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Abstract

The dynamical stability of optimization methods at the vicinity of minima of the loss has recently
attracted significant attention. For gradient descent (GD), stable convergence is possible only to
minima that are sufficiently flat w.r.t. the step size, and those have been linked with favorable
properties of the trained model. However, while the stability threshold of GD is well-known, to
date, no explicit expression has been derived for the exact threshold of stochastic GD (SGD). In this
paper, we derive such a closed-form expression. Specifically, we provide an explicit condition on
the step size that is both necessary and sufficient for the linear stability of SGD in the mean square
sense. Our analysis sheds light on the precise role of the batch size B. In particular, we show that
the stability threshold is monotonically non-decreasing in the batch size, which means that reducing
the batch size can only decrease stability. Furthermore, we show that SGD’s stability threshold
is equivalent to that of a mixture process which takes in each iteration a full batch gradient step
w.p. 1 — p, and a single sample gradient step w.p. p, where p = 1/B. This indicates that even with
moderate batch sizes, SGD’s stability threshold is very close to that of GD’s. We also prove simple
necessary conditions for linear stability, which depend on the batch size, and are easier to compute
than the precise threshold. Finally, we derive the asymptotic covariance of the dynamics around
the minimum, and discuss its dependence on the learning rate. We validate our theoretical findings
through experiments on the MNIST dataset.
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1. Introduction

The dynamical stability of optimization methods has been shown to play a key role in shaping the
properties of trained models. For instance, gradient descent (GD) can stably converge only to minima
that are sufficiently flat with respect to the step size (Cohen et al., 2021), and in the context of neural
networks, such minima were shown to correspond to models with favorable properties. These include
smoothness of the predictor function (Ma and Ying, 2021; Nacson et al., 2023; Mulayoff et al.,
2021), balancedness of the layers (Mulayoff and Michaeli, 2020), and arguably better generalization
(Hochreiter and Schmidhuber, 1997; Keskar et al., 2016; Jastrzebski et al., 2017; Wu et al., 2017,
Ma and Ying, 2021). While the stability threshold of GD is well-known, that of stochastic GD
(SGD) has yet to be fully understood. Several empirical works studied SGD’s stability (Jastrzebski
et al., 2019, 2020; Cohen et al., 2021; Gilmer et al., 2022), yet they did not determine a definitive
stability condition. Various theoretical works studied SGD’s dynamics using linear stability, i.e., via
second-order Taylor expansion at the vicinity of minima, focusing on stability in the mean square
sense (Wu et al., 2018; Granziol et al., 2022; Velikanov et al., 2023), higher moments (Ma and Ying,
2021), and in probability (Ziyin et al., 2023). However, these works either do not provide explicit
stability conditions or rely on strong assumptions. For example, Wu et al. (2018); Ma and Ying (2021)
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present the condition as a complex optimization problem. Similarly, Granziol et al. (2022) consider
infinite network widths and make strong assumptions on the nature of the batching noise. Likewise,
Velikanov et al. (2023) analyze SGD with momentum, assuming momentum parameter close to 1 and
“spectrally expressible” dynamics, and present their result in terms of a moment generating function.
Overall, the exact stability threshold of SGD in the general case remains unknown.

In this paper, we analyze the linear stability of SGD in the mean square sense. We start by
considering interpolating minima, which are common in training of overparametrized models. In
this case, we provide an explicit threshold on the step size 7 that is both necessary and sufficient
for stability. Our analysis sheds light on the precise role of the batch size B. In particular, we show
that the maximal step size allowing stable convergence is monotonically non-decreasing in the batch
size. Namely, decreasing the batch size can only decrease the stability threshold of SGD. Moreover,
we show that this threshold is equivalent to that of a mixture process that takes in each iteration a
full batch gradient step w.p. 1 — p, and a single sample gradient step w.p. p, where p ~ 1/B. This
suggests that even with moderate batch sizes, SGD’s stability threshold is very close to that of GD’s.
Although our result gives an explicit condition on the step size for stability, its computation may still
be challenging in practical applications. Thus, we also prove simple necessary criteria for stability,
which depend on the batch size and are easier to compute.

Next, we turn to study a broader class of minima which we call regular. Specifically, in
interpolating minima, the loss of each individual sample has zero gradient and a positive semi-
definite (PSD) Hessian. In regular minima, the individual Hessians are still required to be PSD, but
the gradients can be arbitrary. Only the average of the gradients over all samples has to vanish (as in
any minimum). In this setting, the dynamics can wander within the null-space of the Hessian, if the
gradients have nonzero components in that subspace. However, the interesting question is whether
the process is stable within the orthogonal complement of the null space. Here we again provide an
explicit condition on the step size that is both necessary and sufficient for linear stability. We further
derive the theoretical limit of the covariance matrix of the dynamics, as well as the limit values of
the expected squared distance to the minimum, the expected loss, and the expected squared norm
of the gradient, and show how they all decrease when reducing the learning rate. This provides a
theoretical explanation of the behavior encountered in common learning rate scheduling strategies.

Finally, we validate our theoretical results through experiments on the MNIST dataset (LeCun,
1998). These confirm that our theory correctly predicts the stability threshold of SGD, and its
dependence on the batch size. Furthermore, the experiments suggest that SGD converges at the
edge of its (mean-square) stability region at least in certain training regimes, which is an interesting
subject for future research.

Contributions. To summarize, our main contributions are as follows.

* We derive a closed-form expression for the maximal step size with which mini-batch SGD is
linearly stable in the mean square sense. The threshold depends on the batch size (Thm. 5).

* We prove that the stability threshold is monotonically non-decreasing with the batch size, so
that smaller batches can only compromise stability (Prop. 6).

* We show that the stability threshold of mini-batch SGD is the same as the stability threshold
of an algorithm that randomly chooses in each iteration whether to perform a GD step or a
single-sample SGD step, where the probability is roughly one over the batch size (Prop. 7).

* We determine a lower bound on the batch size such that the stability threshold of SGD is close
to that of GD (Prop. 8).
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* We provide simpler necessary conditions for the linear stability of mini-batch SGD (Prop. 9).

* Apart from the common setting of interpolating minima, we also study a large family of non-
interpolating minima. For interpolating minima, SGD converges below the stability threshold.
In contrast, for non-interpolating minima, SGD randomly wanders around the minimum. Here
we again derive a closed-form for the stability threshold, as well as an expression for the
covariance matrix of the dynamics (Thm. 11 and Thm. 12).

* Key to our derivations is a fundamental algebraic result, which we prove for sums of Kroneker
products of symmetric matrices (Thm. 14).

2. Background: Linearized dynamics

Let /; : R? — R be differentiable almost everywhere for all i € [n]. We consider the minimization
of a loss function

£(9) = iZ&-(@ (1)

using the SGD iterations )
0111 =0; —nVL(0;). (2)

Here, 7 is the step size and L is a stochastic approximation of £ obtained as

=2 > 6, 3)
1€B
where B; is a batch of size B sampled at iteration ¢. We assume that the batches {B;} are drawn
uniformly at random from the ( ) possible options, independently across iterations. Namely, there
are distinct samples within each batch and possible repetitions between different batches.
Analyzing the full dynamics of this process is intractable in most cases. Yet near minima, accurate
characterization of the stability of the iterates can be obtained via linearization (Wu et al., 2018; Ma
and Ying, 2021; Mulayoff et al., 2021), as is common in the analysis of nonlinear systems.

Definition 1 (Linearized dynamics) Ler 0% be a twice differentiable minimum of L, and denote

g; £ V(0),  H; 2 V(0%). 4)
Then the linearized dynamics of SGD near 0* is given by
01 =0~ 1> Hi(6—6)— > g, 5)
zE%t ze%t

Note that since 8™ is a minimum point of £ we have that

o 1
(07) = n};g =0. (©6)
1=
Furthermore, the Hessian of the loss, which we denote by H, is given by
H 2 V2L(0%) = ZH (7

Thus, the linearized dynamics are in fact SGD iterates on the second-order Taylor expansion of £
at 0%,

L£(6) = L(6") + %(9 —0°)TH(0 - 6%). (8)
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3. Stability of first and second moments

Our focus is on the stability of SGD’s dynamics at the vicinity of minima. We specifically examine
the dynamics within two subspaces: the null space of the Hessian H at the minimum, and its
orthogonal complement. We denote the projection of any vector v € R? onto the null space of H
by v, and its projection onto the orthogonal complement of the null space by v*.

Multiple works studied the stability of SGD’s dynamics. Commonly, this was done by analyzing
the evolution of the moments of the linearized dynamics (see Sec. 2) over time, with a specific
emphasis on the second moment, which is the approach we take here. However, before discussing the
evolution of the second moment, let us summarize the behavior of the first moment. Specifically, it is
easy to demonstrate that the first moment of SGD’s linearized trajectory {IE[,]} is the same as GD’s.
Since GD is stable if and only if n < 2/A\nax(H ), we have the following (see proof in App. B.2).

Theorem 2 (Stability of the mean) Assume that 0* is a twice differentiable minimum. Consider
the linear dynamics of {0} from Def. 1 and let

2

* 2
nmean - Amax(H) . (9)

Then
1. E[0)] =E[6)] forallt > 0;

2. limsupHE [Ot] A H is finite if and only if n < 0} cans

t—00
3. lim [[E[07] — 07| = 0if 0 < nfcan-

We next proceed to analyze the dynamics of the second moment, which determine stability in
the mean square sense. Note that boundedness of the first moment is a necessary condition for
boundedness of the second moment. Therefore, the condition < n} ..., is a prerequisite for stability
in the mean square sense. However, how much smaller than 7, ..., is SGD’s mean square stability
threshold, is not currently known in closed-form. Here, we determine the precise threshold for the
mean square stability of SGD’s linearized dynamics. To achieve this, we leverage the approach taken
by Ma and Ying (2021), who investigated the stability of SGD in the context of interpolating minima.

3.1. Interpolating minima

We begin by studying interpolating minima, which are prevalent in the training of overparametrized
models. In this case, the model fits the training set perfectly, which means that these global minima
are also minima for each sample individually. This is expressed mathematically as follows.

Definition 3 (Interpolating minima) A rwice differentiable minimum 0™ is said to be interpolating
if for each sample i € [n] the gradient g; = 0 and the Hessian H ; is PSD.

In this setting, Ma and Ying (2021) showed that the evolution over time of any moment of SGD’s
linearized dynamics is fully tractable. Specifically, for the second moment, they proved the following.
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Theorem 4 (Ma and Ying (2021), Thm. 1 + Cor. 3) Assume that 0 is a twice differentiable inter-
polating minimum. Consider the linear dynamics of {0} from Def. 1, and let

n—B n?

Q(UaB)é(I—ﬁH)®(I—UH)+mn

> (Hi® H; — H® H), (10)
=1

where @ denotes the Kronecker product. Then limsupE[||0; — 0*|?] is finite if and only if
t—o0

o lQELB) vee (=) _ )

2eSt (Rixd) 1Z]p B

where S, (R¥*?) denotes the set of all PSD matrices over R¥%.  Furthermore, if the spectral
radius p(Q(n, B)) < 1 then limsupE |0, — 0*||?] is finite.
t—o00

Below, we omit the dependence of Q@ on 7 and B whenever these are not essential for the discussion.
In this theorem, X represents the second-moment matrix of 8; — 6. Specifically, the matrix
3 = E[(8; — 0%)(8; — 0*)T] evolves over time as vec(X11) = Q vec(X;). Therefore, the stability
condition of (11) simply states that if the dynamics of the dominant initial state of the system
(which is restricted to PSD matrices) is bounded, then XJ; is bounded and vice versa. However, this
characterization leaves us with a constrained optimization problem over a d?-dimensional space,
which is hard to solve numerically. Therefore, this approach does not reduce the problem into a
condition from which we can gain any theoretical insight into SGD’s stability.

Our first key result is that the constrained optimization problem in (11) can be reduced to an
eigenvalue problem. Specifically, we establish (see Sec. 3.3) that when the eigenvectors of the d? x d?
matrix @ are reshaped into d X d matrices, they correspond to either symmetric or skew-symmetric
matrices'. Moreover, the top eigenvalue of @ is a dominant eigenvalue, and always corresponds to a
PSD matrix. Consequently, the maximizer of (11) is the top eigenvector of Q, which we use, along
with some algebraic manipulation, to derive the following result (see proof in App. B.8).

Theorem 5 (Mean square stability for interpolating minima) Assume that 0 is a twice differ-
entiable interpolating minimum. Consider the linear dynamics of {0} from Def. 1, and let

1 IR
C42_HoH, Dé(l—p)H®H+p—§ H,® H;, (12)

2 ni—

where @ denotes the Kronecker sum and p = % € [0,1] . Define

2
* A

e — 13
nV&I‘ )\max (CTD) ( )

where C' denotes the Moore-Penrose inverse of C. Then
1 B't' = Og (surely) for all t > 0;
2. limsup E[||0;- — 6**||?] is finite if and only if n < 0}y
t—o0

: 1L p*Ll2 — . *
3. tliggoE[Het 0 || ] 0 lf77 < Tlvar-

1. Eigenbases corresponding to eigenvalues of multiplicity greater than one, always have a basis consisting of symmetric
and skew-symmetric matrices.
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This result provides an explicit characterization of the mean square stability of SGD. Here we see
that the set of step sizes that are stable in the mean square sense, is an interval. This is in contrast to
stability in probability, where the stable learning rates can comprise of several disjoint intervals (Ziyin
et al., 2023). Moreover, SGD’s threshold, 7}, ., has the same form as the threshold for GD, 2/ Apax,
but with a different matrix. In App. J] we show how Thm. 5 recovers GD’s condition when B = n.

The dependence of 7, on the batch size B may not be immediate to see from the theorem.
However, we can prove the following (see proof in App. D).

Proposition 6 (Monotonicity of the stability threshold) Assume that 0" is a twice differentiable
interpolating minimum. Then 7}, is a non-decreasing function of B.

This result implies that decreasing the batch size can only impair stability, which settles with empirical
observations, e.g., in (Wu et al., 2018, Fig. 1). Additionally, since 73, is non-decreasing with B, and
for B = n it equals 7%,.,,,,, We have that the gap between Ay (CTD) and Aoy (H ) is nonnegative
for all B € [1,n] and non-increasing in B. For stable minima, )\maX(CTD) is bounded from above
by 2/n. This suggests that training with smaller batches leads to lower Apyax(H ), i.e., flatter minima,
which aligns with experimental results (Keskar et al., 2016; Jastrzgbski et al., 2017).

At what rate does 7}, increase with B towards 7 .,,? To understand this, note that D is a
convex combination of two matrices, where p represents the combination weight. The first matrix,
H ® H, is associated with full batch SGD (B = n), while the second matrix, % Z?:l H,® H;,
is related to single sample SGD (B = 1). We can use this fact to explain the effect of the batch
size on dynamical stability by presenting an equivalent stochastic process that has the same stability
threshold as SGD (see proof in App. E).

Proposition 7 (Equivalent mixture process) Let ALG(p) be a stochastic optimization algorithm
in which

(14)

0., — 0, —nVi;,(0,) wp. Dp,
t+1 =
0, —nVL(O) wp 1-p,

where {i,} are i.i.d. random indices distributed uniformly over the training set. Assume that 0™ is a
twice differentiable interpolating minimum. Then when p = anB , ALG(p) has the same stability

(n—1)
threshold in the vicinity of 0* as SGD with batch size B.

In simpler terms, ALG(p) is a mixture process that takes in each iteration a gradient step with a batch
of one sample (B = 1) with probability p and with a full batch (B = n) with probability 1 — p.
This result shows that the stability conditions of SGD and of ALG(p) are the same for p = B’(‘;ﬁ) .
For n > B, we get p ~ 1/B. Thus, Prop. 7 implies that, in the context of stability, even moderate
values of B make mini-batch SGD behave like GD. We next quantify how large B needs to be in

order for the gap between 7}, and n}; ..., to be small (see proof in App. F).

Proposition 8 (Stability gap) Define E=1%"" | (H; — H)® (H; — H) and lete € (0,1). If

1 —¢ Amax(CTE)

B >
- ¢ Amax(H)

15)

then
(1 - g)nrtlean < n;kar < nrtlean' (16)
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Here FE captures the variance of the per-sample Hessians. Thus, this result suggests that when these
Hessians are similar (i.e., the entries of E are small), moderate batch sizes are sufficient to guarantee
a small gap between 7}, ., and 77,.. On the other hand, if the variance of the Hessians is large, then
the batch size B is expected to be large for the stability thresholds of SGD and GD to be close. We
note that while propositions 6-8 were presented in the context of interpolating minima, they also
apply to regular minima (see Sec. 3.2).

Although Thm. 5 provides an explicit threshold for the step size, its computation may be
challenging in practical applications, as it requires inverting, multiplying, and computing the spectral
norm of large (d? x d?) matrices. Still, we can obtain necessary criteria for stability that are simple
and easier to verify, and which also depend on the batch size. To do so, we compute quadratic forms
over CT D with non-optimal yet interesting vectors. In this way, we bound Ay ax(C TD) from below
to get the following result (see detail and proof in App. G).

Proposition 9 (Necessary conditions for stability) Let vy,.x be a top eigenvector of H. Then the
step size M5, satisfies

.. 2 max (H) (17
Nyvar = )\?nax(H) + % Z?:l(’l]%aXHiUmax - )\maX(H))27
as well as Ty (E
Thar < i (4o

2 2"
(L =p) [Hlp + 7 2im [Hillg

From (17), we can deduce a lower bound on the gap between the stability thresholds of GD and SGD.
Specifically, when the variance of H; along the direction of the top eigenvector of H is large, 03, is
far from 7} .., for moderate p. In general, this condition is expected to be quite tight when there is
a clear dominant direction in H caused by some H ;. In contrast, condition (18) is expected to be
tight if all { H;} have roughly the same spectrum but with different bases, i.e., when no sample is
dominant and the samples are incoherent.

It is worthwhile mentioning that if the stability condition of Thm. 5 is not met, then the linearized
dynamics diverge. However, in practice, the full (non-linearized) dynamics can just move to a
different point on the loss landscape, where the generalized sharpness )\max(CTD) is lower. It was
shown that GD possesses such a stabilizing mechanism (Damian et al., 2023). An interesting open
question is whether a similar mechanism exists in SGD.

3.2. Non-interpolating minima

While for interpolating minima, we saw that ;- can converge to 8**, this is generally not the case
for non-interpolating minima. In this section, we explore the dynamics of SGD at the vicinity of a
broader class of minima. Specifically, we consider the following definition.

Definition 10 (Regular minima) A twice differentiable minimum 0 is said to be regular if for each
sample i € [n] the Hessian H ; is PSD.

This definition encompasses a broader class of minima than Def. 3, as it allows for arbitrary (nonzero)
gradients g;. Only the mean of the gradients has to vanish (as in any minimum). Intuitively speaking,
although a regular minimum does not necessarily fit all the training points, it does not involve a major
disagreement among them. This can be understood through the second-order Taylor expansion of the



MULAYOFF MICHAELI

loss per sample, which can have descent directions in the parameter space, yet it can only decrease
(on behalf of raising the loss to other samples) linearly with the parameters, and not quadratically.

Clearly, having gradients with nonzero components in the null space of the Hessian pushes the
dynamics to diverge. Interestingly, for regular minima, the dynamics of SGD in the null space and in
its orthogonal complement are separable. Thus, despite having a random walk in the null space, we
can give a condition for stability within its orthogonal complement (see proof in App. B.9).

Theorem 11 (Mean square stability for regular minima) Assume that 0* is a twice differentiable
regular minimum. Consider the linear dynamics of {0} from Def. 1. Then

. [ * . . .
1. tlggoE[HO,': — 0*1|2] = oo ifand only if 31, |lg!||> > 0;
2. If n < 0}y, then limsup E ||| 0 — 0*+|2] is finite;
t—ro0

3. If limsup E[||0F — 6**|?] is finite then n < nj,,.
t—o0

We see that 7, is the stability threshold also for regular minima. Recall that when n < 7}, we also
have stability of the first moment, and thus E[@]] = E[@]}] for any ¢ > 0. Namely, SGD’s dynamics
in the null space is a random walk without drift. Note that moving in the null space does not increase
the loss, however it might change the trained model. Furthermore, in the proof, we show that under a
mild assumption, limsupE[||@; — 8**||?] is finite if and only if 0 < 1 < n%,,.

t—o0

Next, we turn to compute the limit of the second moment of the dynamics (see proof in App. H).

Theorem 12 (Covariance limit) Assume that 0 is a twice differentiable regular minimum. Con-
sider the linear dynamics of {0;} from Def. 1. If 0 < n < 0, then

. 1N\ _ t L
tliglo vec (X)) = np (2C —nD)' vec (), (19)
where
1 n
Sy = gt ()" (20)
i=1

Using this result we can obtain the mean squared distance to the minimum, the mean of the second-
order Taylor expansion of the loss, and the mean of the squared norm of the expansion’s gradient at
large times (see proof in App. I).

Corollary 13 Ler 6* be a twice differentiable regular minimum. Consider the second-order Taylor
expansion of the loss, L of (8) and the linear dynamics of {0} from Def. 1. If n < 0, then

1 tligloE[HHf — 0™|1?] = np(vec (I))*(2C — nD)Tvec (Z5):

2. lim E[E(Ht)} — L(0*) = tnp(vec (H))T (2C — nD)Tvec (=5):

3. tligloE[HVE(Ht)HQ] = np (vec (HQ))T (2C — nD)Tvec (=)

We see that these values depend linearly on the covariance matrix of the gradients. Specifically,
if 34 = 0 then we recover the results of interpolating minima. Moreover, note that for n < 7y,,,
we have that 2C' — nD =~ 2C'. Therefore, the main dependence on 7 comes from the factor of n
preceding these expressions. We thus get that when decreasing the learning rate, the loss level drops,
and the parameters 6; get closer to the minimum. This explains the empirical behavior observed
when decreasing the learning rate in neural network training, which causes the loss level to drop.
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3.3. Derivation of the stability threshold 7,

In this section, we give a sketch of the derivation of the stability threshold 7}, in the simple case of
interpolating minima (i.e., the second statement of Thm. 5). For the full proof, please see App. B.8.
In interpolating minima, the gradient vanishes for each sample, i.e., g; = O for all i € [n]. Therefore,
from the linearized dynamics (5) we get

i1 — 0" = (1— % ZHZ-)(Bt—O*) — A0, — 0", 1)

1€By
where A; = I-% Zie%t H ;. Note that { A, } are i.i.d. and that 0, is constructed from Ao, ..., A;_1,
so that 8, and A, are statistically independent. Therefore, the covariance of the dynamics evolves as

Y1 =E (0141 —07) (0111 — 9*)T} =E [At (0, —6%) (0, —6%)" AH
—E [AtIE [(at —0) (6, — 0*)T‘At} Aﬂ 22)
—E |AE |(6: - 6") (6, - 0] AT| = E [4,5,4]].

where in the first line we used (21), in the second we used the law of total expectation, and in the
third we used the fact that 6, is statistically independent of A;. Using vectorization we get

vec (2t+1) =K [At & At] vec (Et) . (23)

Ma and Ying (2021) showed that E[A; ® A;] = Q, where Q is given in (10). Since ¥; is PSD by
definition, we only care about the effect of @ on vectorizations of PSD matrices. Thus, {3, } are
bounded if and only if (see proof in (Ma and Ying, 2021))

QB vee (D) _ on

Tes, (Rixd) [p2]1F2 B

This constrained optimization problem is hard to solve. Yet, if we ignore the constraint then the
solution becomes simple — it is the spectral radius of Q (since @ is symmetric). Surprisingly, it
turns out that removing the constraint does not affect the solution because the matrix ¥ € R*¢
that maximizes the objective in (24) without constraints is guaranteed to be PSD, so that it also
maximizes the objective under the constraint ¥ € S, (R4*?). Proving this fundamental algebraic
property is a main challenge and a key contribution of our work (see proof in App. C).

Theorem 14 (Symmetric Kronecker systems) Let {Y;} be symmetric matrices in R™%. Define

M
Q=) Y:0Y, 25
i=1
and let zax be a top eigenvector of Q. Then

1. there always exists a complete set of eigenvectors {z;} for Q such that each Z ; = Vecfl(zj)
is either a symmetric or a skew-symmetric matrix;

2. the top eigenvalue is a dominant eigenvalue?, i.e., the spectral radius p(Q) = Amax(Q);

3. there exists a top eigenvector corresponding to a PSD matrix, i.e., vec™ (Zmax) € Sy (RPX?),

2. By “top” we refer to the largest eigenvalue, and by “dominant” we refer to the largest eigenvalues in absolute value.
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(a) Sharpness vs. step size (b) Sharpness vs. batch size

Figure 1: Sharpness vs. step size and batch size. We trained single hidden-layer ReL.U networks
using varying step sizes and batch sizes on a subset of MNIST. Panel (a) visualizes the sharpness of
the converged minima versus learning rate for different batch sizes. For small batch sizes, Apax(H)
deviates significantly from 2/7. Yet as the batch size increases to a moderate value, these curves
coincide, indicating that in terms of stability, SGD behaves similarly to GD. Panel (b) plots the
sharpness against the batch size for three different learning rates 777 = 0.043, 72 = 0.012, 73 = 0.002.
Here we see a similar trend where SGD behaves like GD for B > 32.

Taking {Y';} to be the () realizations that A; can take, we obtain that Q = E[A; ® A,] is of the
form (25). Note that the realizations of A; are symmetric, so that Thm. 14 applies. Therefore, the
matrix that attains the maximum in the optimization problem (24) without the constraint, whose vec-
torization is generally a dominant eigenvector of @, is guaranteed to be a PSD matrix. Furthermore,
the corresponding objective value is Ayax(Q). This implies that the linear system in (23) is stable
if and only if Apax(Q) < 1. Since Q is symmetric, Apax(Q) < 1 is equivalent to uT Qu < 1 for
allw € S¥1. Itis easy to show that Q = I — 2nC + 1?2 D (see (67)). In App. B.8 we prove that
uTQu =1 - 2nuTCu + n*u" Du < 1 holds for all u € S~ if and only if

2

—_—— = . 26
)\maX (CTD) Mvar ( )

n<

4. Experiments

In this section, we experimentally validate our theoretical results in a setting with nonlinear dynamics.
We trained single hidden-layer ReLU networks with varying step sizes and batch sizes on a subset of
the MNIST dataset (see App. K). Since training with cross-entropy in overparametrized networks
results in infima rather than minima, we used the quadratic loss. Specifically, each class was labeled
with a one-hot vector, and the network was trained to predict the label without softmax. Our primary
goal in this experiment is to test the stability threshold of SGD; hence, we initialized the training with
large weights to ensure that the minimum closest to the starting point is unstable (large weights imply
large Hessians, and are thus more likely to violate the stability criterion). We used the same initial
point for all the training runs to eliminate initialization effects. To avoid divergence, we started with
a very small step size and gradually increased it until it reached its designated value (i.e., learning
rate warm-up). Together, large initialization and warm-up force SGD out of the unstable region until
it finds a stable minimum and converges as closely as possible to the stability threshold. Convergence
was determined when the loss remained below 10~ for 200 consecutive epochs.

10
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Figure 1(a) visualizes the sharpness of the converged minima versus the learning rate for several
values of B. Here we observe that for small batch sizes, Ayax(H ) is far from 2/7. Yet for moderate
batch sizes and above (e.g., B > 32), these curves virtually coincide, indicating that, in the context of
stability, SGD behaves like GD. Figure 1(b) shows the sharpness versus the batch size for three step
sizes. Here the stability threshold of SGD rapidly converges to that of GD as the batch size increases.

Apart for the sharpness Apax (H ), we also want to compare the generalized sharpness Apax(C TD)
to 2/n. Since computing the generalized sharpness is impractical in this task, we underestimate it via
a lower bound, which results in a tighter necessary condition than (17). The bound corresponds to
restricting the optimization problem in (11) to rank one PSD matrices, and is given by (see App. G.1)

2 1 'f’; THi _ TH 2
nszl(’U v v ’U) ) (27)

*
nvar

vifv|=1 vIHv

= A\max (CTD) > max {’UTH’U +p

We solve this optimization problem numerically, by using GD on the unit sphere with predetermined
scheduled geodesic step size. In the following, we present graphs of the sharpness Apmax(H)
at the minima to which we converged, as well as the bounds (27) and (17) on the generalized
sharpness /\maX(CTD). Using the color coding of Fig. 2, these correspond to

(D) (1)

lzn ('UTH"U*'UTH’U)Z
> me TH n =1 7
= wilvll=t {” v+ e
> )\III‘LX H " 1=1\ Y max 1 Ymax max
> Amax(H) +p o ()
- | (28)

where v, denotes the top eigenvector of H.

Figure 2 depicts the expressions in (28) versus the step size for six batch sizes. We see that
for B = 1and B = 2, the gap between 2/7 (red) and the optimized bound (27) (purple) upon
convergence is small. Particularly, they coincide over a wide range of step sizes 1. Since the
generalized sharpness )\maX(CTD) must reside between those two curves, we can deduce two
things: (a) Our theory correctly predicts the stability threshold, while SGD converged at the edge of
stability (as designed in our experiment); (b) For small batches, the second order moment matrix
that maximizes (11) is rank one. As the batch size increases, the two curves draw apart, indicating
that the rank of the dominant second-order moment matrix becomes larger. Furthermore, the gap
between our simple necessary condition (17) (blue) and the trivial bound of 2/\pax (H ) (yellow) is
large for high learning rates and small for small step sizes. This gap represents the variance of the
widths of the minima of the per-sample losses (corresponding to the widths of the quadratic functions
{(0 — 6*)TH (6 — 6*)}) in the direction of vy, the top eigenvector of H. Thus we find that for
small learning rates, this variance is small and the model is aligned in this direction, and for large
learning rates, this variance is high.

A comment is in place regarding the fluctuation of the optimized bound. As described above,
the value of this bound is obtained by an optimization problem which we solved using GD for each
pair of step size and batch size. It may be that we have not found the global optimum for every step
size, and got stuck at local maxima for some set of hyperparameters. This can explain why the curve
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Figure 2: (Generalized) Sharpness vs. step size. We trained single hidden-layer ReLU networks
using varying step sizes and batch sizes on MNIST dataset. For each pair of hyper-parameters (7, B),
we measured the sharpness of the minimum (yellow), our necessary condition for stability (blue),
and the optimized bound (purple), which their relations are given in (28). We see that for small
batch sizes B = 1 and B = 2, the optimized bound (27) coincides with 2 /7, confirming that SGD
converged at the edge of stability (n = 7},,). For additional insights and detail, see Sec. 4.

falls down and then comes up again at some of the learning rates. Additionally, as we mentioned,
the optimized bound is equivalent to restricting the optimization problem from (11) to rank one
symmetric matrices. It is possible that for some minima of the loss, the optimal matrix of (11) is
rank one, and therefore the bound is tight, while for others the rank is higher and thus the bound is
not tight. Further study of SGD is needed to determine the cause of this behavior, which we leave for
future work. For more details and experimental results, please see App. K.

5. Related work

The stability of SGD in the vicinity of minima has been previously studied in multiple works. On the
theoretical side, Wu et al. (2018) examined stability in the mean square sense and gave an implicit
sufficient condition. Granziol et al. (2022) used random matrix theory to find the maximal stable
learning rate as a function of the batch size. Their work assumes some conditions on the Hessian’s
noise caused by batching, and the result holds in the limit of an infinite number of samples and batch
size. Velikanov et al. (2023) examined SGD with momentum and derived a bound on the maximal
learning rate. Their derivation uses “spectrally expressible” approximations and the result is given
implicitly through a moment-generating function. Ma and Ying (2021) studied the dynamics of
higher moments of SGD and gave an implicit necessary and sufficient condition for stability (see

12



EXACT MEAN SQUARE LINEAR STABILITY ANALYSIS FOR SGD

Thm. 4 and the discussion following it). Wu et al. (2022) gave a necessary condition for stability
via the alignment property. However, the result assumes and uses a lower bound on a property they
coin “alignment” but an analytic bound for this alignment property is lacking for the general case.
Ziyin et al. (2023) studied the stability of SGD in probability, rather than in mean square. Since
convergence in probability is a weaker requirement, theoretically, SGD can converge with high
probability to minima which are unstable in the mean square sense. Indeed, their theory predicts that
SGD can converge far beyond GD’s threshold. Yet this did not happen in extensive experiments done
in Cohen et al. (2021, App. G) and Gilmer et al. (2022). Finally, Mulayoff et al. (2021) analyzed the
stability in non-differentiable minima, and gave a necessary condition for a minimum to be “strongly
stable”, i.e., such that SGD does not escape a ball with a given radius from the minimum.

Liu et al. (2021) studied the covariance matrix of the stationary distribution of the iterates in the
vicinity of minima. Ziyin et al. (2022) improved their results while deriving an implicit equation
that relates this covariance to the covariance of the gradient noise. However, these works do not
discuss the conditions under which the dynamics converge to the stationary state. Lee and Jang
(2023) studied the stability of SGD along its trajectory and gave an explicit exact condition. Yet their
result does not apply to minima, since the denominator in their condition vanishes at minima.

On the empirical side, Cohen et al. (2021) examined the behavior of GD, and showed that it
typically converges at the edge of stability. Additionally, for SGD (see their App. G) they found that
with large batches, the sharpness behaves similarly to full-batch gradient descent. Moreover, they
found that the smaller the batch size, the lower the sharpness at the converged minimum. Gilmer et al.
(2022) studied how the curvature of the loss affects the training dynamics in multiple settings. They
observed that SGD with momentum is stable only when the optimization trajectory primarily resides
in a region of parameter space where 17 < 2/Apax(H ). Further experimental results in Jastrzebski
et al. (2020, 2019) show that the sharpness along the trajectory of SGD is implicitly regularized.

6. Conclusion

We presented an explicit threshold on SGD’s step size, which is both necessary and sufficient for
guaranteeing mean-square stability. We showed that this threshold is a monotonically non-decreasing
function of the batch size, which implies that decreasing the batch size can only make the process
less stable. Additionally, we interpreted the role of the batch size B through an equivalent process
that takes in each iteration either a full batch gradient step or a single sample gradient step. Our
interpretation highlights that even with moderate batch sizes, SGD’s stability threshold is very close
to that of GD. We also proved simpler necessary conditions for stability, which depend on the batch
size, and are easier to compute. Finally, we verified our theory through experiments on MNIST.
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Appendix A. Notations and the Kronecker product

Throughout our derivations, we use the following notations.

a Lower case non-bold letters for scalars
a Lower case bold letters for vectors
A Upper case bold for matrices
ap), Ay p'thelement of a, (£, p) element of A
AT Transpose of A
At Moore—Penrose inverse of A
Py Orthogonal projection matrix onto the subspace V

N(A) Null space of A
N+(A)  Orthogonal complement of the null space of A
R(A) Range of A

R+(A)  Orthogonal complement of the range of A

® Kronecker product
@ Kronecker sum
Ok k’th Hadamard power
E Expectation
P Probability
lla|| Euclidean norm of a
I|A]l Top singular value of A
| Allp Frobenius norm of A

p(A) Spectral radius of A

vec(A)  Vectorization of A (column stack)
vec~!(a) Reshaping a back to d x d matrix
L Loss function

0 Parameters vector of the loss
o Minimum point of the loss

d Dimension of 6

n Number of training samples

n Step size

B Batch size

D Defined to be (n — B)/(B(n — 1))
I, The d x d identity matrix (when the dimensions are clear, the subscript is omitted)
b Second moment matrix
H Hessian of the full loss at 8*
H; Hessian of the loss of the sample 7 at 8*

g; Gradient of the loss of the sample 7 at 8™

al Projection of a onto the null space of H
Projection of a onto the orthogonal complement of the null space of H
Sy (R¥4)  The set of all positive semi-definite (PSD) matrices over R4*?

S-1 Unit sphere in R?

Table 1: Table of notations
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Further notations that we use are given below.

u, 2E[6; — 6%], 2téE[(0t—0*)(0t—0*)T},
pit £ E(0F — 0], St SB[ (0 —0) (6 67T,
'uy AR [gy _ 0*”} ’ Ey AR [(gll 0*”) (01|f| . H*H)T} . 29)

Additionally, we make extensive use of the following properties of the Kronecker product throughout
the derivations. For any matrices M 1, Mo, Mg, M 4,

vec (M1 M>M3) = (M3 ® M)vec (Ms), (P1)

(M, ® My)" = MT @ M7, (P2)

(M ® Ms)(Ms® M,) = (M M3) @ (MyMy), (P3)

[vec (M1)]" (M2 ® Ms)vec (My) = Tr (M{M3sM,M3). (P4)

Finally, we give here the definition of Kronecker sum. If M is d; X dy, M2 is d2 X dy and I4
denotes the d x d identity matrix then

M ® My =M, © I, + I © M. (30)

Appendix B. Stability of the first and second moments

Using our notation (see App. A), for all v € R? we have v+ = Ppr1(gyv and vl = Py v
Since H is symmetric,

If H; € S; (R¥™9) for all i € [n], then the null space of H is contained in the null space of each
H ;, and therefore we also have that

P/\/(H)Hz:HzPN(H) :07 and PNJ-(H)Hi:HiPNJ-(H) :Hi. (32)

B.1. Linearized dynamics

The linearized dynamics near 8™ is

A Bt——ZH (0, — 0%) ——Zgz (33)
1€B 1€B
Therefore,
01— 0" =60,— 0" — ”ZH 6, — 6%) — Zgl
€8y ze‘Bz
g+ _ 1
(I—ZH) )~ 5 D_9i (34)
1€B 1€B;

Here we assume that the batches are chosen uniformly at random, independently across iterations.
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Linearized dynamics in the orthogonal complement. Under the assumption that H; € Sy (R%*9)
for all ¢ € [n], the linearized dynamics in the orthogonal complement is given by

9#+1 -0 = PNJ-(H) (0111 —07)

_PNJ_ (I—ZH) Ht—G*)—%ZPNL(H)gl

1€By 1€B¢
<PNJ_ _7ZP./\/'J- )( 0* 772:9Z
1€B i€By
= (PNJ_( _ZHP/\/’J-(H)>( Zgz
1€By ze%t
n * n
— <I—B ZHZ) Pyin(0:—07) — 5 > gt
1€By 1€B¢
(I—ZH) 0t+1—0’“‘)—%295‘. (35)
1€B¢ 1€B

Here, in the second step, we used (34), and in the fourth we used (32).

Linearized dynamics in the null space. Under the assumption that H; € Sy (R?*%) for all
i € [n], the linearized dynamics in the null space is given by

01,1 — 0" = Pa) (0111 — 67)

—PN(H><I—ZH) 5 2 Puoy

1€B ze%t
— (P _NT Py H; —on -1
= | Py — 55 D PwanHi | (6 529
€8y lG%t
o) o
= (Px(m) — 0) (6 529
ZE%t
= PN(H)(Ot -1 Z g;
ze‘Bt
_ gl « _ " I
=9 -9 —Ezgi. (36)
1E€B

Again, in the second step, we used (34), and in the fourth we used (32). Overall,

0., =6l - % Y gl (37)
i€By

Note that if g!l = 0 for all i € [n] then
6., =0 (38)

18



EXACT MEAN SQUARE LINEAR STABILITY ANALYSIS FOR SGD

B.2. Mean dynamics (proof of Theorem 2)

First, we compute the mean of the linearized dynamics.

n
(I_ Bz;;t HZ) (at B
(I—ZH> [(0: — 0*)|%t]_zgz
=1

1E€B
=T -nH)E[(6; — 6")]
= (I —nH) p,, (39)

where in the second step we used the law of total expectation, and in the third step we used (6). This
system is stable if and only if the spectral radius p(I — nH) < 1. This condition is equivalent to
Amax(H) < 2/n (see proof in, e.g., Cohen et al. (2021); Mulayoff et al. (2021)), thus proving point
2 of Thm. 2.

M =E 0111 — 07] =

53l

i€By

Mean dynamics in the orthogonal complement. In a similar manner, taking the expectation of
both sides of (35) and using (6), we get

piz1 =T —nH)p (40)
Note that for all ¢ > 0,

Biv1 = Prrmytics = Pary (I —nH) py = (P./\/J-(H) - 77H> B - (41)

t
Namely, pu;- = (PNJ_(H) — nH) W5, and thus

t
< | P ey — | s ). (42)

t
It | = | (Pacsony -t 1
It is easy to show that

| P =B = mas (11— “3)

Therefore, if 0 < 1 < 2/Amax, we have that HPNJ_(H) — nHH < 1 and thus

t
: L : - L —
Jim [t < Jim || P ery = 0| | = 0. (44)
This proves point 3 of Thm. 2.

Mean dynamics in the null space. Taking the expectation of both sides of (36) and using (6), we
obtain

=l @)
This demonstrates that for all ¢ > 0,
E[0) — 0] =p! =p)=E[6) —6"], (46)
so that
E [6;] =E[65]. 47)

This proves Point 1 of Thm. 2.
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B.3. Covariance dynamics for the orthogonal complement

Before providing a complete proof for Thm. 5 (see App. B.8) and Thm. 11 (see App. B.9), we next
examine the evolution over time of the covariance of the parameter vector. We start by focusing on
the orthogonal complement space. Define

I——ZH and vt:%Zgi, (48)

i€By 1€B

so that (35) can be compactly written as

0, — 0" =A, (07 —0"") —v;". (49)
Recall that this holds under the assumption that H; € S, (R%*9) for all i € [n]. Note that { A;} are
i.i.d. and that 0 is constructed from Ay, ..., A¢_1, so that 03 is independent of A;. We therefore
have

ir1=E ( i1 —0") (033, — 0°) }
—E |(A4 (6} — 6"4) — vf) (A (6} — 0°) —vP)"]
—E |4, (6 - 0°) (6t — 0)" AT| ~E [A; (6F — 6") (v)"]

_E [vtl 0+ — )" Aﬂ +E [vf (v7)"]

=B [AE (0} —6*) (0} — )] AT| —E [AE[6} — 6"] (v})"]
~E[o/Elo; - 0™]" AT] + =
=E[ASFA]] - E[Ayp; (v7)'] - E [vf (0) A/ ] + 25, (50)

where in the second equality we used (49), and in the fourth the fact that A; is independent of 6;-.
Using vectorization, the above equation can be written as

vee (8¢4,) = E [vec (A Z; A))] — E [vec (Aypi (vi)")] — E [vec (v (ui) T AL)] + vec ()
=E[A; ® Ay vec (Z;") — E [vj" @ Ay pi- — E[Ar @ vf] pi + vec (3)
= Qvec (X)) — (E [vf ® A¢] + E [Ay @ vi]) pi + vee (2y), (51)
where we denoted

Q2E[A ® A. (52)

Overall, the joint dynamics of X;- and ;- is given by

<Veclz§+3§+l)> - <—E [vi ® {45 illjé (A ® vt 8) <veclzt;¢)> * <vec (023)> e

In some cases, it is easier to look at a projected version of the transition matrix. In (41) we showed
that

pts = (Pare ey — nH) i (54)
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Moreover, from (51),

vec (Bf1) = vec (PNJ_(H)E#__i_lPNJ_(H))
= (P © Pyaqan ) vee (i)
= (Pa(an ® Paigan ) (Qee () = (Bfvf © Ai] + E[A; @ vt]) p + vee (S5))
= (P/\/’J-(H) ® PNL(H)) Qvec (X7")
— (Paiian ® Py ) (Blof @ A +E[A @ vf]) p +vee (58). (55)

Therefore, the linear system in (53) can be written as

Mit _
vec (2151)
PNJ_( y 77H 0 ( Hg. >
~ (Prrin ® Py ) (B [of @ A+ E[Ai @ 07]) (Paaqn ® Py ) @) \vee ()

0
i < <z¢>) | °o

B.4. The transition matrix of the covariance dynamics

We now proceed to develop an explicit expression for the covariance transition matrix @ of (52). We
have

QIIE[At®At]:IE:<IZH> (IZH)]

1€B 1E€EBy

=E I——Z (I ® H; + H; ®I)+— Y H;®H;
| 1€B 1,JEB

=I-nIeoH+H®I) +772E Z H;2H;|. (57)
7J€%t

Note that

1 1
B O HioHj| =E |5 Y Hi@H;+ 55 ) HioH,
1,jEB 1£jEB 1€By

1 .
ﬁxB(B DE[H; ® Hli # j € By] —I——IE

ZH@H

1€B¢

B-1 o, 1 O
:BE[Hi®Hj]z;«éye%t]+w;Hi®Hi. (58)
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Specifically using symmetry and (7),

n

1

E[Hz'@)Hj‘i?éjE‘Bt]:AZ mHi@’Hj
i#j=1
__n ! ZH:H-®H~
_(n—l) 2.‘ 7 7
i#j=1
n 1 &
— HoH-—- H;,®H;|. 59
o (mon-pEmen).
Hence,
B-1 . n(B —1) -
EIH. ® H. Bl=—— | HRH — — H;,x H
I [H; ® Hjli # j € By] Bin—1) ® 2; i @ H;
n(B —1) B-1
— H® H — H;,oH
B(n—1) @ Bn(n—l); @ H
n— B—-1 -
—H®QH - HoH H;,®H
@ H-po—pHe - 5o HioH
(60)
Overall,
1 n— B B-1 &
E | = HoH;|=HH- ——HH-——_Y H;®H;
BQ,;% $ “ B(n—1) ® Bn(n—l); 1@ H
2% t =

n

+LZI‘I¢®H1'

nB 4
=1
n—B n—B 1 &
—HoH-—" HoH+———"_ x-S H,® H,
T DR +B(n—1)xn; P H
n—B [1<
—HoH+———" (SN H;oH,—-HQH | . 61
® +B(n_1)<n; ® ® ) (61)

Therefore, we have that Q) is given by

- B [1<
Bn=IT-nIoH+HD+mPHH+"”——2 (2S"H,oH,—-HoH
Q(B,n) nIeH+HQI)+1"HQ +773(n_1)<n; i @ H; ® >
n—B nj

:(I—UH>®(I—77H)+mn

n
Z(H¢®H¢—H®H), (62)
i=1
which reproduce the result of (10). Here we give an alternative form of @, which is useful in many

derivations. We set
n—B

p:
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and continue from the first line in (62).

1 n
Q(B,n)_I—n(I®H+H®I)+772H®H+772p(nZHiQ@Hi—H@H)
=1

9 n
:I—n(I®H+H®I)+(1—p)n2H®H+p><%ZHZ'@HZ-
=1
=1-pI-(1-pmIeH+HI)+(1—pn*HH
2 n
+pI—p17(I®H+H®I)+p><%ZH“@Hi
=1

_(1—p)[I—n(I®H+H®I)+n2H®H]

2 n
n
+p|(I-n(IQH+HKI)+ — H,® H;
P n(I® ®I) ”i_gl ®

=(1-pI—-nH)® (I -nH)

i 1 n 1 n 772 n

+p I—n<1®(nZH1>+<nZHi)®I>+nZHi®Hi
L =1 i=1 i=1

n

1
=(1=p) (I —nH)® (I —nH) +p- > {I—n(I@Hi—i—Hi@I)_Fn?Hi@HZ}
=1

n

= (1= p)(I = nH) @ (I~ nH) +p- S (I = gHi) & (I~ nH) (64)
=1

where in the third step we add and subtract pI — pn (I ® H + H ® I), and in the fifth we used (7).
Another useful form is the following. First, observe that

1 & 1 <&
ﬁZHﬂE@Hi—H@H:EZHZ-@)Hi—H@)H—H@H—i—H@H

i=1 =1

1 n
= — E H,oH,-HxH-HH+HXH
n
i=1

1 < 1 < 1 <
:nZH“@Hi—(nZHi>®H—H®<nZHi>+H®H
=1 1=1 =1

1 ¢ ¢ IR
=) Hi®H,——> HioH--> HoH +HoH

i=1 =1 =1

:%Z(Hi—H)®(HZ-—H) (65)
i=1
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Then, starting from the first line in (62) and using (65), we have
1 n
QB =1-nIeoH+HI)+nHH + pn? (nZHZ@Hi —H®H>
,L‘i

=(I—nH)®(I—nH)+n2p<;Z(H@-—H)®(Hi—ﬂ)> (66)
=1

Finally, we give the Q in terms of C and D. Again, we start from the first line in (62).

1 n
Q:In(I®H+H®I)+n2H®H+n2p(nZHﬂX)HiH®H)
i=1

1 n
=I-nIoH+HI)+n* (1—p)xH®H+prZHi®Hi
1=1

=TI+ 2nC +1°D. (67)

B.5. Covariance matrix of the gradient noise

We now develop an explicit expression for the covariance matrix of the gradient noise v of (48). We
have

2
S, =Efvwf] = (5) E| Y g:9)
i.j€B:
_ (ﬂ)QE S g™+ Y g7
B ' ' 19 ' 191
_z#]e%t 1€B

= (%)2 (B(B —DE [gig]|i # j € B Zglgz ) : (68)

Observe that
- 1
E[gig;]i #j € B = Z D)%)
1#j=1
n
=0 D Z 9:9; = >_9:9.
i,7=1 =1

n T n
Yr— (Zg ) (ZQZ-) - g.9]
=1 =1
—n(nl_l) Z 9,9; (69)
=1

24



EXACT MEAN SQUARE LINEAR STABILITY ANALYSIS FOR SGD

where in the last step we used (6). Thus,

B B
Y= <§) <7”L > Zgzgz
2 B(n-—
:<%) % nZ—l ZgigiT
=n2 n- b Zgg@

=1 ng, (70)

where we denoted

1 n
== 9.9 (71)
=1

B.6. The Null spaces of C, D and E

Let us now analyze the relation between the null spaces of C', D and E. First, it is easy to see that
under the assumption that H; € S; (R%*?) for all i € [n],

= DN (H), (72)

where A/ (-) denotes null space of a matrix. Here we show the following.

Lemma 15 Assume that H; € S, (R¥9) for all i € [n] and let
1
C = §H ¢ H,

1 n
D:(l—p)H@H—I—pn;Hi@Hi,
1=

1 n
E = EZ(H,-H)@(HZ-—H). (73)

Then N(C) C N(D) and N(C) C N(E).
Proof Let u € N(C) and denote U = vec™!(u), then
0=2Cu—-Ha&Hu=(HoI+IoH)u. (74)

In matrix form we get
UH + HU =0. (75)

Let us take the Frobenius norm, then

IUH + HU|; = |[UH|; + |HU |z + 2Tr (UH)THU) = 0, (76)
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where
Tt (UH)"HU) = Tr (HUTHU) = Tt (H*UTHUH? ) > 0 (77)
17 1 1 I AP 1. o
because H2U " HUH:= = (H:UH?z)" (H:UH 32) is PSD. This implies that
IUH| = |HU|; = 0. (78)

Thus, u € N(C) ifand only if UH = 0 and HU = 0. Since the null space of H is the intersection
of {H;} (72) , we have that U also satisfies H;U = UH; = 0 for all i € [n]. Now,

1 n
Duz(l—p)H@Hu+p—§ H; ® H;u, (79)
n =1
and in matrix form,
1 n
vec Y (Du)=(1—p) HUH +p — § "H,UH,; =0. (80)
n

i=1
Namely, u € (D). Similarly,

Eu=— H,-H H, — H)u, 81
u n;< )@ ( Ju (81)
and in matrix form,
1 n

-1
FEu) = — H,-H)UH; - H)=0. 82
ve™ (Bu) = - 3 (H: —~ MU (H — H) (82)
Namely, u € N'(E). n

B.7. Positivity of C and D
B.7.1. POSITIVITY OF C

The eigenvalues of a Kronecker sum are the pairwise sums of the eigenvalues of the summands (Laub,
2004, Thm. 13.16). In App. J we explicitly show this for C, where we derive that the eigenvalues of
C=L1HoHarei(N(H)+\(H)),i=1,....d,j=1,...,d. Note that H is the Hessian of
the loss at a minimum, and is therefore PSD. Therefore all eigenvalues of H are nonnegative, and as
a consequence, the eigenvalues of C' are nonnegative, i.e., C' is PSD.

B.7.2. POSITIVITY OF D

The eigenvalues of a Kronecker product are the pairwise products of the eigenvalues of the multipli-
cands (Laub, 2004, Thm. 13.12). This property asserts that for any PSD matrix M, namely with
nonnegative eigenvalues, the Kronecker product M & M is PSD. Note that D is defined as

1 n
D=(1-pH®H+p-Y H;®H,, (83)
ni*l

with p € [0, 1]. In our settings, i.e., regular and interpolating minima, we consider Hessian matrices
{H} that are PSD. By the property above, all { H; ® H;} are PSD, and also { H ® H } is PSD.
Therefore, D is a convex combination of PSD matrices, which is PSD.
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B.8. Proof of Theorem 5
We are now ready to prove Thm. 5.

First statement. In (38) we showed that for interpolating minima 07'4 1= 0!', which completes the
proof for the first statement of the theorem.

Second statement. Ma and Ying (2021) showed that the second moment ¥; = [(6; — 6*)(0; —
0*)™] for interpolating minima evolves over time as

vec (Bi41) = Q vec (Xy) (84)

where @ is given in (10). Since 3J; is PSD by definition, we only care about the effect of () on
vectorizations of PSD matrices. Therefore, we have that {3} are bounded if and only if (see proof
in (Ma and Ying, 2021))

Tesy (R 1%

To obtain the stability threshold of SGD in the mean square sense we first rearrange the terms in
as (see (64))

n

Q(n,B)=01-p)x (I -nH)® I —nH)+p X %Z(I—nHi) ® (I —nH;).  (86)
=1

Here we explicitly see that (Q can be written as a sum of Kronecker products, where each product
is of a symmetric matrix with itself, as required by Thm. 14. Applying this theorem, we have
that the spectral radius of @ equals its top eigenvalue, and the corresponding top eigenvector is a
vectorization of a PSD matrix. Note that since @ is symmetric, its spectral radius p(Q) is given by
the unconstrained optimization problem

Q) — e 1QLB) vee (D] &

DeRrdxd [pi{F

Theorem 14 tells us that the top eigenvector of () maximizes this unconstrained problem, and more
importantly, it always corresponds to a PSD matrix. Therefore, this top eigenvector also maximizes
the objective while restricting to the subset of PSD matrices, which is given by the constraint in (85).
Thus, we have that the maximizer for the constrained optimization problem in (85) is, in fact, the top
eigenvalue of Q. Hence, the linear system is stable if and only if Aax(Q) < 1. Writing @ in terms
of C' and D gives (see (67))

Q=1I-2nC +n*D. (88)

Because @ is symmetric, the condition Aax (Q) < 1is equivalent to the requirement that T Qu < 1
for all w € ST, In App. B.6 we show that N'(C) C N(D). Therefore, if u € N'(C) then
also u € NV (D) and we get

u'Qu=1-2nu"Cu+n*u"Du = 1. (89)

Namely, directions in the null space of C' do not impose any constraint on the learning rate, and thus
can be ignored. Additionally, if u € N(D) but u ¢ N (C), then

uw'Qu=1-2nu"Cu+n*u"Du=1-2nuTCu <1, (90)
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holds for all n > 0, because C is PSD (see App. B.7). Now,
u'Qu=1-2nu"Cu+n*u"Du<1 91)
holds for all w ¢ N (D) (which also results in u ¢ N (C)), if and only if
Vu ¢ N (D) nul Du < 2u’Cu. (92)

Since D is PSD (see App. B.7), and we assume that u ¢ N (D), we can divide both sides of this
equation by u™ Du > 0 to get a condition on the learning rate as

T
0<n<?2 inf {"TC“}. (93)
ueS?-LugN (D) (U Du

Therefore, the stability threshold 7}, . is given by

utCu uTDu -
o = 2 inf =2 sup { } . (94)
Tha ueS?~L.ug¢ N (D) { u'Du } ueS??-1.ug¢ N (D) ulCu

Note that the norm of w has no effect, and therefore we can remove the constraint u € Se-1,
Additionally, we can also relax the constraint uw ¢ N (D) to u ¢ N(C), because the supremum
in (94) is over a nonnegative function (both C' and D are PSD, see App. B.7), and will not be affected
by adding to the domain points at which the function vanishes. Since N'(C) C N(D) we have
that N+ (D) C N*(C) and therefore

where P yr1 () is the projection matrix onto the orthogonal complement of the null space of C.
Additionally, C is PSD (see App. B.7), and therefore C 2 exists and is also PSD, so that

Pyic) = (C%)TC% et (C’%)T. (96)

Therefore,

{ uTDu } { utTDu }
sup ———— = SUp 1 —m—
ueSP-1ug N (D) u'Cu ugn(c) L v Cu

ugN'(C)
1 N\ T N\ T
. uTC3 (C%) 11)(105> Ciu
ugN(C) uTCz2C2u
L [Eeyeeyen)
ugN(C) (c%u) (c%u)
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where in the second step we used (95), and in the third step we used (96). By a simple change of
variables y = C2u € N'*(C) we get

1\ T 1\ T 1\t 1\t
(e pe) ] [ pe)s

yeNL(C) yTy T yeRd? yTy

— Amax <(C%)T D (C%)T> , (98)

where in the first step we used the fact that adding to y a component in N (C') will increase the
denominator by || P x(cyyl|? but will not affect the numerator. Namely, the optimum cannot be

attained by y ¢ N+ (C). Now, let ()\;, y;) be an eigenpair of (C%)TD(C%)T, then we have

\iyi = (C%)TD (C%)Tyi. (99)

Since we only care about nonzero eigenvalues, we can assume that \; # 0, and therefore y; ¢ N (C).
Multiplying by (C > )T from the left we get

A (C%>Tyi - <C%>T (C%>TD (C%yyi ~ciD (C%>Tyi. (100)

Namely, (C 3 )ty # 0 is an eigenvector of CT D with eigenvalue );. Thus we have that if \; # 0 is
an eigenvalue of (C 3 )ID(C 3 )t, then it is also an eigenvalue of CTD. Similarly, we can prove vice
versa, i.e., that if \; # 0 is an eigenvalue of C'' D, then it is also an eigenvalue of (C%)TD(C%)T.
This means that (C 3 )ID(C 3 )t and CT D have the same eigenvalues. Therefore,

Amas ((Cé>TD <C§>T> — Ao (CTD) . (101)

Overall, we showed that the condition in (11) is equivalent to

2

. 102
Amax (CTD) (102)

n<

This completes the proof for the second statement of the theorem.

Third statement. For the third statement of the theorem, note that from (55) we have that V¢ > 0
vec (34,,) = (PNL(H) @PNL(H)) Q vee (7). (103)

Namely, vec (X}) = [(PNJ_(H) ® P_N’J_(H))Q] "vec (X7 ), and thus

Ivee (5 = [[(Paecany ® P any)QUtvee (53)|| < [[(Pavs ey © Pavaan) @) livee (581
(104)
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Here

(Pt ey ® P (o)) Q@ = (Pt (1) @ Pt (m))

(1= )T~ H) @ (T~ nH) +p x-S (I ~yH:) © (I~ nH)
=1

= (1 —p)(PNJ_(H) —77H) & (P/\/J-(H) —UH)

n

1
tpx EZ (Pt ) — 1H:) @ (P ) — nH:), (105)
=1

where we used (64) for the value of Q. We see that (P s gy © Pprogr)Q is a sum of Kro-
necker products, where each product is a symmetric matrix multiplied by itself. This means that
Thm. 14 applies to (PNJ_(H) ® PNJ_(H))Q, and thus we have that H (PN-J-(H) ® PNJ_(H))QH =
Amax (Pt (1)@ P rs (a1)) Q) - Moreover, it is easy to show that Py s (g @ Pyre iy = Prrs(pys
and P 1 (pyC = CP 1 (p). Combining this with (67), we have

(Ppri(en) © Pari(ay)Q = Pper(py — 20CP i py +17°D. (106)
Thus, for all w € N (D) we have
(PNJ-(H) ® PNJ_(H))QU =Py pyu— QUCPN'J.(D)’U, + 772Du =0. (107)

Since the eigenvectors of symmetric matrices are orthogonal, and NV (D) is an eigenspace, we get that
the top eigenvector of (P 1 () ® Pyt (gry)Q should be in N+ (D). Now, foru € N+ (D) NS&*~1

uT(PNJ_(H) ® Pyim))Qu = UTPNJ_(D)U — 277UTCPNJ_(D)U + n*u’ Du
=1-2nuTCu+ n*ut Du, (108)

where in the second step we used the fact that w € N+ (D), and therefore P NL(D)U = U.
Additionally, note that

T T
inf {“C"} - inf {“C“} (109)

ues?-LugnN (D) LuTDu ) yesiz-1pr(py |utDu

Namely, having a component of u in N (D) can only be non-optimal, since the denominator is
invariant to vectors in A'(D), while the numerator can only increase (C' is PSD, see App. B.7). Now,
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assuming 7 > 0 we have from the derivation of 7, in the second statement (see (94))

N < Nyar

. uTCu
& n< 2 inf T
ueSP-LugN (D) (U Du

T
n<2 inf {” C"}

< ueSdQ—lmNJ_(D) uTDu
utCu 21

2—— - (D
U v Yu €S NN*(D)
& nu"Du<2uTCu  VuesSt! NN*(D) (D is PSD)
& p*uDu < 2nutCu Vu € ST NN=*(D) (n>0)
s —2u"Cu+n®u™Du<0 VueST ' ANY(D)
s 1-2nutCu+n*u"Du< 1 Vu € S¥1 NN*+(D)
= ’LLT <PNJ-(H)®PNJ-(H)) Qu <1 VUESCF*lﬁN_L(D)
< Amax <<P,/\/'J-(H) & P,/\/'J-(H)) Q) <1 (110)

where in the fourth step we used the fact that D is PSD (see App. B.7), and in the penultimate step we
used (108). Overall we have that 0 < n < 7, if and only if Amax((PNJ_(H) ® PNJ_(H))Q) <1
(we will use this fact in later sections). Therefore, when n < nJ,, then

| (Prr=er) @ Prr (i) Q|| = Amax (Par (e © Pye(an)@Q) < 1. (111)

Hence, from (104) we get

t
lim [[vec (S < || (Pas (ar) @ Pacaan) Q|| lIvee (Z8)) =0, (112)

t—o00

which proves the statement.

B.9. Proof of Theorem 11

First statement. Let us start by proving the first statement. In (37) we showed that if the minimum
is regular then

ol — 0 =0l — o — % Z gl (113)
1€B¢
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Let us compute the expected squared norm. We have

2
0! — " — % Z gy

E 6L, - 07| —E

1€B
- 2_
=E |[|6} — 19*“||2 +E % Z alll | —2E [(0“ o) ( Z gl )]
i . L 1E€B ] i€B
] ) [ 27
—E||o} -0’ ] +E ||| L D gl|| | —2E[6 -0 E LD g ]
i ) L 1€B ] ze‘Bt
] ) [ 27
=E|[of —o"| +E || 5 gl | (114)
i ) L 1€B i

where in the third step we used the fact that HL' is independent of B, and in the last we used the fact

that
U NN 1
EZQL’ ZEZQiZPN(H)ﬁZQiZO- (115)
i€By i=1 i=1

Calculating the right term in the last line of (114) using the definition of v; (see (48)) gives

2
%Zgy

1€By

= E || Parnyoi]|’]

= Tr (Py(m)E [’vtvtT] Py(m))

B 1
e ZTF Py m)9:9: Py(m)

nfl

= ’721’; Z 1Pxcngil’
=1

1 & 2
2, [
—npn;Hgi\ : (116)
where in the third step we used (70). Unrolling (114) we have that
n
o} - 6] = [0} — 0] + £ o2 3" ! )
i=1

Thus, lim E[||@} — 6*||?] = oo if and only if >, ||g! H > 0.
t—00

Second and third statements. Next, we turn to prove the second and third statements of the
theorem. In App. B.10 we show the following.

Lemma 16 Assume that 0" is a twice differentiable regular minimum. Consider the linear dynamics

of {0} from Def. 1.
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L If Amax (Ppre gy @ Pprr () Q) < 1 then limsupEE([||0; — 6%+ ||?] is finite.
t—o0
2. IflimsupE|||0; — 6**||?] is finite then )\max((PNJ_(H) ® PNJ_(H))Q) <L
t—00

3. Let zyax denote the top eigenvector of (P NL(H) @ Pare H))Q, and assume that

Zhaxvee(Eg) # 0. IfliiisupE[HH,;L — 0*+|?] is finite then
oo

)\max((P/\/’J—(H) ® P/\/J—(H))Q) < 1L

In (110) we showed that )\maX((PNJ_(H) ® PNJ_(H))Q) < lifandonly if 0 < n < n,,, which
proves the second and third statements. Note that under the mild assumption that z%axvec(Eg) #0
we get that limsupE[||@;- — 6**?] is finite if and only if 0 < 7 < 1%,

t—o00

B.10. Proof of Lemma 16

First statement. Here we assume )\max((P NL(H) © Paog H))Q) < 1, and show this implies
that limsupE[||@;- — 6** ||?] is finite. The (projected) transition matrix that governs the dynamics
t—r00

of Xj- and p;i- in (56) is given by

- Py —nH 0

=T\ (P @ P ) (Bl © A+ E[A @ 0t]) (Pysan @ Py ) Q
(118)

Since this matrix is a block lower triangular matrix, its eigenvalues are

{NE)} = {Aj(PNHH) —”H)} U {Aj ((Pxseny ® Pyam)Q) } (119)

In Lemma 17 we show that if p((P . gy @ P s (en)Q) < 1then p(Ppro gy — nH) < 1 (see
proof in App. B.11). Therefore, all the eigenvalues of = are less than 1 in absolute value. Therefore,
[vec(2;)|l2 = [|2;"||r is bounded. Since X;- is PSD we have

15 g =

d d
1 1 1
M) > N A (D) = ——Tr(ZH) = —E |16+ — 6%+ |1*|. (120
;J( t)—\/g]z; J( t) \/gr( t) \/a [Ht H ( )

Therefore, E[||0;- — 8**||?] is bounded.

Second statement. Here we assume that limsupE[[|6;- — 6**||?] is finite, then we show
t—r00

Amax (Pt ey ® Paigpy) Q) < 1. The matrix (P oy © Py gry) Q can be written as
(Pr(en ® Pasiany) @ = (P ey~ nH ) @ (P ey — nH )

+n2p<;i(Hi_H)®(Hi_H)>7 (121)

i=1
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where we used (66) for the value of Q. This expression is a sum of Kronecker products, where each
product is a symmetric matrix with itself. Therefore, according to Thm. 14, we get

Amax (Part () @ Pryi)Q) = p((Paiay @ Puia)Q) (122)

and Zax = vec_l(zmax) is a PSD matrix, where z,,,x is a normalized top eigenvector of
(PNL(H) ® PNJ_(H)) Q. Now, set’ 3 = Zyay and py = 0, then in this case pui =
(Ppreery — nH)'pug = 0 for all ¢ > 0. Therefore, from (56)

(

vec (Bi11) = (Pyray ® Pyrary)Qvec (E57) + vec () - (123)
Thus, taking an inner product w.r.t. z,,« on both sides we get
ZinaxVeC (B51) = Zmax(PaL(er) ® Pas ) Qvee (B) + zpacvee (Sy)
= )\maX((PNJ—(H) ® PNJ‘(H))Q)ZEIaXVGC (7)) + Tr(ZmaxXy)
> Amnax (Purt(er) © Pt (pr) Q) Zmaxvec (31) (124)
1 1
where in the last step we used the fact that Z32,ax 2, Z 2ax is @ PSD matrix, and thus

1 1
Tr (Zmax Do) = Tr (zglaxzizr%ax> > 0. (125)

Therefore, using (124) ¢ times we have

ziaxvec (2#) > )‘fnax((PNJ-(H) ® PNJ-(H))Q)zglaxvec (20)
= Mnax (Prrs a1y ® Prs () Q) (126)

where in the last step we used X9 = Zax and || Zmax||r = 1. Additionally, for all £ > 0

Zmax¥eC (Bi) < | Zmaxlly [|vee (Sih)l,
= 1= lle

max

—E |6 — 6] (127)
Overall, combining (126) and (127) results with
Mo (Pari ey ® P ) Q) < E [0 — 0-41). (128)

Since E[||6; — 8**|?] is bounded then Amax (Pt () © Pprt () Q) < 1.

3. Since the eigenvectors of symmetric matrices are orthogonal, and A (D) is an eigenspace, we get that the top
eigenvector of (P 1 gy ® P a1 ()@ should be in N (D), i.e., Pri gy Zmax P pri (1) = Zmax. Therefore
this initialization is possible.

34



EXACT MEAN SQUARE LINEAR STABILITY ANALYSIS FOR SGD

Third statement. Furthermore, if 2L _vec (%) # 0 we get from (125)

2L vec(XE) > 0. (129)

max
Assume by contradiction that Amax (P L gy © P (gr)) Q) = 1, then (124) gives

ZmaxveC (Si11) = Zmaxvec (3) + Zpagvec (3) (130)

Unrolling this equation gives 21 vec (37) = tz} . vec (X%). Then, by (127) we get

max max

E [Hot . e*ﬂ > 2T vec (B = t2L_vec (S2). (131)

Since z-, vec(X3) > 0, then E[||@; — 6*||>] — oo and we have a contradiction. Therefore

Amax ((Pars () @ P a)@Q) < 1.

B.11. Proof of Lemma 17

Lemma 17 Let H € S+(RdXd) and @Q defined as in (10). pr((P/\/J-(H) ®PNJ_(H))Q) < 1then
PPty —nH) < 1.

The matrix (P 1 gy @ Parom))@Q is
(PNL(H) X PNL(H)> Q = (PNJ_(H) — UH) X (PNJ_(H) — nH)

+7°p (711 zn: (H;— H)® (H; - H)) , (132)

=1

where we used (66) for the value of Q. Note that Py, gy — nH is a symmetric matrix, and
thus each of its dominant eigenvectors @ € S ! satisfies P(Prreey —nH) = |0t (P (ry —

nH)®|. Additionally, [|o ® ®|| = ||[o97 ||, = 1, i, #®© € ST 1. Now, let the spectral radius
p((P/\/J-(H) & P/\/J-(H))Q) < 1 then

1> p((PNJ_(H) ®PNJ_(H))Q)
> ’[ff@f’]T(PNJ-(H) ®PNL(H))Q['~’®'~’]‘

- \2 R N2
= (UT <PNJ_(H) - nH) U> —|—n2pﬁ Z (vT (H; — H) )
i=1
1o N2
= pQ(PN'J_(H) - 77H) + 772])5 Z (UT (Hz - H) ’U)
i=1
> p*(Praqery — nH), (133)
where in the third step we used (132).
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Appendix C. Proof of Theorem 14

First statement. Let {Y';} be symmetric matrices in R?*%, and let
M
Q=) Y,0Y, (134)
i=1

First, note that @Q € R xd* i symmetric.

M T  m M M
:(Zyz@n) :Z(Y = ) ZYT®YT ZY¢®YZ-:Q, (135)
i=1 i=1 i=1 =1

where in the third step we used (P2) property of the Kronecker product, and in the fourth we used the
fact that {Y;} are symmetric. Then, by the spectral theorem, we have that all its eigenvectors {z;}
and eigenvalues {\;} are real. Given an eigenvector z € R of Q. we can examine its matrix form
Z = vec™!(z), where Z € R%*“, Here we show that @ always has a set of d? eigenvectors that
correspond only to either symmetric or skew-symmetric matrices {Z;}. Let (A, z) be an eigenpair
of Q,ie, \z = Qz, and set Z = vec !(z). Then,

AZ =vec ' (\z) = vec H(Qz) = vec™ (ZY ®Y, z) Zvec (YVi®Yz)

= ZYiZYZ»T, (136)

where in the penultimate step we used (P1) property of the Kronecker product. By taking a transpose
on both ends of this equation we have

M T u .M
T— (Z Yz-ZYZT> => (vizy]) =) v.Z'Y]. (137)
=1 =1 =1

Thus, we have that vec(Z T) is also an eigenvector of Q. If A has multiplicity one, then it must be
that Z* = +Z, i.e., symmetric or skew-symmetric matrix. If the multiplicity is greater than one and
Z1 + +Z, then any linear combination of Z and Z7 is also an eigenvector corresponding to A. In
particular,

Z, = % (z+2Z") and Zy= % (z-2z"). (138)

By construction, Z1 and Z, are symmetric and skew-symmetric eigenvectors, corresponding to \.
This procedure can be repeated while projecting the next eigenvectors of A onto the orthogonal
complement of the already found vectors, until we find all eigenvectors of A. In this way, we can find
a set of eigenvectors comprised solely of vectors that correspond to symmetric or skew-symmetric.

Second and third statement. Using the first statement, we can consider a complete set of eigenvec-
tors for @ that is comprised solely of vectors that correspond to either symmetric or skew-symmetric
matrices. Our next step is to show that there is at least one dominant eigenvector of @ that corre-
sponds to a symmetric matrix. Our final step will be to show that among the dominant eigenvectors
that correspond to symmetric matrices, at least one corresponds to a PDS matrix.
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To this end, we first bring the eigenvalues of Q, denoted by {Z}, to a normal (canonical) form.
Here we assume without loss of generality that the eigenvectors are normalized, that is || Z ||, = 1
for all j € [d?]. For symmetric matrix Z, we have the spectral decomposition theorem, and thus
Z = VSV, where V is an orthogonal matrix and S is diagonal. We can also bring a skew-
symmetric matrix to a similar form of Z = V.SV with orthogonal V', where S is a block diagonal
matrix, with |d/2 | blocks of size 2 x 2. Specifically, these blocks are in the form of (Zumino, 1962)

0 sy
[—Se O] . (139)
If the dimension d is odd, then the last row and column of S are the zero vectors. For numerical
purposes, this normal (canonical) form can be computed using the real Schur decomposition.

For symmetric matrices, we define the vector sgym, € R< to be the diagonal of S, and for skew-
symmetric matrices we define Sgew € RL%2 to be [sy, 59, - - - »Sd/2 J]T. In App. C.1 we show that
for a symmetric matrix Z, its corresponding vector form z satisfies

M
zTQz = sgm Z M?QSsym, (140)
i=1
where M; = V1Y, V, the superscript ¢ denotes the Hadamard power and ||Sgym|| = 1. For

skew-symmetric matrices, we define a set of matrices {T';} in RL%/21%14/2] ' where

Tiop = Mipe—12p-11Mij202p) — Mippe—1,2pMi20,2p-1] (141)

forall 1 < ¢,p < |d/2]. Namely, T'; is the determinant of each 2 x 2 block of M ; without overlap.
We show in App. C.1 that for a skew-symmetric matrix Z, its corresponding vector form z satisfies

M
zTQz = 235<ew Z T Sskew, (142)

=1

where || Sqkew|| = 1/v/2. Let us define the projection matrix P € RL%/21%d g5

110 0 0 --- 00
p 1 /001 1 0 --- 00 143
IRCRE N (%)
000 0 0 -+ 11

If d is odd, then the last column of P is the zero vector. This matrix is semi-orthogonal, i.e., it
satisfies PPT = I. Note that

1
2 pT 2 2 2 2
[PM? P ][g,p] 9 (Mz [20-1,2p—1] T M; 21,25 M; [20.2p—1] T M; [2@,2;;}) . (144)

Therefore, forall 1 < ¢,p < |d/2] and i € [M] we have

Titep)| = [Miae1.2p-11M 20,2 — Mij20-1,2p)Mi20,2p-1])|

< | Mijae-1,0p-11 Moo | + | Mijar—1,25 Mo, 2p-1)]

1 2 2 1 2 2
5 (Mz 2e—1,2p—1] T M [2@,2@) Ty (Mz 2e—1,2p) T M; [2@,2p—1])

~ [PM*P"]

IN

s (145)
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where in the first step we used (141), in the second we used the triangle inequality, in the third we
used |ab| < 1 (a® + b?) twice, and in the last step we used (144).

Note that any pair of orthogonal matrix V" and a vector sgew € RL%2), such that || Sskew|| =
1/ V2, define a skew-symmetric matrix Zgew With a vectorization zgey. Similarly, any pair of

orthogonal matrix V' and a vector sgym € R%, such that ||sgym|| = 1, correspond to a symmetric
matrix Zgymy with a vectorization zgyy,. Here we will show that given V', there exists sgym € Si-1 gt
’zg‘(erzskew‘ < Z;[}\/szsym (146)
for any Sgkew € RL4/2] for which | Sskew|| = 1/v/2. To this end, we set 1 = /28w € Sl4/2] then
M M
23;1;<ew Z T;Sskew| = rt Z T;r
i=1 i=1
d d M
<> Il Tieal Il
¢=1p=1 i=1
d d M
®2 pT
<D 2> |rul [PMP2PT], vy
¢=1p=1 i=1
d d M
_ 02 pT
=S bl [ S PMPY ey
=1 p=1 i=1 £,p]
M
< Amax (Z PM?QPT)
i=1
M
= Ao (P(Z M?2> PT)
i=1

M
< Amax (Z M?) : (147)

where in the second step we used the triangle inequality, in the third step we used (145), in the fifth
we used the fact that ||7|| = 1 and bound the quadratic form with the top eigenvalue (note that { M ; }
are symmetric and thus the top eigenvalue is real), and in the last step we used the Cauchy interlacing
theorem (a.k.a. Poincaré separation theorem). Now, take sgym € S?1 to be the top eigenvector
(normalized) of Zf\il M ?2 (note that { M;} are symmetric and thus this top eigenvector is real),
and pair it with the same basis V' of Z ey to get a symmetric matrix Zy, that satisfies

M M M
T 2 T 2 T
28 gew g T;iSkew! < Amax E Mz.@ = Sgym E M? Ssym = zsmezSym,

i=1 i=1 i=1
(148)
where in the first step we used (142), in the second we used (147), in the third we used the fact that
Ssym € S%1 is the top eigenvector of Zf\i M ?2, and in the last step we used (140). Since this
is true for any orthogonal V', we get that at least one dominant eigenvector of (Q corresponds to a
symmetric matrix rather than a skew-symmetric one. Hence, from here onwards we can use the fact
that there exists a dominant eigenvector of () that corresponds to a symmetric matrix.

}zrsIllerzskew ’ =
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Let z be a dominant eigenvector of @ which correspond to a symmetric matrix, and let Z =
~ =L . ..
VSV be its spectral decomposition. Set

M
v=> M s M =VYV. (149)

Since @Q is symmetric, then by the spectral theorem we have that all its eigenvectors and eigenvalues
are real, and they are given by the quadratic form using the corresponding eigenvectors. Thus,

p(Q) = {ETQé\
— ésym Z M®2sgym

| symlI’sWm |

d d
- ZZ Ssym [0 W [£,p] Ssym [p]

(=1 p=1

d d

> Z |3ym ] Crep) |Bsym ]|
V4

= [5% ]T @ [530]

= [

zabs]T [ abs] ’ (150)

IN
’l

. - - ~ ~abs.~ T
where sg‘ly’ﬁl is the element-wise absolute value of 3y, and zabs — vec(VSa Vv ). Namely, the
vector 2% that corresponds to the matrix built from the element-wise absolute value of the spectrum
of Z yields a greater 0r equal result than the spectral radius of @, while still having a unit Euclidean

norm. Thus, either 535 = Ssym, in wWhich case Z is PSD, or s‘;‘;’fn # Ssym, and then both z and zabs

sym
are dominant eigenvectors (or else we get a contradiction). Note that vec ™! (2%®) is in fact a PSD
matrix. Therefore, there is always a dominant eigenvector for () which corresponds to a PSD matrix.
Additionally, since max; |\;(Q)| = p(Q) = [2**]TQ[2™], then [2*™] is also a top eigenvector
which corresponds to Apax(Q), i.e., p(Q) = Amax(Q) (Amax(Q) is a dominant eigenvalue).

C.1. Quadratic form calculation for symmetric and skew-symmetric matrices
Let z = vec(Z), and assume that Z = V.SV T where V is orthogonal matrix. Then
21Qz = [Vec (VSVT)]T Q vec (VSVT)
=[(VaV)vec(S)" Q(V®V)vec(S)
M
— [vec(S)T(VToVD) Y Y, 0Y; (V ® V) vec (S)
=1

M 1=
= [vec (S)]T Z (VTY,v) e (VIY,V)vec(S)
M = 1
= [vec(S)]" M; ® M, vec(S). (151)
=1
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Writing the quadratic form explicitly for each i € [M] we have
2 d?
[vec (S)]" M; ® M ; vec (S) = Z Z [M; @ M]j,,, 1y vee (8) ) vee (8) ) - (152)
m=1 k=1
Setm = d(mg — 1) +my and k = d(ky — 1) + k1 where my, ma, k1, ko € [d], then
[M; @ Ml][m,k} =[M;® Mi][d(m2—1)+m1,d(k2—1)+k1] = M,; [m1,k1}Mi [ma2,k2]- (153)
Moreover,
[vec (S)hm] = [vec (S)][d(m2_1)+m1} = Smy,ma)s
[vee (S)] g = [vee (S)agky—1)+k1] = St kal- (154)

Therefore,

[vec (8)]* M; © M; vec (S)
a2 d?

= > M @ My, 4 [vec (8)],, [vee ()]

m=1 k=

d d
Z Z [M; ® Mi}[d(m271)+m1,d(k271)+k1] [vec (S)][d(mrlwmﬂ [vec (S)][d(krl)Jrkﬂ

d d
D> Mty kM s o) Stms o) Sk o] (155)

where in the last step we used (153) and (154).

C.1.1. SYMMETRIC EIGENVECTORS

Assume that Z is symmetric, then S is a diagonal matrix. Therefore, we only need to consider the
terms in the series above for which mq = mg =fand k1 = ky = p

d d d d
2
DN My My SieaSpe = Y Y My SamaSsymip) = SeymM Sqm. (156)
=1 p=1 =1 p=1
Overall,
M
2'Qz =80, Y M sy (157)

C.1.2. SKEW-SYMMETRIC EIGENVECTORS

Assume that Z is skew-symmetric, then S is a block diagonal matrix, where each block is 2 x 2 in
the form of
0 sy
. 1
[_32 0] (158)
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If the dimension d is odd, then S has a row and column at the end filled with zeros. Here, the nonzero
elements are located above and below the main diagonal of S and they come in pairs. Specifically,
the following relations hold.

S(20-1,20 = 8¢ = Sskew (] S(2020—1) = =8¢0 = —Sskew 1] (159)

Therefore, in the skew-symmetric scenario, we have four different cases to consider in the last line
of (155). The four cases are as follows.

Casel:mqy =20—1, mg =20, k1 =2p—1, ko = 2p.

[d/2] |d/2] (/2] |d/2]
Z Z M; [2671,2p71]Mi [2@,2;;]5[2671,245[2;;71,2;7] = Z Z M; [2571,2p71]Mi [2¢,2p] Sskew [£] Sskew [p] -
(160)
Casell: mi1 =20, mo=20—1, k1 =2p — 1, ko = 2p.
ld/2] |d/2] /2] |d/2]
Z Z M; [ZE,prl]Mi [2271,21;]5[26,2671]5[21)71,21;] = - Z Z M; [QZ,prl]Mi [2¢0—1,2p] Sskew [¢] Sskew [p]-
=1 p=1 /=1 p=1
(161)
Case III: myp = 20 — 1, mo = 26, kl = 2p, kQ = 2p — 1.
ld/2] |d/2] [d/2] |d/2]
Z Z M; [24—1,2p]Mz' [24,2;;—1]5[24—1,24}5[2;;,2;;—1] == Z Z M; [26—1,2p]Mz‘ [2¢,2p—1] Sskew [¢] Sskew [p] -
(=1 p=1 (=1 p=1
(162)
CaseIVim, =20, mg=20—1, ky =2p, ko =2p — 1.
ld/2] |d/2] [d/2] |d/2]
Z Z M ;12029 M i 20-1,2p-115 20,2011 [2p,2p—1] = Z Z M (20,25 M i [20-1,2p—1) Sskew [¢] Sskew [p]-
(=1 p=1 (=1 p=1
(163)

Summing over all these cases we get

M |d/2] |d/2]
ZTQZ = Z Z Z 2 (MfL [2@71,2p—1]M1 [2¢,2p] — M’L [227172P]Mi [22,2})71]) Sckew [@]Sskew 7]
i=1 =1 p=1
M |d/2] |d/2]
- 22 Z Z T; [¢,p] Sskew [€] Sskew [p]
i=1 ¢=1 p=1
M

= 23;1;<ew Z T Sskew- (164)
=1
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Appendix D. Proof of Proposition 6

Here we focus on interpolating minima for simplicity. A similar proof can be derived for regular
minima. To begin with, note that (see (101))

Amax (CTD) — A <<C§)TD <C§)T) . (165)
Additionally,

1 n
D=(1-pHeH+p-S H,®H,
(1-p)H® +pn; ®

1 n
:H®H+p<ZHi®Hi—H®H>
n

:H®H+p<i§:(ﬂi—ﬂ)®(ﬂi—ﬂ))
=1

—H®H +pE, (166)

where in the third step we used (65), and at the last step E = 1 3™ (H; — H) ® (H; — H). Let
y € S~ be the top eigenvector of (C%)TD(C%)T, then since (C%)TD(C%)Jr is symmetric we

(@) 2 () = [(@) (52) ()]

T [(cé)*E (cé)j " (167)

NI

In App. D.1 we show that y has the form of y = C'2 such that vec—!(u) € S, (R%*?). Plugging
this into the equation above we get

R O P CORICORS
= u'Pyio)EP Loy
= u"Eu, (168)

where in the first step we used the fact that C' is symmetric. Additionally, in the second step, we used
the fact that C'2 (C %)T and (C 3 e 3 are projection matrices onto the column space of C. Since
the null space of E contains the null space of C, we have that these projections can be removed
(see App. B.6). Note that vec~!(u) is PSD, and let V .S VT be its spectral decomposition, then in
App. C.1 we show that in this case

n
u Eu = STZMZQQS, (169)
i=1
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where M; = VI (H; — H)V and s is a vector containing the eigenvalues of vec™!(u). Since
vec™!(u) is PSD, we have the right-hand side of (169) is a sum over nonnegative terms. Namely,

%Amax <<c§)T D (cé)T> =u"Eu=s" z:; M®%s > 0. (170)

Therefore, A\pax (C’ TD) is monotonically non-decreasing in p, which means that 7, = 2/Amax (C TD)
is monotonically non-decreasing with B.

D.1. Top eigenvector of (C'%)TD(C’%)T

Using the stability condition of Ma and Ying (2021), we have that {E[||@; — 6||?]} is bounded if and
only if (see proof in (Ma and Ying, 2021))

Tesy (R [

Let us repeat the same steps from the proof of Thm. 5 in App. B.8 but without relaxing the constraint
of PSD matrices. Specifically, repeating the steps in equations in (91)-(94) without invoking Thm. 14
gives us that

u'Qu=1-2nu"Cu+n*utDu<1 (172)

holds for any u € S%~1 such that vec ™! (u) € S, (R?*9) and u ¢ N'(D), if and only if

2 *
n S F = Mvar» (173)

where

A= sup

u€esd?—1

ut Du
uTCu

} st. vec ' (u) € Sy (RY?) and u ¢ N(D). (174)

(Note that the case u € N (D) do not contribute any conditions on the learning rate, and therefore
can be ignored - see App. B.8). Using change of variables (see (97) and (98)) results with

T T
M= max y' (C%) D (C%> y st y= (C%u) and vec ™! (u) € Sy (RT*Y).  (175)
yeSd?—1

Since the alternative form of 7, in (173) has to be equal to the definition in (13) (or else we will get
a contradiction), we get
T i\ T .
Amax (02) D(Cz) =\, (176)

Namely, the top eigenvector y of (C %)TD(C %)T has the form of y = C 24 such that vec H(u) €
S+ (Rdxd).
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Appendix E. Proof of Proposition 7

Here we focus on interpolating minima for simplicity. A similar proof can be derived for regular
minima. Let {f;} and {k;} be i.i.d. random variables such that 5; ~ Bernoulli(p) and r¢ ~

U{1,...,n}), then
if By =1
%t: Kt 1 Bt . ) (177)
{1,...,n} otherwise.

Let us consider the following stochastic loss function

Ly( I%tl Z 4i( (178)

1€B¢

where |B;| denotes the size of B, (either 1 or n), and define the following notation

=I—-— H;. (179)
|53t| 2
1€B¢
First, for interpolating minima we have
Oi11— 6" = (I - @ > H; —0%) = A(0; — 6%). (180)
t 1€By

Thus,
Y =E :(9t+1 —07) (0141 — 9*)T}
_ R :At (6, — 67) (8, — 0)" At}
—E :AtIE [(et —60) (6, — 0*)T‘%t] At]
_E :AtIE [<9t —0%)(6, - e*ﬂ At}
—E[ASA, (181)

where in the second step we used (180), in the third we used the law of total expectation, and in the
fourth we used the fact that 0, is statistically independent of ‘B;. Using vectorization we get

vec (Bi41) = E[Ar @ Ay vec () . (182)
In (64) we show that for any given (fixed) batch size,

n—B

Q(B,n) = <1 T Bm-1)

-B 1
>(I—nH)®(I—nH) —ZI nH;) @ (I —nH;).
Specifically,

QU B =1) = -3 (T —yH) & (I —yH), QB =n) = (I—yH) & (I - yH).
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Using this result, let us compute the term in (182).
ElA @A) =P (B =0)E[A @ A8 = 0] + P (B = 1) E[Ar ® A| B = 1]
=(1=p)Q(n, B =n)+pQ(n,B =1)

=(1-px{I-nH)® (I —nH)+p X %Z(I—nﬂi)(@(I—nﬂi)- (185)
1=1

This is the same matrix that we had for mini-batch SGD with batch size B such that p = B?n;i)

(see (183)). Namely, the covariance matrix of the parameters for the mixed process evolves in the
same way as mini-batch SGD, with a corresponding batch size. Therefore, the stability threshold of
both algorithms is the same.

Appendix F. Proof of Proposition 8

First, since 7}, is monotonically non-decreasing with B (Thm. 6), and for B = n we have 7},
Niean (App. J), we get that 1%, < 05 .., for all values of B. Now, sete € (0,1), then (1—¢)n} can
Mar DoOlds whenever

IA I

(I—¢) < 2
)\max(H) N )\max(CTD)
& (1= 8)Amax(CTD) < Mpax(H). (186)
Note that D = H ® H + pFE (see (166)), then

Amax (CT D) ~ A (CT HoH + pCTE)
< Amax (CTH ® H) 4 P (CTE)
= A () + PAmax (CT E) : (187)

where we used A\pax (C’TH ® H) = Amax(H) (see App. J). Using the fact that Apax (C’TE) is
nonnegative (see App. F.1) and that

1 n—B 1
= — < = 188
P=B0n-1=m (188)
we can further bound (187) from above by
Amax (CTD) < Aax(H) + pAnax (CTE)
1
< A (H) + 7 A (CT E) . (189)
Therefore, if
1
(1 - 5) (Amax(H) + E)\max (CTE> ) S )\max(H) (190)
then (186) holds. It is easy to show that (190) is equivalent to
1- >\max TE
B> 1=€ Auax(CIE) (191)

e Amax(H)
Overall, if the batch size satisfies this inequality then (1 — &)} can < Moar < Mimcan-
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F.1. Proof that )\, (CTE) is nonnegative

Since 7}, < 1.y for all values of B (see the beginning of this section), then Apax(H) <
)\maX(CTD). Therefore,

0 S )\max(CTD) - )\maX(H) S p)\max (CTE) 9 (192)

where in the last step we used both ends of (187).

Appendix G. Proof of Proposition 9
The stability threshold given by Thm. 5 and Thm. 11 is

2
S 193
nvar )\max (CTD) ( )
where
C—1H®H D=(1-pH® H + lnH-@H- (194)
=5 ) = p pn;l i i

This threshold corresponds to a necessary and sufficient condition for stability. Here we derive
simplified necessary conditions for stability. In App. B.8 we show that (see (94))

T
e IR =) (195)
Amax (CTD) ueS?-LugN(D) (U Du

We shall upper bound the stability threshold by considering non-optimal yet interesting vectors u.
Specifically, in the following we look at 4 = v ax ® Vipax, Where vy is the top eigenvector of H,
and u = vec([I) to obtain the results of Proposition 9.

G.1. Setting u = Vax ® Vmax

Letu = v ® v ¢ N(D) where ||v|| = 1, then

u'Cu=-u'"(HoI+I® H)u

(V" @v") (HeI)(vev)+ (v ev")(Ie H) (vev)]

[(vIHv) ® (vTv) + (vTv) ® (v Hv)]

[(UTHU) ®RK1+1® (’UTH’U)]

S NI~ —=DN| -

—
=
S

(196)

Similarly,
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And again
u’ <:LZH2®H1> u= %Z(UT@)UT) (H;® H;) (v®w)
i=1 i=1
- %Z (vIHv) ® (v H,v)
1< T 2
== (0T Hw)". (198)
=1
Thus,

u'Du=(1-pu’ (H® H)u+pu® ( ZH ®H>

n

1
2 + pﬁ Z (UTHiv)2

i=1

=(1-p) (UTHU

n

) [ 25 0

 THY) +p |t z; (" Hiv)? — 2 (v" Ho) (v" Ho) + ('vTH'v)2]

— (vTHv)" + :1 (0T Hw)’ — 2 (vTHw) (v Hv) + (v" Hv)"|

= (v Hv)' +p, Z_: (WTHp — (v"Hv))?. (199)

—

7

Therefore, for general u = v ® v we get

N uTCu 20T Ho
Tar < 27 ~ (T 2. BN (T H. T 2 (200)
u'Du (vIHv)?+ 23" (vIH;v — v Hv)
Specifically, for 4 = Vpax ® Vmax We get
2\ H
Tar < = max(H) 5 (201)
)‘max(H) + pﬁ Zz’:l (vmaxH VUmax — )‘maX(H))
Finally, from (200) we get the following result which we used in Sec. 4.
2 1 7"L_ TH' _ TH 2
Ao (CTD) > oTHp 4 pn2ei=i(? A vy (202)
Tar v Hv

Since this inequality holds for every v ¢ N (H ), we can take the maximum to obtain (27).
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G.2. Setting u = vec (I)
Let u = vec(I) ¢ N (D), then

W Cu=_u"(HI+I®H)u

= ([VGC (D))" (H © I) vec (I) + [vec (I)]* (I ® H) vec (I))

(Tr(HT) + Tx(H))

=Tr(H), (203)

where in the third step we used (P4). Moreover, using (P4) we have

uT (H ® H)u = [vec (I)]" (H @ H)vec(I) = Tr(HH") = |H|[%. (204)
Similarly,
uT (H; ® H;)u = [vec (I)]" (H; ® H;)vec (I) = Te(H;H}) = || H;||3. (205)
Then,
1 n
u'Du = (1 -p)u’ (H®H)u+p—ZuTHi ® H;u
n
=1
1 n
= (L=p) IHE+p- > | Hillg (206)
=1
Therefore,
T 2Tr(H
Moy < 2 Cu _ r(H) (207)

= 3 3"
u'Du (1) |Hllp +py i | Hillp

Appendix H. Proof of Theorem 12

In this section, we use the following result on the Moore—Penrose inverse of a sum of two matrices.

Theorem 18 (Fill and Fishkind (2000), Thm. 3) Let X,Y € RP*? withrank(X +Y) = rank(X)+
rank(Y"). Then
(X+Y) =1-L)X'(I-0)+LY'O, (208)

where ; ;
L= (PrynPrixn)  and 0= (PrixPry)) - (209)

Moreover, we use the following relations.

R(D) = R(Pr+(m)y ® Pyi(m)),
R(C) =R — Py ® Pprm)s
R(PnD)C) = R(Pnr) @ Pynoay + Py ® Pam)- (210)
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The dynamics of pj- and X;- are given by (see (56))
Hiiq _ = Bi 0
(vec (Egj_l)) T (vec (=H) * vec (22)) @b
where

B PNJ_(H) —77H 0
- (PNJ-(H) ®PNJ-(H)> (Efvi ® Ag] + E[A; ® vi]) (PNJ-(H) ®PNJ-(H)> Q

A <El,1 El,Q) ] (212)

Eo1 Eopo

[

In App. B.9 we show that if 0 < 7 < 7, then the spectral radius of Z is less then one. Therefore,
the dynamical system is stable, and the asymptotic values of pj- and 33;- as t — oo are given by

: B _ = -1 0
tlg)()ao <V€C (Ef)) = (-8 <V€C (Ej)) ' @13

Using the inversion formula for block matrix and the fact that =; o = 0 we have that

—1
(I-811 - 812 (1 - B20) ' B0 0
= —1
0 (I —Egp — B (I —Epq) " E1,2)
< I Ei2(I - 52,2)_1>
oy (I —Ep,)"" I
(I -5 1)_1 0 ) ( I 0)
= ’ _ — _ 214
< 0 (I — :.272) 1 .:4271 (I — :.171) 1 I ( )
Therefore,
lim Trs _(I-E)! 0 I 0 0
t—oo \ vec (2#‘) 0 (I — 5272)71 52 1 (I — _.171)71 I vec (Eé‘)
. (I — 5171)_1 0 0
= ( (1= Ea2)" ) \vec (22) 215)
Namely,
—1
lim gt =0 and  lim vee (S) = (I - PNL(D)Q) vec (BX).  (216)
Now,

(I - P/\/J-(D)Q>T
(PN(D) + Pyip) — PNJ-(D)Q>

= (PN(D) + Pynipy (I — Q))T-

(I - PJ\/'J—(D)Q)_I
:

(217)
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Let us apply Thm. 18 on (Pp +PNJ_(D)(I—Q))T. Here, X1 = Pyypyand Y1 = Pyr1(p)( -
Q). Note that R(X1) = R*(D) and R(Y 1) = R(D) and therefore rank(X; + Y;) =
rank(X) + rank(Y';). Additionally,

Prut) =Py Prixt)=Pyro)y Prex) =Pyro) Pry) =Pyt
218)
Hence,

1 t

i i
01 = (Prix)Prevy) = (Pyio)Prip)) = Prio) (219)

Therefore,

I—-PyipQ - Pyp)+ Pyrpy (I -Q) T
( )

= (X1 +Yy)
—(I-L)X!(I-0)+LYlOo
(I = Pyri(p)(Pup) (I = Pperpy)
+ Ppri(p) (P/\/J-(D)(I - Q))T Py (p)
= — Pyi(p))Pnp)I — Pyi(py)
+ Py 1 (D) (P/\/J-(D)(I - Q)>TPNJ-(D)
= Py(p) + Pyy(p) (PNL (= Q))TP/\/J-(D)7 (220)

where in the third step we used Thm. 18. Thus we get the following intermediate result

-1
lim vec (£}) = <I — PNJ_(D)Q) vec (X5)

t—00

]
= <PN’(D) + Pyi(p) (PNL I — Q)) PNJ-(D)> vee (2y)
= Py (p) (PNL (I - Q)) Pyi(pyvec (S3) 221)
where in the final step we used P xr(pyvec(2Z;,) = 0. Now, note that R(P xr(p)C) = R(P(m) ®

PNJ_(H) + PNJ_(H) ® PN(H))’ whereas VGC(E:;) c R(D) = R(PNJ—(H) X P./\/'J-(H)) and
therefore (PN(D)C)Tvec(Ej) = 0. Hence,

. f
lim vec (3¢) = Pyt () (PNL(D)(I - Q)) Pyi(pyvec (Z)

t—o00

T
= <(277P/\f(D)C')]L + PNJ_(D) <PNJ_(D)(I — Q)) PNJ_(D)) vec (X)) .
(222)

50



EXACT MEAN SQUARE LINEAR STABILITY ANALYSIS FOR SGD

Let us apply again Thm. 18 but in the other direction. This time, X2 = 2nP,/(p)C and Yo =
PNJ_(D)(I_Q). Note that R(Xg) = R(PN(H)®P,/\/'J-(H) +PNJ_(H) ®PN(H)) and R(Yg) =
R(Pnr (i) ® Pprogry) and therefore rank(Xs +Y'2) = rank(X o) + rank(Y'2). Additionally,

Priyyy = P © Par s

Priyvy) = Pynia)y @ Py

Prixry = Pynw) © Py + Pyry @ Py,

Pri(x,) = Pn) © Py + Py © Pyt (223)

Hence,

f
Ly = (PropyProxp)

T
= (PNJ_(H) ® Pyim) (P./\/’(H) Q@ Py + Par) ® PNJ_(H)>)
= Pyro)

T
02 — (PRJ‘(XQ)PR(YQ))
T
= ((PN(H) & PN(H) + PNJ_(H) & PNJ_(H)> PNJ_(H) & P_/\/'J_(H)>
Moreover, since R(X2) = R(Pn(i)OP n1 (1) + Pyt (1@ Par(y) and R (Y 2) = R(P (e ®

PNJ_(H)+PNJ_(H)®PN(H)+PNJ_(H)®PNJ_(H))WehaVethatR(XQ) QRJ'( 2) :N(D)
Therefore,

(I - L)X (I — 05) = (I PNL(D)) <I - PNL(D)> = Py X P o) = X5
(225)
Therefore, applying Thm. 18 we get

(20Prp)C)" + Py (p) (PNJ-(D)(I - Q))T Py 1 (p)
= X+ LyY10,
= (I - Ly)X}(I — 05) + LyY10,
= (X9 + Vo)

(20Px0)C + Pyvap) (1~ Q)
= (

= (2nC —*D)". (226)

T
277PN’ C+2’I7PNJ_(D)C—772PNJ_(D)D)
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where in the second step we used (225), and in the third step we used Thm. 18. Overall, together
with (70) we get

Jim vec (=) = (2nC - nzD)Tvec (=3)
= (717 (2C — nD)T> (n*p vec (7))
=1p (2C — D) vec (22). (227)
Appendix I. Proof of Corollary 13
From Thm. 12 we have that if 0 < n < 7},, then
tliglo vec (BF) = np (2C — nD)' vec (=), (228)

Using this result, we prove Corollary 13.

First statement. If 0 <7 < nJ,, then by Prop. 12

lim E |[|6; — 6"+ ||°| = (vec (I))" lim vec (S7)
= (vec (I))* (np (2C — D) vec (2;))
= np(vec (I))" (2C — nD)Tvec (Z5). (229)

Second statement. Similarly, let us compute the limit of the expected value of the loss function to
obtain point 2.

lim E [E(et)} —L(6) = %tl'ggoE (6, — 0")TH (6, — 67)]

t—o00

1 . * *
— - limE [(et — 0" Py iy HP s (1) (0 — 0 )}

t—o00

1
= Jim E (67 — ) TH(6; — 6°4)]

t—o00
1 . « *
— T (Htlggom: (61 — 0°+)(6+ — 0 L)T])
_1 : L
o =)
_ = T 4. 1
= — (vec (H)) tlgglo vec (X2;°)

— Do =

= 5 (vee (H))" (np (2C — 1) vee (5) )

= Snp(vee (H))" (2C — D) vee (3g). (230)

— N

\)

Third statement. Finally, we prove point 3. The gradient of the second-order Taylor expansion of
the loss is given by

VL) =H (0 —6%). (231)
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Therefore

lim Mvéwt)m = lim E[(6, — 0")TH2(6, — 6%)]

t—o00 t—o00
= t]l)rgo]E [(Ot — 9*)TPNJ_(H)H2PNJ_(H)(0t — 9*):|
— tILIgOE [(0#_ . Q*J_)TH2(0;_ . H*J_)]
— Tr (H2 Jim E [(6 — 0°)(07 — o*L)T])
— Ty (H2 Jim 2;)
= (vec (HQ))Ttliglovec (%)
= (vec (H?))" (np (2C — D) vec (E;))
= np(vec (H?))" (2C - T]D)TVGC (Z5)- (232)

Appendix J. Recovering GD’s stability condition

In this section, we show how our stability condition for SGD reduces to GD’s when B = n. In this

case p = 0 and thus

1
C=;HoH, D=HoH (233)

Let H = VAV be the eigenvalue decomposition of H, where VV'T = VTV = I, then

C=-HeH

(HRI+HI)

(VvAVH o (VVT) +(VVT) e (VAVT))

(Vev)AeI) (VIeVh) +(VeV)IeA) (VieVTh)

NN =N =N

:(V®V)<;A®I+;I®A>(V®V)T. (234)

Note that
Veav)Ivev)=VTevh)vVeVv)=(VTV)e (VIV)=IeI=1 (235

i.e., (V ® V) is an orthogonal matrix. Since %(A ® I+ I ® A) is diagonal, then the last result in
(234) is an eigenvalue decomposition of C'. Similarly,
D=H®H
= (VAVT) @ (VAVT)
=(VeV)A®A) (VieVT)
—(VeV)AoA) (VeV), (236)
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where the last result here is the eigenvalue decomposition of D. We have that C' and D have the
same set of eigenvectors, given by V' ® V. This means that we can look only at the eigenvalues.
Thus, set Ay = Ay = A\¢(H ), and define the Moore—Penrose inverse for scalars

1
= 0
vzeR [pt2ds 70 (237)
0, =z=0.
Then
t 1 T
Amax (CTD) = max 3 e, [2(& + Ap)} . (238)
Note that the objective vanishes whenever A\, = 0 or A, = 0. Restricting to only positive eigenvalues
gives
AeA
Amax (CTD) = max & 22— b (239)
AeAp>0 | (A +Ap)

Additionally y/A¢A, < 2(A¢ + Ap) holds for all Ag, A, > 0, therefore

Ao F VA

%()\e + )\ )\g + A )
< >\g>\p
< Amax- (240)
Yet for Ay = A\, = Amax we have that
A (241)
5()‘5 + /\p)
Hence we have
Amax (CT D) — max lAfiAp = Amax(H). (242)
Ag;Ap>0 5()\@ + Ap)

Appendix K. Additional experimental results and detail

In this section, we complete the technical detail of the experiment shown in Sec. 4. For the experiment,
we used a single-hidden layer ReLLU network with fully connected layers (with bias vectors). The
number of neurons is 1024, and the total number of parameters is 807, 940. We used four classes
from MNIST, 256 samples from each class, with a total of 1024 samples. To get large initialization,
we used standard torch initialization and multiplied the initial weights by a factor of 15. The maximal
number of epochs was set to 4 x 10*. If SGD did not converge within this number of epochs, then
we removed this run from the plots.
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Figure 3: Sharpness vs. learning rate. Additional results for the experiment in Sec. 4. These two
figures complete the results of Fig. 2. Here we see that SGD with big batch sizes behaves like GD.
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