumulated cost of large jumps on the £—th cycle exceeds .Jg without hitting
it. As an amalgamation of these atypical scenarios, we let

6
A (e,0,m) = U Ay (e 0,m). J.65)
i=0

Next, we analyze the probability of some events (B} );>1 that concern the behavior of SGD iterates
during the k—th cycle after 7279 (k). Let us define

B, (e,6,1) £ {5779 (k) < o0, TX(779 (k) = Jo} N {d(X=77 (), G%) > €}
i) . ,
N { Ty = Tejor < 257) Vj =28, 77 (k) |

B o(6,8,m) = {Tk = Ty j200 1) > p(e)/n} U {o(n) < 7}
B/ (e,6,m) = B,il N B;Q J.66)
where p(-) is the function in Lemma From the definition of B, in particular the inclusion of
B :72, one can see that the intuitive interpretation of event B is that the SGD iterates did not return

to local minimum efficiently or even escaped from G after large jumps with cost equal to Jg. In
comparison, the following events will characterize what would typically happen during each attempt:

Af(e,6,m) 2 {77 (k) < oo, T (277 (k) = Jg} N {o(n) = T (k)}
2t (e€)
n

Ty = Tisa < =2 9j =23, 2P0}, (1.67)

BZ(E,(;, 77) £ {0(77) > ;ka 7’:k - Tk,l §

2“(>n+f><> FO{TP®G) < Jg). 068)

Intuitively speaking, A}, tells us that the exit happened right at 7=7/¢ (k) with accumulated cost of
large jumps in the cycle being exactly Jg, and By, requires that that the first exit did not occur during
the k—th cycle, and the SGD iterates returned to local minimum rather efficiently. It is worth noticing
that, by definition, j=7 (k) < I* if j=79 (k) < .

Our immediate next goal is to analyze the event

k—1
A*(e,5,m) = ( () (A7 UB UA;’)C) N (A7 UB)). (J.69)

E>1 N i=1

In particular, we show that its probability can be made arbitrarily small with proper ¢, d, 7, implying
that we will almost always observe the event (A™)¢.

Lemma J.24. Given any C > 0, the following claim holds for all € > 0,0 > 0 sufficiently small:

limsup sup P.(4%(ed,n)) < C.
0z ||z]|<2e

Proof. We start by bounding for the probabilities of all the A,j_’ , events. Fix some N > 1 + Jg. For

Agole,d,m) = {Hi € [I"] s.t. max 0| Zr 41+ + Zi]| > E(e)}

J=Tk,i—1+1,Tk,i—1+2, 7(Tk,i—1)/\(Tk,171+|—¥])/\7~'k/\0(77)

U { ||X;7|| > 3e forsome j = 7j_1,Tk—1 + 1, -, Tp1 — 1},
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using Lemma [J.10|and [I.12] one can show the existence of some €y € (0,&/3) such that for any
e € (0, €), there is some dp(e) > 0 with

I SUP|j | <ac Pa (AT (€, 6,7))
1111 Sup nN
n

=0 V5 € (0,6()). (1.70)

Next, for Ay (¢,8,7) = { () < Ty T Gr) < Jg}, it follows from Lemma/J.17|that, for any
€ € (0, €0), there exists some 0 < d;1(€) < dp(€) such that

i SUP|5 | <2¢ P (A7 1 (€,6,7))
im sup py
n

For event A,jQ = {j279(k) < co} N{3j = 2,3,--,5279(k) s.t. Tyj — Thj—1 > 2t(e)/n},
Lemma.18|implies that, for any € € (0, € ), there exists some 0 < d2(€) < d;1(€) such that

=0 V6 e (0,8(). (.71

SUP|5 | <2¢ P (A7 2 (€, 6,7))
N

lim sup =0 Vd € (0,62(€)). (J.72)

n n
ForeventA,j’3 =1{J Cycle(_]k) < Jg, T <oy )}O{Elj =2,3,-- Jpst.-Tp,;—Tkj—1> Qf(e)/n},

thanks to Lemma [J.19] one can see that, for any € € (0, ¢p), there exists some 0 < d3(¢) < da(€)
such that

SUP || <2e P (A7 5(€,,1m))
N

lim sup

=0 Vi€ (0,d5(c)). J.73)
n n

For event
Afy = 777 (k) < 00, TEHE7 () = Jg} N {d(X>7% (k) G%) < &} 0 {3) € [272 (k)] st [ Wi < 5,

using Lemma J.20} one can see the existence of some A > 0 such that, for all € € (0, ), there is
some 0 < d4(€) < d3(€) such that

SUP|5 )| <2¢ P (A7 4 (€, 6,7))

lim sup e PR =0 Vi€ (0,d4(¢)). J.74)
"
As forevent A}, = {5779 (k) < 00, (279 (k) = Jg} N {d(XZ']g(k),ag) < e}, the plan

is to use Lemma@to control its probablht . But before that, we recall the definition of function
U(e) = p (h_l ((0G)B+3e" )6)) in LemmaJ.21|and make several observations. First, note that 9G is
a closed set, s0 Nesoh ™! ((0G)¢) = h=1(0G) for the mapping h in eq. . Then it follows from
Assumptionthat lim o p (hfl (06 )€)> = 0, implying that for € > 0 sufficiently small, we must
have

Ce,

T

where C' > 0 is the fixed constant in the description of the Lemma, and ¢, > 0 is the constant in
Lemma([J.22] We stress that both of them would not vary with ¢, §, 7. Combining this with Lemma

we know the existence of some ¢5 € (0, €o] such that, for all € € (0, €5), one can find some
0< 65(6) < (54(6) with

U(e) <

. SUD)||3 ) <2¢ P (A1 5 (€, 6,7))
lim sup =
" A(n)
Lastly, for event A o = {5279 (k) < 00, T (279 (k) > Jg}, from Lemmaagain we know
that (let g = €5) for all € € (0, €), one can find some 0 < dg(€) < 05(¢) with

SUP|5 | <2¢ P (A7 5 (€, 6,7))
pitJo—aita

<50 (e) < 5&% V8 € (0,05(e)).  (1.75)

lim sup =0 Vd e (0,d(e)). J.76)

n
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Recall that A)(e,0,7) = UL, Aji(€,0,m). Also, the events B;, Ay, By are defined in

eq. eq. eq. l) respectively. Before bounding the conditional probability of events B},
we make several observations. First, if we consider the event ﬂ?:l (A JX UB jX )¢ N Bj, the inclusion
of the (B‘;)g?’:l implies that during the first & cycles the SGD iterates have never left G, so

k
ﬂAXUBX )*NBS = (((AF UB)*NBS) N{o(n) > 7).
j=1 j=1

Next, note that
k—1
P.(B | ()(AF UBY)°NBY)
j*l

Bkl\ﬂAXUBX ) NB;) P (B, | ( ﬂAXUBX )N B NBYL) .

. an
We start by analyzing term (I). From Assumption one can see that on event B ?71, it holds that
=7 (k) = k*, (Wia, -+, W) is of type-j for some j € 5(i*)

and Ty ; — T ;-1 < 25(76) Vj =2,3,---,k*. Due to independence of Wy, ; and T}, ;1 — T} ;, we
have

sup () < (BP(8) < L)) ST B(W). - WL (8)) s of type-s )

<2 n vy
i< J: €5 (5%)

2t(e *_1 (6
- (o < 2y s [P0

" J:jeg(ir)i=1

Due to the strong Markov property at stopping time 7,1, Lemma[G.4] and the regularly varying
nature of functions H;, H,

lim sup SUPej<2 (1
- Er—1 B —1 ... Koy m i k
mo - (20(e) /60 ) " (E /) )G s (T (ay/m) ) /()
In other words, for any €, > 0, there exists some C(e, §) < oo such that
1
hmsupw < [5(3)|Ce, ).
710 021 \(n)

On the other hand, due to Lemma_ J.11|and the strong Markov property at stopping time T}, 5+, for
any € € (0,€) and any 6 > 0,

<1

. Cey /4
limsup sup () < ————
nl0 |zl <2¢ 3(8%)IC (e, 0)

In summary, we have established that for any € € (0, €) and any ¢ > 0,
k— o
. SuP||z\|<25 (B;@( | ﬂ 1(AX UBX) mBj)
lim sup
nd0 dor . )\(’I’])

< Cey/AVE > 1. (1.77)

Similarly, we can bound conditional probabilities of the form P, (A,~C \ ﬂk ! L(AXUBY)*NBS). To

be specific, recall that A = U?:OA,M. Combining eq. eq. w1th strong Markov property,
we know the for all € € (0,¢) and k > 1,

k—1 o
. SUP| (<2 P (A} ] Nj= L (AT UBY)® mBj)
11m sup
nl0 51 - X(n)

< Cey /4 V6 € (0,06(¢)). J.78)
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On the other hand, a lower bound can be established for conditional probability of event A7, the event
defined in eq. (J.67). Due to Lemma|J.22|and the strong Markov property at 7;,_1, one can see the
existence of some €7 € (0, €g] such that, for any € € (0, €7), there is some 0 < d7(¢) < dg(€) such
that

¢ 0 <ac P (A% | NJZi(AF UBY)NBY)

lim in >c, Vo€ (0,07(¢)), k> 1. J.79

m () z (0,67(e)) (J.79)

In order to apply the bounds eq. (J.77)-eq. (J.79), we make use of the following inclusion relationship:
k—1

(A7 UBY)*NBS) N (A; UBJ)® C Af UB;. (J.80)
j=1

To see why this is true, let us consider a decomposition of the event on the L.H.S. of eq. (J.80). As
mentioned above, on event ﬂf;ll (A7 UBJ)°NB; we know that o() > 71, implying that for the
first K — 1 cycles the first exit does not occur and leaving us with only three possibilities on this event:

« j279(k) = oo (on {o (1)) > 71}, this would happen if and only if 7Y (j,) < Jo);
* J77(k) <00, X9 (k) ¢ G
« 779 (k) < 00, X279 (k) € G.

Let us partition the said event accordingly and analyze them one by one.

e On (ﬂj;ll (A7 UBY)NBj) N (A7 UBS)N{T, T (§,) < Jg}, due to the exclusion of
A} (especially A/j,1 and A;’S), we can see that if j,, < [*, then we must have o(n) > 7%

and 7, — T 1 < 21*#(¢) /0. In particular, note that on this event we must have [* > J. by
definition of I* in eq. (I.I). Therefore,
k—1
() (A7 UBY)®NB3) N (AL UBY)“ N {j77% (k) = oo} C BY.

j=1

* On (ﬂf;ll(AgX UB;‘()CQB?)Q(A; UB;)°N{j=79 (k) < 00, X279 (k) ¢ G}, the exclusion
of Aj; , implies that Ty ; — T}, j—1 < 2t(e)/n forall j = 2, -- N
of A,fﬁ tells us that 7~ Lle( 279 (k)) = Jg. Moreover, the exclusion of A]i5 U A,fﬁ tells us

that iszJQ( ) ¢ G, we must have d(X=79(k),G) > . In summary,

(k), and the exclusion

ﬂ (AFUBX)°NBY) N (A UBY) N {j=79 (k) < 00, X=79 (k) ¢ G} C A}

e On (ﬂf;ll(AJX UBX)°NBS) N (AL UBJ)*N{j=79 (k) < 00, X279 (k) € G}, the same
argument in the previous bullet point can be applied to show that T}, ; — T j—1 < 2t(€)/n
for all j = 2,---,j77%(k), (7' (k) = Jg, and d(X>79(k),G°) > e. Now
since B, did not occur, we must have o(n) > 7 and 7, — T=79(k) < p(e)/n, hence

M . Therefore,

T — T <
k—1

ﬂ (AXUBJ)°NBY) N (AL UBS) N {j779 (k) < 00, X7 (k) € G} C B;.

With eq 7.80)) established, we can immediately get that
k—1
ﬂ AXUBY) NBY) N(AFUBY) = ([|(AF UB)°NBS) N (A UBY)"N (A7 UBY).
j=1 j=1

J.81)
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Next, recall the definitions of A}, in eq. (I.67) and B, in eq. (J.68), and one can see that the two
events A} and B, are mutually exclusive, since the former implies that the first exit occurs during the
k—th cycle whereas the latter implies the first exit does not occur in the first k cycles. This fact and
eq. allow us to conclude that

k k —_
() (A UBJUA7) =) (A UBY) me:(ﬂ (A7 UB)) mB;’)m(A,juB,juA;)c.
=1 =1 =1

(1.82)

The last step is to use all the results so far to bound the probability of event

k—1
A*(e,6,m) = ( () (A7 UBS uA;’)“) N (A UBY).
E>1 N i=1

Using eq. (1.82), we can see that (for any = with ||z|| < 2¢)
P (A% (e, 0,m))

S (a7 omruan) o sz usp)

=1
k—1
:Z]}%(( M (A uBf)cmBg’) N (A uB,j))
k>1 i=1
k—1 k-1 J -
=> P (Ar UBS | () (AXUBY) NBY) - [T P () (A UBY) B ﬂ (AF UBY) NBY)
k>1 i=1 j=1 i=1 i=1
k-1
=) P, (Ak UBS | () (AF qu)CmB;’)
E>1 i=1
k—1 — —
1I® ( ﬂ (AFUBS) NBY) N (AF UBS UAS)® ﬂ (A UBY) mBg’)
j=1 i=1 i=1
k—1 - j—1
=> P (A UBS | () (A7 UBY) NBY)- H (A7 UBFUAY) ﬂ AYUBY) NBY)
E>1 i=1 j=1 i=1
k—1 k—1 j—1
<Y P (AYUBY | () (A UBY) NBY)- <1IP’I<A§ ﬂ(A;uB;)CmB;’))
k>1 i=1 j=1 i=1

This allows us to apply eq. (J.77)-eq. (J.79) and conclude that for all € € (0, e7), all § € (0,7 (€))
andallnp >0

a1 N C*C a1y Cx\k—1
sup P.(A™(e,6,7m)) SZ (6 "A(n) - 5 ) . (1 — 3" \(n) - 5)
|z|<2e E>1
6t A(n
# _c
o1 \(n)
when 7 is sufficiently small. O

Having established Lemma[J.24] we are ready to provide a proof for Proposition [J.23]

Proof of Proposition Define sets
E*(z) 2 {yeR: d(y,9) > (3+3p%)z}, E ()2 {yeR": d(y,6°) < (3+3p")z}
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where p* is the fixed constant in Corollary[J.7} From the continuity of measure, we have

ggu@fWE+&D):+%ﬁ4K§YD7 lim o (b (E7(e))) = p(h™(G))-

From Assumption [.7| we know q £ (hil(gc)) > (0. From Assumption we also have
n(h1(8G)) =0, hence 1(h1((G))) = q as well. Therefore, together with Lemma we know

the existence of some ¢; € (0 ) such that, for any € € (0, €1), there is some 0 < 1 (€) with

73-1—3 *

limsup sup P.(A*(e,6,n)) < C.
o flell<2e

and
(1= C)g < u(h™ (E¥(9) < a < p(h™(E~(9) < (1+C)a.
Henceforth, we fix some € and ¢ in this range and prove the inequalities in the Proposition.
To proceed, let J(€,d,n7) = sup{k > 1: 7,_1 < o(n)}. We now show that on event (A (¢, 5,71))¢,
we must have J < JT where (recall Deﬁnition
JM(e, 6,m) & rnin{k >1: Zyp, , is oftype—(El(e),n,é)}

with E+(2) 2 {y € R%: d(y,G) > (3 + 3p*)z} where p* is the fixed constant in Corollary To
see this via a proof of contrad1ctron let us assume that JT = j < J for some integer j. Now we
make some observations.

* First of all, due to JT = j < .J and eq. (J.17), on event (A* (¢, 6, 1)) N{JT =j < J} we
have

Tji—Tjio1 <2t/nVi=2,3,--- k%

* The definition of event (A™)¢, especially the exclusion of event A o defined in eq. li
now allows us to apply Lemmam and show that

sup HX77

. — 2 (8)H<26.
SE€[0,T; 4o —Tj 1] L) +T5.

Here
Z"(s) = i”(&X(l); T, W) Vs >0

withT = (0,Tj2 — Tj1, Tjs = Tjouo o Tjpr = Tjge—1), W= (Wja, -+, Wp+), and
XM =X . Ty Moreover, the previous bullet point allows us to apply Corollary|J.7|and
conclude that

sp l27(s) — ()] < 3o°e
s€[0,T; px —Tj,1]

where z"(s) = i"(s, 0; T, W) Vs > 0 and p* is the fixed constant in Corollary Asa

result, ||z¢ (T 5 — Tj1) — X;Lj.k* H < (24 3p")e.

* However, due to JT = j, we have d(z( (T} k- — Tj1),G) > (3 + 3p*)e. This immediately
implies that Xg}j - ¢ G and yields the contradiction J < j.

Similarly, one can show that on event (A*)¢ we must have J > J*+ for
J*(e,6,m) £ min {k >1: Zp,, is oftype—(E_(e),n,é)}
with B~ (2) £ {y € R : d(y,G°) < (3 + 3p*)z}.

Besides, the following claim holds on event (A™)¢ N {J < oo}.
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* The definition of (A™ )¢ implies that during the .J—th cycle the event A5 occurs whereas for
any j < J we have B;’. Therefore, for any k = 1,2, --- , J, we have

e No(n) —Tpy < W

In particular, the coefficient /* on the R.H.S. can be justified as follows: by definition of A}

and B}, we can see that j,jyde (ji) < Jg forall k < J (with j; = k* due to the occurrence
of A); the definition of [* in eq. then implies that [* > j, forall k < J.

* Now we consider the following set
S(6,6,m) & Ups1i {To1 + 1,71+ 2, T — 1, Tin }

the can be understood as the concatenation of all steps between any return time 7,_; and
the first large jump time T}, ; during the k—th cycle. Our discussion above implies that, on

event (A )¢, we have then the discussion above have shown that, for
min{n € S(¢,08,7n) : Z, is of type-(E* (€),1,8)} > T 1.
Itis worth noticing that the probability of Z; being of type-(E™ (¢), 1, d) is (see the definition
in eq. li H(5/17)p(E+(e), J, 77).
Therefore, for the following partition of the timeline

Shefore (€, ,7) £ {n€S(e,d6,m) : n< o)}, Iefore(e, d,7) < #Sbefore (€,9,7),
Sateer (€, 6,7) < {n ¢S d,m): n<om)}, laele d,m) = #Safier (€, 0,7),

we have 0 (1) = Ivefore + lafier- Moreover, on event (A™ )¢, we must have

Lger < J(2071(e) + ple)) /n < JT(207(e) + p(e)) /n
Toetore < min{n € S(e,6,7m) : Z, is of type-(E™ (¢),n,0)}}.

)
)

Next, define geometric random variables with the following success rates
Ur(e,0,m) ~ Geom(H(6/mp(E*(),6,1)),
Us(e, 0,m) ~ Geom(p(E*(e), 0, 77))

Given the results above for bounding Ipefore and Iyfer On event (AX )¢, we have

sup P, (A(m)o(n) > u)

llzll<2e
< sup PI((AX)C) + sup P, ((AX)C N {)\(n)(fbefore + Iafter) > u})
|zl <2e Iz <2€

< sup Pp((AX)°) 4+ sup Py ((AX)C N {AM) Toefore > (1 — C)U})

lz||<2e ||| <2e
+ sup ]P’m<(Ax)c N M) Lafier > Cu})

Ui
£(10)

< sup P, ((AX)°) +P(A(n) - Uy > (1 —C)u) +P(>\(n) - Us > C’u) .

£(1)

For term (I), recall that A(n) = H(1/ n)X(n) Corollary and the regularly varying nature of H (-)
then imply that

g LOLPE,00) _ HO/) pENDD1) _ o1 mey) > (1 - €.

7o Aln) w - 81 \(n)
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From Lemma we then have limsup, o (I) < exp(—(1 — C)?u). For term (I), let C(e) =
20*t(€) + p(e) and note that

_ ¢ Anm) 1
(m‘ﬂw>aaxwmxw)

Moreover, since _
A(n)
Am)/n

we know that for any M > 0, we have /\’(\7(7;’;77 > M eventually as | 0. Therefore, given any

M > 0, we have (Il) < ]P’(Ug > M/ X(n)) for any 7 sufficiently small. Now from Lemma ,
lim sup, |, (I1) < exp(—M) for any M > 0, and here we fix some M > 0 such that exp(—M) < C.
In summary, we have shown

limsup sup P, (/\(n)a(n) > u) < 2C + exp(—(1 — C)2qu)
0 |lzl|<2e

€ RV,Q1+1 ("7)7

and established the upper bound. The lower bound can be shown by an almost identical approach. In
particular, since

I B () > )2 I, P (4970 At + ) > )

> inf ]P’g;((AX)“ﬂ{)\(n)Ibefore>u})

T llll<2e

>P(A(n) - Uj > u) — S Pz((AX)C)

where U] (¢, , 1) ~ Geom (H((S/n)p (E~(e), 9, n)) The same calculation above for term (I) can be
used here to provide a lower bound for lim inf,,| o ]P’()\(n) Uy > u) and conclude the proof. O

Now we are ready to prove Theorem [T} the main theorem of this section.

Proof of Theorem|[ 1] Recall that our choice of scaling function A(-) in eq. (J.56) is regularly varying
(w.r.t. n) with index 1 + Jg. Fix some « € G,t > 0 and C € (0, 1). It suffices to show that

limsup P, (0/(n)A(n) > t) < exp(—q(1 — C)*t) + 2C,
740
limiionf P.(c(n)A(n) > t) > exp(—q(1 + O)t) — C.
n
First, we are able to pick some € € (0, 1) sufficiently small such that d(z, G¢) > € and Proposition
[I-23]is applicable. Due to Lemma[J.TT] for event

A2 (Tum(n,€) < p(e)/n, X7} € G¥n < Treum(n, )},
we have lim,, o P, (A) = 1. Next, on event A, we have o(n) — Tieum(n, €) > 0 and HX%elurn(ﬂ o
2e. Moreover, by combining Proposition [J.23] with the strong Markov property at stopping time
T'retum (T], E), we have

limeupIP’z((U(n) — Treturn (7, e)))\(n) >(1-0)t| A) <20 4 exp(—(1 — O)3qt),

tim inf B ((o(n) — Tiewm (. ) M) > £ 4) > ~C + exp(~(L+ C)at).
Observe that
Pr(a(mA(n) > 1) <Po({o(mA(n) >t} 0 A) + Pr(A)
< P ((0(0) = Trum(n, ) A(m) > (1= C)t | A)Pu(4)
+ P ({Tream (1, OA(m) > Ct} 1 A) + Py (A9,
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Besides, on event A we have Tiewm(n,€) < O(1/n) as | 0. Given that A(n) € RV(14 5,)(n), we
have Tiewm (7, €)A(n) < Ct on event A for all ) sufficiently small. Therefore, by applying the bounds
above, we establish that limsup, |, P, (a(n)A(n) > t) < 2C + exp(—(1 — C)3qt). Similarly, in
order to show the lower bound, observe that

Po(a(mA(n) > t) = Pa({o(n)A(n) > t} N A)
> P ((0(0) = Treum(m, ) A(0) > ¢ | A) B, (A).
Taking lim inf on both sides yields lim inf, P, (c(n)A(n) > t) > —C + exp(—(1 + C)qt) and

concludes the proof. O

K PROOF OF TECHNICAL LEMMAS

Proof of Lemma For any € > 0,

B(U(0 > %) = (1-a0) Hel

By taking logarithm on both sides, we have

1nP(U(e) > %) = [1/b(¢)| In (1 - a(e))

e (1= a9) —agq
1/b(e) —af(e) be)

Since lim,_,q ln(ljz) = 1, we know that for € sufficiently small, we will have
ale) 1 a(e)
—e3 2 <P(U() > ) < - K.1
“ho =PUE@ > 55) =~ (K1)
By taking exponential on both sides, we conclude the proof. O

Proof of Lemma|G.4} To begin with, for any € > 0 we have

P(U(9) < %) =1-B(U(9 > %)

Using bound eq. (K.1), we know that for € sufficiently small, P(U(e) > 1/b(e)) > exp(—c -
a(e)/b(€)). The upper bound follows from the generic bound 1 — exp(—z) < z, Va € R with

x =c-a(e)/b(e).

Now we move onto the lower bound. Again, from bound eq. (K.IJ), we know that for sufficiently
small e, we will have

1 1 a(e)
IP(U <—)>1— —— .29
= 59) 2127 5
Due to the assumption that lim. o a(€)/b(e) = 0 and the fact that 1 — exp(—z) > % forz > 0
sufficiently close to 0, we will have (for ¢ small enough) }P’(U(e) < ﬁ) > % . ‘;8 O

Proof of Lemma[G.3] Let ay, = xj, — 7). Using intermediate value theorem, one can easily see that

k
ay = nz (Vg(%j,l) — Vg(xj,l)) +n(z 4+ )t -7
j=1

= llaxll < nC(llaoll + - -~ llax—1]) + <.

The desired bound then follows immediately from Gronwall’s inequality. [
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Proof of Lemmal[J.1} Due to the finiteness of all types 5" with Jiype(j') < Jg. it suffices to fix one of
such 5’ and prove the existence of constants , 9, €g.

Let € be the constants in eq. (J.3). For any r € (0, €), define the following stopping time

7r(x) £ min{t > 0: z,(z) € B(0,7)}.
Due to Assumptions[[.4]and[[.5]as well as continuity in Poincaré Map (see Theorem 12 in Immler &
Traut| (2019)), for any fixed r > 0 we know that 7,.(-) is a continuous function on G. Note that, by
definition, we have 7,.(z) = 0 for any x € B(0, ). Due to G being compact and eq. , we know
the existence of some constant 7. € (0, 0co) such that sup,.s 7-(z) < T} and z;(x) € B(0,r) for
any r € G, t>T,.

Due to Assumption [L.§|and the finiteness of all types j' with Jiype(j') < Jg. there exists a e €
(0,€/2) such that

sup d(i(s, 0;t,w), QC) > 2¢g (K.2)
s>0

for all " with Jiype(§') < Jg, t € {0} x RE/‘_l,w € Ag.y,pe. We fix such ¢g > 0. Here is one
implication that is worth mentioning. Recall that j is fixed in the description of the Lemma and
kK =|j]|. If

] 7 6D By ge) <
;rzlfod(:l:(s,o,t ,w ),Q) €0

for some t*) € {0} x Rifl, w) e Atjype, then we must have
k/
d(z(> t:,0;t%) wh)) G°) < e
i=1

To show the existence of some § > 0 we appeal to a proof by contradiction. (For a clean pre-
sentation, in ¢ and w we omit the (k) term in the superscript since the cardinality is fixed.) As-
sume that we can find a sequence (¢, w”)nZI such that min { [[w} |, -, lwp || } < 1/n and
d(z( S0 8, w™), G ¢) < € for any n. Due to the truncation operator ; () in the definition
of x;, without loss of generality we can replace all jumps wi by ¢y (w}l) to ensure that w7 is always
in a compact set. Define

yi =x(t],0; t" w") Vi =1,2,--- k.

By picking a subsequence when necessary, we can further assume that

e Forany¢ > 1, wgn) converges to some w; and y;* converges to some ¥; . In particular, there

exists some I € [k'] such that wj = 0.
* Also, since G° is a closed set, we have d(y;.,,G°) < €.
e Forany i =2,3,--- k', t? either converges to some finite ¢, or lim,, t? = oco.
* Note that
li7rln t'=0c0=y; =0 (K.3)

for the following reason: for any r € (0, €), our discussion about 7,.(x) at the beginning of
the proof implies that lim sup,, [|y?|| < 7.

Let I be the largest index i € [k’] such that 7 = 0. In case that we cannot find such index, let I = 0.

We first consider the case where I = 0. The bullet points above then imply that, for any 7 > 1, we

must have lim,, ¢} = ¢; < co. Now due to boundedness of ¢; and the continuity of ODE flow, for
t 2 (0,65,85, -, ),

* A * * * *
w = (wl’w2aw37"' 7wk’);
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we have
¥
(O 1,07, w*) =y
i=1
Now recall that w; = 0 for some I € [k']. By removing the vacuous (size-zero) jumps in

(t*,w*), we now know the existence of some k' € N, w* (Rd\O)E, t* € {0} x Rkl such
thatd(i(z *,0;t*,w*),G°) < €. Meanwhile, the condition Jp(§) < Jg implies that, for

i=1 ">

the total cost of jumps in w* after removal of size-zero jumps, Zle J(w j) < Ja. However, this
contradicts eq. (K.2).

Similarly, in the case with I > 1, we have that for any ¢ > f, we must have lim,, ¢} = ¢} < oco. From
the boundedness of ¢} and the continuity of ODE flow, for

£ 2 (0,87t o), (K4)
w* & (w w1+1’ f+2,~-~ L WEr ) (K.5)
we have
T( Y 1,07, w*) = yjh. (K.6)
i=I+1

In particular, if I= 1, then for the index I with w} = 0, we must have that [ > IN, meaning that there
is at least one vacuous jump in w*. The same argument for the case I = 0 above can lead to the same
contradiction with eq. . Otherwise, with I > 2, we already know that the accumulated cost of
all jumps in w* is strictly less than Jg, yet we still have d(%(zl 1t 05t w™), G¢) < €. This
contradicts eq. again.

In summary, we have established the existence of the lower bound § > 0 on jump sizes. We fix such

d > 0. The existence of ¢ < oo can be shown by an almost identical argument. In particular, if such

t < oo does not exist, then by picking a subsequence if needed we are able to find a converging
K9

sequence (t", w")n>1 such that eq. (K.6) holds and I > 1 due to inter-arrival time blowing up to
infinity. In particular, since y; = w} and ||Jw}| > & > 0, we must have I > 2. By considering the

same t*, w* pair in equation and equation [K.5] one can see that the accumulated cost of jumps
in w is strictly less than Jg and yield a contradiction with eq. (K.2). O

Proof of Lemma[J.2] Due to the finiteness of all types 3" with Jiype(5') < Jg. it suffices to fix one of
such j' and prove the existence of the positive constant €;.

To proceed with a proof by contradiction, the assume that such ¢; > 0 does not exists. (For a clean
presentation, in t and w we omit the (k') term in the superscript since the cardinality is fixed.) As a
result, we are able to pick a sequence (z™,t", w™),>1 such that one of the following two cases must
occur:

¢ lim,, |2"|| = 0; Forany n > 1, inf,>o d(Z(s, 2™; t",w™),G%) < €y/2 and there is some
Jjn € [K'] such that 7 > 2t;

* lim, [|2"|| = 0; For any n > 1, inf >0 d(&(s, 2™; t", w™),G%) < €/2 and there is some
jn € [K'] such that ||w? || < 6/2.

We detail the analysis for the first case, as the second case can be addressed by an almost identical
argument. First of all, due to the truncation operator ©p(+) in the definition of &, without loss of

generality we can replace all jumps w7 by <pb( ) to ensure that w7 is always in a compact set.
Define

Y =x(t], 2" t",w") Vi =1,2,-- K.

By picking a subsequence if necessary, we can further assume that
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 Foranyi > 1, w™

* n *
j converges to some w; and Y, converges to some Y, -

* Also, since G is a closed set, we have d(y},,G¢) < €/2.

e Foranyi =2,3,--- ,k/, t7 either converges to some finite ¢, or lim,, ¢} = oo. In particular,
there is some I € [k'] such that lim,, ¢} > 2¢.

* Due to eq. (K.3)), lim,, ¢} = co would imply y = 0.

Let [; = max{i € [k'] : lim, ¢! € [2f,00)} and Iy = max{i € [k] : lim, t? = oo}. If either
of the two sets above is empty, let the corresponding I; or I be 0. The discussion above implies
that at least one of them must be non-zero, so there are only two possibilities: (i) 0 < I7 < Io; (i)
0 < I, < I;. We consider each scenario respectively.

First, if 0 < I; < I, then lim,, y}; = y}z = 0, implying that I < k’. Moreover, for any
i=I+1,I,+2,--- K, lim, t} = t; < co. Using the boundedness of ¢} and the continuity of
ODE flow, for

*

* A * * * A * * * *
= (07t1+l27t2+127"' utk’)v w = (w127w1+12ﬂw2+127"' 7wk’)7

we have 5(21 141, 15, 0", w*) = yj, with d(yj,, G°) < €o/2. However, this contradicts equa-
tion [L.21

Next, in scenario (ii) with 0 < I, < I;, we have lim,, t’fl = ti > 2t. Moreover, for any
i=I+1,I+2,--- ,F, lim, t} = tf < co. Using the boundedness of ¢} and the continuity of
ODE flow, for

tr = = (O t1+12at2+127 e at::’% w”* £ (w;gawT+IQa w;—&-]w o aw;:’)a

we have E(Zz 111, B 05", w*) = yp, with d(y;,, G¢) < €o/2. However, bmw™ is still of type j
with jtype( j) < Jg, and there is some 7 such that ¢} > 2. This would contradict Lemma

In summary, we have established the existence of €; > 0 such that ¢; < 2t is a necessary condition
forany x € B(0,¢;) and any t = (t1,--- ,tx) € {0} X R’i_l,w = (wy, - ,wyr) € A;.ype with

inf>o d(Z(s, 2; tH),wh), G°) < €y/2. As mentioned above, the necessity of [|w;|| > J,/2 can be
shown in an almost identical way. We omit the details here and conclude the proof. [

Proof of LemmalJ3] Since there are only finitely many (i1, - - ,4,,) with T (i1, -+ ,im) < Jg, it
suffices to fix one of such (41, - - - , i, ) and establish the existence of the required €, dy. (Henceforth,
letk=>_ im.)

J=1"m

Assumption [L.8] together with the bound in eq. (J.6), implies the existence of some ¢; € (0, €) such
that

sup d(i(s,O; t(k),w(k)) > €1 (K.7)
>0
for any w® € A(iy,- -+ ,in), t*F) € {0} x Rﬁ__l. For €y = €1/2, we establish the existence of the

prescribed 4 via a proof by contradiction. (Henceforth we drop the notational dependence on (k)
when referencing sequences t(*), w(*) since the cardinality  is fixed.)

u xi u Tn)n>11 , u itives (Sp)n>1. u
Assume the existence of a sequence >1 in RY, a sequence of real positives >1, a sequence

(tn)nzl = (tl’"’ o ’tkan)”zl in {O} X R{T—_l’ and a sequence (w’rL)TLZl = (wl,'ru o 7wk7n)n21 in
A(i1, -+ ,ip) such that lim,, ||z, = 0 and

d<%(3nvxn; tn7wn)agc) < €.

Due to existence of the clipping operator, all jumps wj , can be replaced by ¢, (w, ) without loss of
generality to ensure that all w; ,, are in a compact set. Also, without loss of generality, all s,, can be
chosen as

=inf{s > 0: d(@(s, zp; tn,w,),G°) < €}
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From Assumption eq. , one can see that s,, must be equal to Zgil t; n, for some j, € [k], i.e., it
must be the arrival time of some jump. Moreover, one can easily see that for

Yn = i(snaxrﬁ tnawn)a

we always have d(y,,G) < bso all y,, are in a compact set as well due to the boundedness of G.
Therefore, by picking a subsequence when necessary, we can further assume that

* There exists some j* € [k] such that s, = Zzzl t;n forallm > 1, 1ie. s, is always the
arrival time of the j*—th jump;

* For any j € [j*], there exists some y} such that for y,, ; = E(Eizl tim, Tns tn, Wy)

we have lim, y, ; = y;; In particular, for any j < j* we have d(y;-‘,gc) > €1 and
d(y;k*vgc) S €05

*

* For any j € [k], there exists some w]

k%
Yy = wy.

such that lim, w;,, = w;’f; Moreover, note that

* In particular, (w7, - ,w;) € A(i1, - ,im);

* Forany j € [k], either there exists some t;f < oo such that lim,, ¢, = t;f, orlim, ¢; , = oo
(in this case we let tj = 00); in the latter case, due to the same argument in eq. l) we

must have lim, Z(3>"7_, t;.n, 243 ty, wy) = 0;

*

Obviously, y;. # 0. Let j, 2 max{j = 0,1,---,5% © yj = 0} with the convention that
Yo = 0,95, = Tn. We must have j; < j* and

. hmn y;.lyn = y;l =0
. Foranyj :jl+17ji+27 ’]*’hmnt],n :t; < Q.

Now using the continuity of the ODE flow, we must have that

s

J
L .
hrrlng;( § : tjym Y, mo (th-‘rlm’th-ﬂm’ T vtj*»n)v (wj¢+1»”’wj¢+27m T ij*m))
J=ji+1
i
=~ * . * * * * * * %k
=E( Y 15,05 (8,10t 2 )y (W] W] pae s wS)) =
J=ji+1

However, due to d(y;‘ ,G°) < € and recall our choice of eg = €;/2, for all n sufficiently large, we
must have

%

J
5
~ * . c
A(#( N Ui Gt bz o)y (W51, 052+ 0o 0)),0°) < g
J=ji+1
Meanwhile, using Gronwall’s inequality repeatedly and sup,_; 41, g1t < 00, by substitut-
ing the initial condition y}l » With 0, we have
i
. ~ *
lim ‘ ‘w( > s ¥m (it bz 5 tin)s (Wi 1, Wy 420,77 5 Wi )
Jj=ji+1
i
*33( § tj,nvo; (tj¢+1,n>tj¢+2,n>"' 7tj*,n)a(wj¢+1,nawj¢+2,n7"’ ,wj*,n))H =0.
Jj=ji+1

This implies that, for all n sufficiently large,

i
~ 3
d(w( Z tim, 05 (tj, 1 1,m i 42.ms s tiem)s (Wi, 41,0, Wi, 42,m, - 7wj*,n))7gc) < 16

J=ju+l
However, this contradicts eq. (K.7). This implies the existence of the required dy and concludes the
proof. O
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K.1 SUFFICIENT CONDITIONS FOR ASSUMPTION

In this section, we show that under a proper set of regularity conditions on the boundary set 0G
and the distribution of noises Z,,, Assumption [[.9| will hold for (Lebesgue) almost every b > 0. In
particular, we stress that the C? condition about manifold G in Assumption as well as the
condition that measures S; are absolutely continuous w.r.t. the spherical measure o on S4-1, are
only used to prove that u(h_1 (8Q)) = 0 and will only be applied in this section.

The key of our argument is the following geometric observation regarding the intersection of
C?—manifold G and 9B of some ball B. We stress that, as made evident by the proof, this
lemma is essentially based on two assumptions: (I) As the boundary set of the connected bounded
region G, 0G is a closed set in R (I) As a (d — 1)-dimensional manifold, 9G is of class C?.
Lemma K.1. Let o, be the spherical measure on the sphere of the open ball B(x,b) for any
x € RY b > 0. Under Assumptionsand it holds for (Lebesgue) almost every b > 0 that

0.(0GNOB(z,b)) =0 Vo € R% (K.8)

Proof. The fact that 0G is a subset of a separable metric space implies the existence of a countable
atlas for this manifold. Therefore, we can find a sequence (Uz')z‘zl that are bounded open subsets

of R?~! containing 0, a sequence (Vi)i>1 that are open sets in G (in the metric space induced
by Euclidean distance), and a sequence of injective C2 mapping f; with f; : R¥~! — R and
fi(U;) = V; such that 90G = U, V;.

Next, we zoom in on a specific chart (U;, V;, f;) and observe the following facts. For any = €
Ui,y € Vi with f;(z) = v, there exist some orthogonal matrix Q, € R?*? such that Q,n(y) =
(0,0,---,0,1)T where the vector field n(-) is the outer normal on 9G. Besides, there is some vector
ay € R such that Qyy + a, = 0. Moreover, there exist an open set on U, in R4-1 containing O,
anopensety € V,, C V;, an open set V,, 2 {Q,w + a, : w € V,}, a C? function g, : U, — R
satisfying g, (0) = 0 and

Gy(wi, - wa—1) = wq Yw = (w1, ,wa) € V.

In other words, for any given y on this chart we simply rotate the chart to ensure that the tangent
space at y after rotation is {(x1, - ,24-1,0) : z; € RVi € [d — 1]}, and reparametrize the C*?
diffeomorphism associated to this chart around y so that the coordinates are simply the projection
onto the said tangent space. In this sense, the (rotated) manifold is also the graph of the C? mapping
gy This allows us to define (for any y € 0G)

Aly) 2 (M (T205(0)), 22 (V20 (0)), -+, ha-1(V2,(0)))

where, for any real symmetric (d — 1) x (d — 1) matrix A, A\;(A) > Ao(A) > -+ > A\g—1(A) are
the ordered eigenvalues of the matrix, and V2g,(-) is the Hessian of g,,. It is worth noticing that A(-)
is a continuous function (on 9G) due to the manifold being of class C?.

Restricting our discussion on some fixed chart (U;, V;, f;) for now, for any b > 0, let
Ai(b) 2 {z € U; : fory = fi(z),3j € [d — 1] such that |\; (V?g,(0))| = 1/b}.

Note that for any b > 0, the set .A;(b) is a closed set (hence Borel measurable) since the continuity of
A(-) implies that (.A;(b))° is an open set on U;. Furthermore, since me,(U;) < 0o, there are at most
countably many b > 0 such that my ¢, (A;(b)) > 0. Given the countability of the atlas, we know that

B* £ {b>0: Ji € Ns.t. mpe(A;(b)) > 0}

contains at most countably many elements. In the rest of this proof, we show that eq. holds for
any b > 0 such that b ¢ B*.

Henceforth, we arbitrarily choose some b > 0 such that b ¢ B*. We also arbitrarily choose some
r € R? and let B = B(z,b). To facilitate the discussion, we introduce a concept that is closely
related to the set A;(b): let

A?(b) < {y eV;: f;l(y) € Az(b)} = {y eV A(y) = (bvb"" ’b) or (_b’ —b,- - 7_b)}
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and let A9 (b) 2 U;>1.AY (b). Now consider the following decomposition of the sphere OB:
B, 2 9B N A9 (D),
B, 2 9B\B,.

First, note that for any y € B, one of the following four cases has to occur:

* y ¢ 0G;
* y € 0§ and the vector y — z lies in T},0G, the tangent space of the manifold G at y;

* y € 0G; the vector y — x is not in T},0G yet it is not orthogonal to 17, 0G either, i.e. y — x is
not equal to ¢ - n(y) for any ¢ € R where n(y) is the outer normal at y;

* y € 0G; the vectors y — = and n(y) are linearly dependent.

Our next goal is to show that, in any of these four cases, we can always find a set y € O, that is
open on the sphere OB such that o, (O, N 0G) = 0. Note that this is obviously true when y ¢ 0G,
since both G and 9B are closed sets in R%. Now we consider the second case. If the vector y—x
lies in 1,03, then after applying the affine transformation with orthogonal matrix (), (recall that
Qy”(y) = (07 U aoa 1))’ we have

Qy(y —z) € Q,T,0G = {(w1,-- ,wg—1,0) : w; e RVi € [d—1]}.

Since Q,y + a, = 0, we now know that after the affine transformation, the center of the ball B
moves to

Qur +ay =Quy+ay + Qylx —y) € {(wr, -+ ,wg—1,0): w; e RVi € [d—1]}.

Without loss of generality, we can assume that @,z + a, = (b,0,--- ,0,0). In other words, after the
affine transformation, the ball becomes B, = QyB+a, =B ((b7 0,0,---,0), b). Moreover, for any
w = (w,- - ,wq) € OB, we must have w; > 0 and

(w = b)* + (w2)? + -+ + (wa)” = 7.
Meanwhile, from the definition of the mapping g,,, one can see that there is an open set U,, around y
such that for any w € U, with w € 9G N 0B (hence w = Quw + a, € V, € B,) such that

gy(W)* =% — (W1 = b)* — w5 — -+ — W5

Let f(wy,- -+ ,wa—1) = go(wi, - ,wg—1) + wi — 2bw; + w3 + --- + wj_,. Now we now that

f(0) =0and f(w) =0 forany w € ‘N/y € 8l§y. Moreover, by definition we have Vg, (0) = 0 so
o
Bwy

set U* in R? containing 0, some C? function g* : R%~2 — R such that for any w € I7y N 8]§y NnU*,

(0) = —2b # 0. Due to implicit function theorem, we now know the existence of some open

wy = g" (w2, ,wa-1), wa = gy(wi, -+, Wa—1).
Therefore, within some open neighborhood V" of such y, the set V,; N OB N JG is a submanifold
with dimension d — 2, so we must have

o.b(V; NOBNOG) = 0.

Next, we consider the case where y € G N By but y — « is neither in 7},0G nor orthogonal to
T,0G. Similar to the construction of the affine transformation with @), a,, above, one can find an

orthogonal matrix @y and a vector @, such that @yy +a, = 0and @y(y —x) = (0,0,---,0,b).
Let B = B((0,0,--- ,—b),b). In other words, this time the rotation we constructed ensures that,
after rotation, the vector between @yy + a, = 0 (on the sphere 6ﬁ) and the center @yx + a, of the
ball B is aligned with the d—th axis. Moreover, there is an open set y € V;‘h C R% and a C? function
gt R4 — R with Vg4'(0) # 0 such that for any j € 17;“ 2 @yV;“ + @y, we have

o =G5 W, Ya—1)-
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By applying a change of coordinates if necessary (which can be achieved by multiplying another
orthogonal matrix), we can assume without loss of generality that Vga“( ) =1(0,0,--- ,c) for some

¢ # 0. Then for any w € Vyall such that w € OBNOG, let w = Qyw + ay and note that we must have

wi+ws + - wig A+ (b4 (w, ,wd—1))2 =%

In particular, g2 (wy, - -+, wg—1) = cwq—1+7(w ) for some C? function r with (0) = 0, Vr(0) = 0.
As a result, for function f(w) 2 w? + w3 + -+ wi_ | + (b+ g (wy, - - ,wd_l))Q. we have
__0 f(O) = 2bc # 0. Using implicit function theorem again, one can see the existence of some
dU)d,1

openset 0 € V* € R? and some C? function g* : R%~2 — R such that for any w € VynognoB,
we have that (for w £ @yiﬁ +ay)

Wq—1 :g*(wla"' 7wd—2)a wd_ggh(wla . 7wd—l)-

Again, we have established that within some open neighborhood V" of such y, the set V.7 N B N 9G
is a submanifold with dimension d — 2, so we must have

o.5(V; NOBNAG) = 0.

Lastly, consider the case where y € 9G N By and the vectors y — x and n(y) are linearly dependent.
In other words, the tangent space 7,0 is also the tangent space T,,0B. Since y ¢ B1, we know
that g, (w) = w” Ayw + r1(w) where A, is a real symmetric matrix with no eigenvalue equal to
+1/band 1 is a C2 function with |ry (w)| = o([Jw||*). On the other hand, for any @ in the open set
V, C 0G, if we also have w € 9B N 9§, then for w = Q,w + a, we have

wq = gy(wy, -+ ,Wa-1) = \/b2—w%—w§ — e —wi b, (K.9)
Also, note that \/b2 —w?—wi——wi  —b=—1(wy, -, wa ) = (wi, - wam1)" +
ro(wy, -, wq_1) where ro is also a C2 function with |r5(w)| = o(||w||*). Therefore, for any
(w1, -+ ,wq—1) satisfying the equation eq. (K.9), we have
1 I,
5(’[!}1, e 7wd71)(Ay - Tl)(wla e 7wd71)T = —7“1(11)1, e 7wd71) + TQ(wla e 7wd71)~

| P
b b

implying the existence of some € > 0 such that

1 I,_
‘g(wl,"' swi—1)(Ay — %)(wlw“ awd—l)T‘ > e(wi + -+ wi_y).
For this fixed € > 0, we can also find § > 0 such that
€
| —ri(wi, - s wig—1) + r2(wr, -+ ,wa—1)] < §(w% et wig)

for any w? + -+ +w3_, < 8. As aresult, the only solution to eq. (K.9) with w? +--- + w2 | <§
isw; =wg =--- ,wy—1 = 0. In summary, we have shown that there exists some set y € Vy* that is

open in R? such that Vs N 9B N G = {y}.

Collecting the results we have established so far, we now know that for any y € B; (recall that B; is
an open set on 9B), there is an open set V,* containing y and satisfying o, ,(V,; N 9B N 9G) = 0.
In particular, given the open cover Uycp sz = By, Lindelof property then allows us to extract a
countable open U@lV = B; cover and conclude that

o2 s(B1N0G) <Y 0,4(Vy NOBNIG) = 0.

i>1
Moving on, we evaluate o, (B2 N 9G). For any y € 0B, one of the four cases has to occur:
<y & A9(b);
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* y € AY(b) and the vector y — x lies in T,,0G, the tangent space of the manifold 9G at y;

* y € AY9(b); the vector y — x is not in T,,0G yet it is not orthogonal to TG either, i.e. y —
is not equal to ¢ - n(y) for any ¢ € R where n(y) is the outer normal at y;

* y € A9(b); the vectors y — = and n(y) are linearly dependent.

Again, we show that in any of these four cases, there is some set y € V7 open in dB such that
02 5(A9(b) NV;7) = 0. In the first case, the fact that A9 (b) is closed on dG immediately implies the
existence of some V, such that A9(b) N V. = 0. For the second and third case, this can be shown
using exactly the same implicit function argument above. For the last case where y € A9 (b) N OB

and the vectors y — z and n(y) are linearly dependent, from 3 € .A9(b) N OB we know that y € V;
where (U;, V;, fi) is a chart of G and V; is open on 9G. Moreover, recall the construction of open set
y € V,, C V; at the beginning of the proof. It is worth noticing that V; N.A9 (b) = V;N.AJ (b). Besides,
due to the fact that the vectors y — = and n(y) are linearly dependent, we know that the tangent
space T;,0G is also the tangent space T}, 0B. Therefore, by definition of g, and @, a,;, we know that
Qyy + ay = 0, and under the affine transformation, the ball becomes B((0, 0, - - - , +b), b). Without
loss of generality, we assume it is B = B((0,0,--- ,b),b). Moreover, since b ¢ B*, we have that
mres({w € Uy : x € A;(b)}) = 0 where, as defined at the beginning of the proof, U, is the domain
of the C? mapping g, V, is the image of the mapping, and V,, = {Q,w + a,, : w € V, } is the
image of V, under the affine transformation. Therefore, for any w € Aig (b)N OB, let w = Quw+ay
and we must have

wg = gy(wi, -+, wa—1) = —b+ \/b27w57w37~~7w3_1,

(wy,- ,wa_1) € {w e Uy : x € Ai(b)}.

Now let V = {Qg(v - ay) : v = (wy,+ ,wg—1,—b +

\/b2 —w? —w}—---—w3_,) forsome w € (795} and note that y € V7 is an open set on

OB. (Specifically, note that we simply identify an open set on the transformed sphere 8§y, and then
perform the inverse transformation to move the set back to the original sphere OB.) Then it follows

immediately from mpe,({w € ﬁy cx e Ai(b)}) = 0that oy, (A9 (b) N V7)) = 0.

In summary, for any y € OB, we can find asety € V7 open on OB such that o 5 (Ag(b) N Vy*) =0.
Lastly, by applying Lindeldf property again, we extract a countable open cover U; 1V, = Bo cover
and conclude that

oap(OBNAT(D) <D aay(A9(D)N V) =0

i>1

and this concludes the proof. O

As a result of Lemma[K:1] the following Lemma is essentially built upon three assumptions/facts: (I)
As a boundary set, 0§ is a closed set in R4 (1) As a (d — 1)-dimensional manifold, 0G is of class
C?; (III) The measures S; in Assumptionare absolutely continuous w.r.t. the spherical measure
o.

Lemma K.2. Under Assumptions[l 1| [[.3|and|L.6] it holds for (Lebesgue) almost every b > 0 that

u(h_l(ﬁg)) =0.

Proof. Fix some b > 0 satisfying the conditions in Lemma Recall that p = 3 (i) M (see

eq. (J.40)). It suffices to show that p; (if1 (89)) = 0 for some fixed j € j(i*). In particular,
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observe that
1 (’fl (39))

/ti+1>0, oiGSdfl, r; >0 ViG[k*fl]

. (/ L{B*(ry - e 1,01, O 1t o te) + oo(r O ) € OG)
O €S=1 rpx >0

k*—1
S (O iy (drk*)) 1 e, (drs) x S, (d63) x mroves(dtin) (K.10)

i=1
where the function h* is defined as

h*(’f'l,"' 7rk’*—1a017“' 5016*—17t27“' atk*)
k1

SZ(Y t,05(0, g, tge1), (11601,720, -+ The 160k 1))
=2

Let 2 2 h*(ry, ,Tge—1,01, -+ ,0p«_1,t2, -+ ,t;+). Now by separating the two cases based on
whether the truncation operator takes effect or not, we have

/ Il{h*(rh-" JThx 1,01, Opx 1,0, s tgx ) + @p(TxOpx ) € ag}
0+ €SA=1 x>0
* 8w (A0 oy, (drye-)

= / ]l{Z + rpe O € 6Q}Sjk* (dBy )Vaj . (dri-) (K.11)
01+ GSdfl,Tk* G(O,b) k

+/ 1{z + bby- € 0G}S;,. (dbp+) / Vay, . (dri-). (K.12)
O €Sd—1 r

k* >b

For term eq. (K.11), note that itis equal to [ 1{T~"(rg+, 04+ ) € (—2+0G)NIB(0,b) }Sj,. (df~ ) x
Vay, . (drg-) where T~ '(r,0) = rf is the inverse of the polar coordinate transform. Furthermore,

since the set (—z +dG) NOB(0, b) is either empty or is a (d — 1)-dimensional C? submanifold (w.r.t.
B(0,b) when viewed as a d—dimensional manifold). In other words, it has zero mass under m,.

For the measure v* £ T~ o (S;,. x Vay, . ), due to S; being absolutely continuous w.r.t. o, it is
easy to see that v* is absolutely continuous w.r.t. mg,, . Therefore, we must have

v*((—z4+0G) N oB(0,b)) =0,

implying that the integral in eq. (R-IT) = 0. On the other hand, for term eq. (K:12)), we know that
frk*>b Vo, « (dry-) = 1/b' T+ < oo, Besides,

[ il cog)san) = [
0« €Sa—1

Sd—

1{z + b0 € G N OB(z,b)}S;,. (d6).

Then it follows immediately from Lemma and S; being absolutely continuous w.r.t. the spherical
measure o that the integral in term eq. is equal to 0. In summary, we have shown that

/ ]l{h*(rlv e 7Tk*—1a917 T 79k*—17t27 T 7tk*) + <Pb(7’k*9k*) € 3@}
0% €SA=1 rps >0
. Sjk:* (d@k*)l/ajk* (d?“k*) =0

for any (r1, -+ ,7pr—1,61, - ,0k=—_1,ta, - ,tr~). Plug this result back into eq. (K.10) and we
conclude the proof. O

L NOTATIONS

Table [L 1] lists the notations used in Section [Gl
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- S =

Y=

M
L
Q

P> Pe
Z<6m
Zzon
T} 55)
W)
Xjl(x)
yi(z)

V()

Yo (zit,w)
x"(t, x)

x(t, x)

X' (t, z;t,w)

A(n,n,€,0)

Vo

Table L.1: Summary of notations frequently used in Section [G]

{1,2,...,k}

Learning rate (gradient descent step size)

Truncation threshold of stochastic gradient

An accuracy parameter; typically used to denote an e—neighborhood of s;, m;
A threshold parameter used to define large noises

A constant defined for eq. -eq. li Since € < €, in eq. lb the claim holds

for |z — y| < € Note that the value of the constant € does not vary with our choice of
"77 67 6

Upper bound of |f’| and | f”| eq. (G.10
eq. (G.10

Radius of training domain
The open interval (s_, s ); a simplified notation for €;

ve(w) 2 o(w,c) & (wAe)V(—c) truncation operator at level ¢ > 0

Z,1{n|Z,| <} “small” noise eq. (G.20

Z,1{n|Z,| > ¢} “large” noise eq. (G.21

min{n > T} ,(6) : 1|Z,| > 0} arrival time of j-th large noise eq. (G.22

ZT]."(é) size of j-th large noise eq. (G.23

X741 (@) = o1 (X2(@) = (0 (X)) = Zas)) ), X(@) =@ SGD
Yi(@) =¥ (@) = nf (v (2), yo(z) == GD
y?(z) perturbed by large noises (T"(d), W"(9)) GD + large jump
¥ (z) perturbed by noise vector (t, w) perturbed GD
dx"(t;x) = —nf’ (X"(t; z))dt, x1(0;2) =« ODE
x!(t, x)

x"(t, z) perturbed by noise vector (t, w) perturbed ODE

ke[n/\r(ril%}((&)—l)] nZy+ -+ Zk| < e}. eq. (G.42

r = min{—s_, s, }. Effective radius of the attraction field 2.

I* £ [r/b]. The minimum number of jumps required to escape §2 when starting from
its local minimum m = 0.

A mapping defined as h(w, t) = X(¢;-,0;t, w).

eq. -eq. tl
t(€) £ ¢, log(1/€). The quantity £(¢) /n provides an upper bound for the time it takes x”
to return to 2e—neighborhood of local minimum m = 0 when starting from somewhere
e—away from s_, s;. See eq.

{(w,t) CR" xR, 71 i h(w,t) € [(s— —€) V (—L), (54 +¢) AL}

The probability that, for t = (7}'(6) — 1);:1 and w = (nWjﬁ(é))zzl, we have
(w,t) € E(e) conditioning on {77 (§) = 1}. Intuitively speaking, it characterizes the
probability that the first {* large noises alone can drive the ODE out of the attraction
field. Defined in eq. @

The Borel measure on R with density

Necessary conditions for i (w, t) to be outside of

ap4
1‘0‘+1

ap_
s

vo(dz) = 1{z > 0}

+ 1{z < 0}

where p_, p are constants in Assumption 2 in the main paper.
The product measure 1 = ()" x (Leb, )" ~1.

min{n > 0: X! ¢ Q}. first exit time
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H(zx) P(|Z1| > x) =2~ *L(x)
Trewm(€,m)  min{n > 0: X]1(z) € [—2¢,2¢]}
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M RESULTS ABOUT TAIL DISTRIBUTIONS OF NOISES IN OUR NUMERICAL
EXPERIMENTS

M.1 QQ PLOTS

QQ plots below clearly show that the tails in noise distribution are always much lighter than the
Pareto distributions with alpha = 2 or even 10. In fact, the tail of noise distributions seem to be
between that of lognormal and normal distributions, implying that it is lighter than any power-law
distribution.

Pareto, « =2  Pareto,a =5  Pareto, o« = 10 Lognormal Normal
| — . - : — : - ~
e I N - I / /

Pareto, o = 2

‘‘‘‘‘‘‘‘‘‘‘‘ :

Figure M.2: Ablation Study, Corrupted FMNIST & LeNet: Half way through the training

Pareto, o = 2 Pareto, « =5  Pareto, o« = 10 Lognormal Normal
‘//" Hm// ,/” - s

Pareto, o« = 2 Pareto,a =5  Pareto, o« = 10 Lognormal Normal

‘‘‘‘‘‘‘‘‘‘‘‘ : osbiy ot eroasiey po: Probabity ot rranabiy i

Figure M.4: Ablation Study, SVHN & VGG11: At the beginning

Pareto,a« =2  Pareto,« =5  Pareto, @ = 10 Lognormal Normal
// [ = ) s

Figure M.5: Ablation Study, SVHN & VGG11: Half way through the training
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Pareto, o = 2 Pareto, « =5  Pareto, o« = 10 Lognormal Normal

ity ot it e

Pareto, o = 2 Pareto, « =5  Pareto, o« = 10 Lognormal Normal
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Figure M.7: Ablation Study, CIFAR10 & VGGI11: At the beginning

Pareto, o = 2 Pareto, « =5  Pareto, o = 10 Lognormal Normal
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s

Figure M.8: Ablation Study, CIFAR10 & VGG11: Half way through the training
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Figure M.9: Ablation Study, CIFAR10 & VGG11: At the end of training

rrrrr iy o
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Figure M.10: Data Augmentation, CIFAR10 & VGG11: At the beginning

Pareto, o« = 2 Pareto, « =5  Pareto, o« = 10 Lognormal Normal
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Figure M.11: Data Augmentation, CIFAR10 & VGG11: Half way through the training
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Pareto, o« = 2 Pareto,« =5  Pareto, o« = 10 Lognormal Normal
— — e — i e _
- 5 TR ! 2

Figure M.12: Data Augmentation, CIFAR10 & VGG11: At the end of training

Pareto, o = 2 Pareto, « =5  Pareto, o« = 10 Lognormal Normal
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Figure M.13: Data Augmentation, CIFAR100 & VGG16: At the beginning

Paret

Figure M.14: Data Augmentation, CIFAR100 & VGG16: Halfway through the training

Pareto, o« = 2 Pareto, « =5  Pareto, o« = 10 Lognormal Normal
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Figure M.15: Data Augmentation, CIFAR100 & VGG16: At the end of training
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M.2 EMPIRICAL MEAN RESIDUAL LIFE (EMRL) PLOTS

It is well known that the mean residual life blows up to infinity if and only if the distribution is
heavy-tailed (more precisely, long-tailed). However, from the figures below, one can see that none
of the EMRL exhibits such a pattern in any case tested in our experiments. Instead, we see clear
downward trends, which strongly suggests light tails in all cases tested.
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Figure M.16: Plots of empirical mean residual life for noises in FMNIST&LeNet Task throughout

training
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Figure M.17: Plots of empirical mean residual life for noises in SVHN& VGG 11 Task throughout

training

Beginning

Middle

End

L

-

Figure M.18: Plots of empirical mean residual life for noises in CIFAR 10& VGG 11 Task throughout

training
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Figure M.19: Plots of empirical mean residual life for noises in dataAug, CIFAR 10&VGG 11 Task

throughout training
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Figure M.20: Plots of empirical mean residual life for noises in dataAug, CIFAR 100& VGG 11 Task
throughout training

M.3 HILL PLOTS

In the hill plots below, the estimated power-law indices using only the top 1% of samples (on the left
hand side of the dashed lines) stay well above 10 for the most part and almost never drop below 2.
This strongly suggests that even if the gradient noises are from a heavy-tailed distribution, it is likely
to have a very high power law index (implying relatively lighter tails), and hence, we cannot expect
to observe a prominent heavy-tailed behavior from them.

Beginning End

Middle

Figure M.21: altHill Plots for noises in FMNIST&LeNet Task throughout training. Dashed Red Line:
Estimation based on the largest 1% data
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Figure M.22: altHill Plots for noises in SVHN&VGG 11 Task throughout training. Dashed Red Line:
Estimation based on the largest 1% data
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Beginning End

Figure M.23: altHill Plots for noises in CIFAR 10& VGG 11 Task throughout training. Dashed Red
Line: Estimation based on the largest 1% data

Beginning End

Figure M.24: altHill Plots for noises in Data Augmentation, CIFAR 10& VGG 11 Task throughout
training. Dashed Red Line: Estimation based on the largest 1% data
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Figure M.25: altHill Plots for noises in Data Augmentation, CIFAR 100& VGG 16 Task throughout
training. Dashed Red Line: Estimation based on the largest 1% data

Table M.1: Power-law Indices Estimation throughout the Training, using PLFIT. All the estimations
are at least 5 for all cases tested in our experiments, and most of the times the estimation is above
10. This means that even under the assumption that the gradient noises were from a heavy-tailed
distribution, they should have much lighter tails than any a-stable distribution (which requires a < 2)
or the heavy-tailed noises we injected during tail inflation experiments (o = 1.4).

Task Beginning Middle End
FMNIST, LeNet 14.3 14.2 16.5
SVHN, VGGl11 5.0 52 12.5
CIFAR10, VGG11 9.2 6.6 7.0
dataAug, CIFAR10, VGG11 16.2 16.2 8.5
dataAug, CIFAR100, VGG16 35.1 14.4 5.35
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