LLAW OF BALANCE AND STATIONARY DISTRIBUTION
OF STOCHASTIC GRADIENT DESCENT

Anonymous authors
Paper under double-blind review

ABSTRACT

The stochastic gradient descent (SGD) algorithm is the algorithm we use to train
neural networks. However, it remains poorly understood how the SGD navigates
the highly nonlinear and degenerate loss landscape of a neural network. In this
work, we prove that the minibatch noise of SGD regularizes the solution towards
a balanced solution whenever the loss function contains a rescaling symmetry.
Because the difference between a simple diffusion process and SGD dynamics
is the most significant when symmetries are present, our theory implies that the
loss function symmetries constitute an essential probe of how SGD works. We
then apply this result to derive the stationary distribution of stochastic gradient
flow for a diagonal linear network with arbitrary depth and width. The stationary
distribution exhibits complicated nonlinear phenomena such as phase transitions,
loss of ergodicity, and fluctuation inversion. These phenomena are shown to exist
uniquely in deep networks, implying a fundamental difference between deep and
shallow models.

1 INTRODUCTION

The stochastic gradient descent (SGD) algorithm is defined as
Aet:_g Z VQE(G,J:), (1)

zeB
where 6 is the model parameter, £(6,x) is a per-sample loss whose expectation over x gives the
training loss: L(0) = E,[¢(0,x)]. B is arandomly sampled minibatch of data points, each indepen-
dently sampled from the training set, and .S is the minibatch size. Two aspects of the algorithm make
it difficult to understand this algorithm: (1) its dynamics is discrete in time, and (2) the randomness is
highly nonlinear and parameter-dependent. This work relies on the continuous-time approximation
and deals with the second aspect.

In natural and social sciences, the most important object of study of a stochastic system is its sta-
tionary distribution, which is often found to offer fundamental insights into understanding a given
stochastic process (Van Kampen, 1992; Rolski et al., 2009). Arguably, a great deal of insights into
SGD can be obtained if we have an analytical understanding of its stationary distribution, which
remains unknown until today. Existing works that study the dynamics and stationary properties of
SGD are often restricted to the case of a strongly convex loss function (Wu et al., 2018; Xie et al.,
2020; Liu et al., 2021; Zhu et al., 2018; Mori et al., 2022; Zou et al., 2021; Ma et al., 2018; Wood-
worth et al., 2020) or rely heavily on the local approximations of the stationary distribution of SGD
close to a local minimum, often with additional unrealistic assumptions about the noise. For exam-
ple, using a saddle point expansion and assuming that the noise is parameter-independent, a series
of recent works showed that the stationary distribution of SGD is exponential Mandt et al. (2017);
Xie et al. (2020); Liu et al. (2021). Taking partial parameter-dependence into account and near an
interpolation minimum, Mori et al. (2022) showed that the stationary distribution is power-law-like
and proportional to L(6)™“ for some constant ¢q. However, the stationary distribution of SGD is
unknown when the loss function is beyond quadratic and high-dimensional.

Since the stationary distribution of SGD is unknown, we will compare our results with the most
naive theory one can construct for SGD, a continuous-time Langevin equation with a constant noise

level: )
0(t) = -nVeL(0) +/2Tpe(t), (2
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Figure 1: SGD converges to a balanced solution. Left: the quantity u? — w? is conserved for GD without
noise, is divergent for GD with an isotropic Gaussian noise, which simulates the simple Langevin model,
and decays to zero for SGD, making a sharp and dramatic contrast. Right: illustration of the three ty;)es of
dynamlcs Gradient descent (GD) moves along the conservation line due to the conservation law: w*(t) —

w?(t) = u*(0) — w?(0). GD with an isotropic Gaussian noise expands and diverges along the flat direction of
the minimum valley. The actual SGD oscillates along a balanced solution.

where ¢ is a random time-dependent noise with zero mean and E[e(t)e(t')T] = nd(t — t')I with
I being the identity operator. Here, the naive theory relies on the assumption that one can find a
constant scalar T{y such that Eq. (2) closely models (1), at least after some level of coarse-graining.
Let us examine some of the predictions of this model to understand when and why it goes wrong.

There are two important predictions of this model. The first is that the stationary distribution of
SGD is a Gibbs distribution with temperature Ty: p(f) o< exp[-L(#)/T]. This implies that the
maximum likelihood estimator of # under SGD is the same as the global minimizer of the L(6):
argmax p(6) = argmin L(#). This relation holds for the local minima as well: every local mini-
mum of L corresponds to a local maximum of p. These properties are often required in the popular
argument that SGD approximates Bayesian inference (Mandt et al., 2017; Mingard et al., 2021).
Another implication is ergodicity (Walters, 2000): any state with the same energy will have an equal
probability of being accessed. The second is the dynamical implication: SGD will diffuse. If there
is a degenerate direction in the loss function, SGD will diffuse along that direction.'

However, these predictions of the Langevin model are not difficult to reject. Let us consider a simple
two-layer network with the loss function: ¢(u,w,z) = (uwz — y(z))?. Because of the rescaling
symmetry, a valley of degenerate solution exists at uw = const. Under the simple Langevin model,
SGD diverges to infinity due to diffusion. One can also see this from a static perspective. All points
on the line uw = ¢y must have the same probability at stationarity, but such a distribution does not
exist because it is not normalizable. This means that the Langevin model of SGD diverges for this
loss function.

Does this agree with the empirical observation? Certainly not.> See Fig. 1. We see that contrary
to the prediction of the Langevin model, |u? — w?| converges to zero under SGD. Under GD, this
quantity is conserved during training (Du et al., 2018). Only the Gaussian GD obeys the prediction
of the Langevin model, which is expected. This sharp contrast shows that the SGD dynamics is quite
special, and a naive theoretical model can be very far from the truth in understanding its behavior.
There is one more lesson to be learned. The fact that the Langevin model disagrees the most with
the experiments when symmetry conditions are present suggests that the symmetry conditions are
crucial tools to probe and understand the nature of the SGD noise, which is the main topic of our
theory.

2 LAW OF BALANCE

Now, we consider the actual continuous-time limit of SGD (Latz, 2021; Li et al., 2019; 2021; Sirig-
nano & Spiliopoulos, 2020; Fontaine et al., 2021; Hu et al., 2017):

df = -V Ldt +/TC(0)dW,, 3)

where dW; is a stochastic process satisfying dW; ~ N(0,Idt) and E[dW,dW]] = §(t - t')I,
and T' = n/S. Apparently, T gives the average noise level in the dynamics. Previous works have

"Note that this can also be seen as a dynamical interpretation of the ergodicity.
’In fact, had it been the case, no linear network or ReLU network can be trained with SGD.



suggested that the ratio 1/.S := T is the main factor determining the behavior of SGD, and a higher T
often leads to better generalization performance (Shirish Keskar et al., 2016; Liu et al., 2021; Ziyin
et al., 2022b). The crucial difference between Eq. (3) and (2) is that in (3), the noise covariance
C'(0) is parameter-dependent and, in general, low-rank when symmetries exist.

Due to standard architecture designs, a type of invariance — the rescaling symmetry — often appears in
the loss function and exists for all sampling of minibatches. The per-sample loss ¢ is said to have the
rescaling symmetry for all  if £(u,w, x) = £ (Au,w/\, ) for

2 This type of symmetry appears in many scenarios in deep learning. For example, it appears in
any neural network with the ReLU activation. It also appears in the self-attention of transformers,
often in the form of key and query matrices (Vaswani et al., 2017). When this symmetry exists
between u and w, one can prove the following result, which we refer to as the law of balance.

Theorem 1. (Law of balance.) Let u and w be vectors of arbitrary dimensions. Let ¢(u,w,x)
satisfy £(u, w,x) = £(Au,w/\, x) for arbitrary x and . Then,

d

2 (P = [[l?) = =T (u" Cru - w" Cow), C)
where Cy = E[ATA] - E[AT]E[A], Cy = E[AAT] - E[AJE[AT] and Ay; = 0€]d(uswy) with
(ujwy, ) = £(u;, wy, ).

Our result holds in a stronger version if we consider the effect of a finite step-size by using the mod-
ified loss function (See Appendix B.7) (Barrett & Dherin, 2020; Smith et al., 2021). For common
problems, C and C' are positive definite, and this theorem implies that the norms of v and w will
be approximately balanced. To see this, one can identify its upper and lower bounds:

d
Tl = Aol [wll®) < = ([[ull” = [l0]*) < =T Oamllul* = Aoarlfwl]*), (5)

where A1,,(2m); A1as(2ar) Tepresent the minimal and maximal eigenvalue of the matrix C' (), re-
spectively. In the long-time limit, the value of ||u||?/||w]|? is restricted by

Aom < |l |? < Aom

Mar ~ TlP A ©
which implies that the stationary dynamics of the parameters u, w is constrained in a bounded sub-
space of the unbounded degenerate local minimum valley. Conventional analysis shows that the
difference between SGD and GD is of order 7% per unit time step, and it is thus often believed that
SGD can be understood perturbatively through GD (Hu et al., 2017). However, the law of balance
implies that the difference between GD and SGD is not perturbative. As long as there is any level
of noise, the difference between GD and SGD at stationarity is O(1). This theorem also implies the
loss of ergodicity, an important phenomenon in nonequilibrium physics (Palmer, 1982; Thirumalai
& Mountain, 1993; Mauro et al., 2007; Turner et al., 2018), because not all solutions with the same
training loss will be accessed by SGD with equal probability.*

The theorem greatly simplifies when both « and w are one-dimensional.

Corollary 1. If u,w € R, then, %|u2 —w?| = -TCo|u? - w?|, where Cyy = Var[a(iiu)].

Before we apply the theorem to study the stationary distributions, we stress the importance of this
balance condition. This relation is closely related to Noether’s theorem (Misawa, 1988; Baez &
Fong, 2013; Malinowska & Ammi, 2014). If there is no weight decay or stochasticity in training,
the quantity ||u||* - |Jw||? will be a conserved quantity under gradient flow (Du et al., 2018; Kunin
et al., 2020), as is evident by taking the infinite S limit. The fact that it monotonically decays to zero
at a finite 7" may be a manifestation of some underlying fundamental mechanism. A more recent
result by Wang et al. (2022) showed that for a two-layer linear network, the norms of two layers
are within a distance of order O(n™!), suggesting that the norm of the two layers are balanced. Our

3

“This could imply that SGD has a high efficacy at exploring a high-dimensional landscape because the
degenerate symmetry directions are essentially ignored during the exploration.



result agrees with Wang et al. (2022) in this case, but our result is stronger because our result is
nonperturbative, only relies on the rescaling symmetry, and is independent of the loss function or
architecture of the model.

Example: two-layer linear network. It is instructive to illustrate the application of the law to
a two-layer linear network, the simplest model that obeys the law. Let § = (w,u) denote the set
of trainable parameters; the per-sample loss is (0, z) = (X5 u;w;x — y)? +~||0||>. Here, d is the
width of the model, ~||6||? is the Lo regularization term with strength v > 0, and E,, denotes the
averaging over the training set, which could be a continuous distribution or a discrete sum of delta

distributions. It will be convenient for us also to define the shorthand: v := Z? u;w;. The distribution
of v is said to be the distribution of the “model.”

Applying the law of balance, we obtain that

%(uf - w?) = —4[T(a1112 - 2000V + a3) + 7](uf - w?), @)

where we have introduced the parameters

ay = Var[2?],
as = E[23y] - E[2?]E[zy], (8)
as = Var[zy].

When a; a3 — a3 or y > 0, the time evolution of [u? —w?| can be upper-bounded by an exponentially
decreasing function in time: |u? — w?|(t) < [u? — w?|(0) exp (4T (a3 — a3 )t/aq — 4vyt) — 0.
Namely, the quantity (u? — w?) decays to 0 with probability 1. We thus have u? = w? for all
1€ {1,---,d} at stationarity, in agreement with what we see in Figure 1.

3  STATIONARY DISTRIBUTION OF SGD

As an important application of the law of balance, we solve the stationary distribution of SGD for a
deep diagonal linear network. While linear networks are limited in expressivity, their loss landscape
and dynamics are highly nonlinear and is regarded as a minimal model of nonlinear neural networks
(Kawaguchi, 2016; Saxe et al., 2013; Ziyin et al., 2022a).

3.1 DEPTH-0 CASE

Let us first derive the stationary distribution of a one-dimensional linear regressor, which will be a
basis for comparison to help us understand what is unique about having a “depth” in deep learning.
The per-sample loss is £(z,v) = (vz - y)? + yv?, for which the SGD dynamics is dv = -2(8v -
B2 +yv)dt +/TC(v)dW (t), where we have defined

{ﬁl = E[Z‘2:|,
B = Elay].

Note that the closed-form solution of linear regression gives the global minimizer of the loss
function: v* = f(2/8;. The gradient variance is also not trivial: C(v) := Var[V {(v,z)] =
4(a1v? - 2090 + a3). Note that the loss landscape L only depends on 3; and 2, and the gra-
dient noise only depends on a1, as and, ag. These relations imply that C' can be quite independent
of L, contrary to popular beliefs in the literature (Mori et al., 2022; Mandt et al., 2017).

©))

It is also reasonable to
call $ the landscape parameters and « the noise parameters. We will see that both 5 and « are
important parameters appearing in all stationary distributions we derive, implying that the stationary
distributions of SGD are strongly dependent on the data.

Another important quantity is A := min, C'(v) > 0, which is the minimal level of noise on the
landscape. For all the examples in this work,

A = Var[z*]Var[zy] - cov(z?, zy) = a1as — a3. (10)



When is A zero? It happens when, for all samples of (x,y), zy + ¢ = kx? for some constant k and
c. We focus on the case A > 0 in the main text, which is most likely the case for practical situations.
The other cases are dealt with in Section B.

For A > 0, the stationary distribution for linear regression is found to be

IR 1 1 - -
p(v) o< (av? = 2090 + a3) ™" 2Ta; exp —05261alﬁ2arctan(oqv052)]7 (11)

T 041\/Z \/Z

roughly in agreement with the result in Mori et al. (2022). Two notable features exist for this
distribution: (1) the power exponent for the tail of the distribution depends on the learning rate and
batch size, and (2) the integral of p(v) converges for an arbitrary learning rate. On the one hand, this
implies that increasing the learning rate alone cannot introduce new phases of learning to a linear
regression; on the other hand, it implies that the expected error is divergent as one increases the
learning rate (or the feature variation), which happens at T’ = 31 /a;. We will see that deeper models
differ from the single-layer model in these two crucial aspects.

3.2 DEEP DIAGONAL NETWORKS

Now, we consider a diagonal deep linear network, whose loss function can be written as

do { D 2
K:[Z(Hugk))x—y] , (12)
i \k=0

where D is the depth and d is the width. When the width d = 1, the law of balance is sufficient to
solve the model. When dj > 1, we need to eliminate additional degrees of freedom. A lot of recent
works study the properties of a diagonal linear network, which has been found to well approximate
the dynamics of real networks (Pesme et al., 2021; Nacson et al., 2022; Berthier, 2023; Even et al.,
2023).

We introduce v; := ]'[,?:O ugk), and so v = Y, v;, where we call v; a “subnetwork” and v the
“model.” The following proposition shows that the dynamics of this model can be reduced to a
one-dimensional form.

Theorem 2. For all i # j, one (or more) of the following conditions holds for all trajectories at
stationarity:
1. v;=0,0rv;=0,0rL(§) =0;
2. sgn(v;) = sgn(v; ). In addition, (a) if D =1, for a constant cg, log |v;| - log |v;| = co; (b) if
D> 1, v - |v;]? = 0.

This theorem contains many interesting aspects. First of all, the three situations in item 1 directly
tell us the distribution of v, which is the quantity we ultimately care about.’ This result implies that
if we want to understand the stationary distribution of SGD, we only need to solve the case of item
2. Once the parameters enter the condition of item 2, item 2 will continue to hold with probability 1
for the rest of the trajectory. The second aspect is that item 2 of the theorem implies that all the v;
of the model must be of the same sign for any network with D > 1. Namely, no subnetwork of the
original network can learn an incorrect sign. This is dramatically different from the case of D = 0.
We will discuss this point in more detail below. The third interesting aspect of the theorem is that
it implies that the dynamics of SGD is qualitatively different for different depths of the model. In
particular, D = 1 and D > 1 have entirely different dynamics. For D = 1, the ratio between every
pair of v; and v; is a conserved quantity. In sharp contrast, for D > 1, the distance between different
v; is no longer conserved but decays to zero. Therefore, a new balancing condition emerges as we
increase the depth. Conceptually, this qualitative distinction also corroborates the discovery in Ziyin
et al. (2022a) and Ziyin & Ueda (2022), where D = 1 models are found to be qualitatively different
from models with D > 1.

With this theorem, we are now ready to solve for the stationary distribution. It suffices to condition
on the event that v; does not converge to zero. Let us suppose that there are d nonzero v; that obey
item 2 of Theorem 2 and d can be seen as an effective width of the model. We stress that the effective

L — 0 s only possible when A = 0 and v = B2/p1.
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Figure 2: Stationary distributions of SGD for simple linear regression (D = 0), and a two-layer network
(D = 1) across different 7' = /S: T = 0.05 (left) and T = 0.5 (Mid). We see that for D = 1, the stationary
distribution is strongly affected by the choice of the learning rate. In contrast, for D = 0, the stationary
distribution is also centered at the global minimizer of the loss function, and the choice of the learning rate only
affects the thickness of the tail. Right: the stationary distribution of a one-layer tanh-model, f(z) = tanh(vz)
(D = 0) and a two-layer tanh-model f(z) = wtanh(ux) (D = 1). For D = 1, we define v := wu. The vertical
line shows the ground truth. The deeper model never learns the wrong sign of wu, whereas the shallow model
can learn the wrong one.

width d < dy depends on the initialization and can be arbitrary.® Therefore, we condition on a fixed
value of d to solve for the stationary distribution of v (Appendix B):

D (|v|) o 1 exp _7[|v\ d\v| d172/(D+1)(51|U|¢52)
+ [o[3A=1/(D+)) (a1 |v]? F 2a0]v] + a3) T Jo (D + 1)[u[2D/(D+D) (v F 2aa]0] + a3) )
(13)

where p_ is the distribution of v on (—o0,0) and p, is that on (0, c0). Next, we analyze this distri-
bution in detail. Since the result is symmetric in the sign of 85 = E[zy], we assume that E[zy] > 0
from now on.

3.2.1 DEPTH-1 NETS

We focus on the case v = 0.” The distribution of v is

o] P2/ T=5/2 exp _ L azfi—asf arctan o] ¥ oy (14)
(arfv]? F 2azfv] + ag)1=Fa/1Tes 2T agVA VA )

This measure is worth a close examination. First, the exponential term is upper and lower bounded
and well-behaved in all situations. In contrast, the polynomial term becomes dominant both at
infinity and close to zero. When v < 0, the distribution is a delta function at zero: p(v) = §(v). To
see this, note that the term v~72/2%37=3/2 integrates to give v~72/2#37-1/2 close to the origin, which
is infinite. Away from the origin, the integral is finite. This signals that the only possible stationary
distribution has a zero measure for v # 0. The stationary distribution is thus a delta distribution,
meaning that if z and y are positively correlated, the learned subnets v; can never be negative, no
matter the initial configuration.

Pe([vl) e

For v > 0, the distribution is nontrivial. Close to v = 0, the distribution is dominated by v%2/2sT=3/2,

which integrates to v72/2237=1/2_ 1t is only finite below a critical T, = (/. This is a phase-
transition-like behavior. As T' — (f2/a3)-, the integral diverges and tends to a delta distribution.
Namely, if T' > T¢, we have u; = w; = 0 for all 4 with probability 1, and no learning can happen.
If T' < T, the stationary distribution has a finite variance, and learning may happen. In the more
general setting, where weight decay is present, this critical 7" shifts to

:ﬁ2—7
Qa3 '

T, 5)

When 1" = 0, the phase transition occurs at 35 = -, in agreement with the threshold weight decay
identified in Ziyin & Ueda (2022). This critical learning rate also agrees with the discrete-time

®One can systematically initialize the parameters in a way that d takes any desired value between 1 and do;
for example, one way to achieve this is to initialize on the stationary conditions specified by Theorem 2 at the
desired value of d.

"When weight decay is present, the stationary distribution is the same, except that one needs to replace 32
with 32 — ~y. Other cases are also studied in detail in Appendix B and listed in Table. 1.
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Figure 3: Regimes of learning for SGD as a function of 7' = /S and the noise in the dataset o

. According to (1) whether the sparse transition has happened, (2) whether a nontrivial
maximum probability estimator exists, and (3) whether the sparse solution is a maximum probability estimator,
the learning of SGD can be characterized into 5 regimes. Regime I is where SGD converges to a sparse solution
with zero variance. In regime II, the stationary distribution has a finite spread, and the probability density of the
sparse solution diverges. Hence, the probability of being close to the sparse solution is very high. In regime III,
the probability density of the sparse solution is zero, and therefore the model will learn without much problem.
In regime b, a local nontrivial probability maximum exists, and hence SGD has some probability of successful
learning. The only maximum probability estimator in regime a is the sparse solution.

analysis performed in Ziyin et al. (2021; 2023) and the approximate continuous-time analysis in
Chen et al. (2023). See Figure 2 for illustrations of the distribution across different values of 7.
We also compare with the stationary distribution of a depth-0 model. Two characteristics of the
two-layer model appear rather striking: (1) the solution becomes a delta distribution at the sparse
solution u = w = 0 at a large learning rate; (2) the two-layer model never learns the incorrect sign (v
is always non-negative). See Figure 2.

Therefore, training with SGD on deeper models simultaneously has two advantages: (1) a general-
ization advantage such that a sparse solution is favored when the underlying data correlation is weak;
(2) an optimization advantage such that the training loss interpolates between that of the global min-
imizer and the sparse saddle and is well-bounded (whereas a depth-0 model can have arbitrarily bad
objective value at a large learning rate).

Another exotic phenomenon implied by the result is what we call the “fluctuation inversion.”
Naively, the variance of model parameters should increase as we increase 7', which is the noise
level in SGD. However, for the distribution we derived, the variance of v and « both decrease to zero
as we increase 1': injecting noise makes the model fluctuation vanish. We discuss more about this
“fluctuation inversion” in the next section.

Also, while there is no other phase-transition behavior below T, there is still an interesting and
practically relevant crossover behavior in the distribution of the parameters as we change the learning
rate. When we train a model, we often run SGD only once or a few times. When we do this, the
most likely parameter we obtain is given by the maximum likelihood estimator of the distribution,
0 := argmax p(v). Understanding how ©(7") changes as a function of 7" is crucial. This quantity
also exhibits nontrivial crossover behaviors at critical values of 7.

When T < T, a nonzero maximizer for p(v) must satisfy

*_

61 - 100(2T - \/(61 - 100(2T)2 + 28041T(B2 - 30[3T)

1404T (16)
The existence of this solution is nontrivial, which we analyze in Appendix B.5. When T" — 0, a
solution always exists and is given by v = 33/, which does not depend on the learning rate or
noise C. Note that S5/ is also the minimum point of L(u;,w;). This means that SGD is only a
consistent estimator of the local minima in deep learning in the vanishing learning rate limit. How
biased is SGD at a finite learning rate? Two limits can be computed. For a small learning rate, the

2
leading order correction to the solution is v = % + (1()%7352 - % - ?’ﬁ%) T'. This implies that the
1 1
common Bayesian analysis that relies on a Laplace expansion of the loss fluctuation around a local
minimum is improper. The fact that the stationary distribution of SGD is very far away from the

Bayesian posterior also implies that SGD is only a good Bayesian sampler at a small learning rate.
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Figure 4: SGD on deep networks leads to a well-controlled distribution and training loss. Left: Power law
of the tail of the parameter distribution of deep linear nets. The dashed lines show the upper (-7/2) and lower
(=5) bound of the exponent of the tail. The predicted power-law scaling agrees with the experiment, and the
exponent decreases as the theory predicts. Mid: training loss of a tanh network. D = 0 is the case where only
the input weight is trained, and D = 1 is the case where both input and output layers are trained. For D = 0,
the model norm increases as the model loses stability. For D = 1, a “fluctuation inversion” effect appears. The
fluctuation of the model vanishes before it loses stability. Right: performance of fully connected tanh nets on
MNIST. Scaling the learning rate as 1/D keeps the model performance relatively unchanged.

It is instructive to consider an example of a structured dataset: y = kx + €, where  ~ N(0,1) and
the noise € obeys ¢ ~ N(0,02). We let v = 0 for simplicity. If o2 > %kQ, there always exists

4k+\/420
1(2102-8k2)"
learning of SGD by comparing 7" with T, and 7. For this simple example, SGD can be classified
into roughly 5 different regimes. See Figure 3.

a transitional learning rate: 7 = Obviously, T./3 < T*. One can characterize the

3.3 POWER-LAW TAIL OF DEEPER MODELS

An interesting aspect of the depth-1 model is that its distribution is independent of the width d of
the model. This is not true for a deep model, as seen from Eq. (13). The d-dependent term vanishes
only if D = 1. Another intriguing aspect of the depth-1 distribution is that its tail is independent of
any hyperparameter of the problem, dramatically different from the linear regression case. This is
true for deeper models as well.

Since d only affects the non-polynomial part of the distribution, the stationary distribution scales

1 : : iq 0y—0+3/(D+1)
as p(v) o< ST (a1 57 Zagiias)” Hence, when v — oo, the scaling behaviour is v .

The tail gets monotonically thinner as one increases the depth. For D = 1, the exponent is 7/2;
an infinite-depth network has an exponent of 5. Therefore, the tail of the model distribution only
depends on the depth and is independent of the data or details of training, unlike the depth-0 model.
In addition, due to the scaling v®~%/(P*1) for v — oo, we can see that E[v?] will never diverge no
matter how large the 7' is. See Figure 4-mid.

One implication is that neural networks with at least one hidden layer will never have a divergent
training loss. This directly explains the puzzling observation of the edge-of-stability phenomenon
in deep learning: SGD training often gives a neural network a solution where a slight increment of
the learning rate will cause discrete-time instability and divergence Wu et al. (2018); Cohen et al.
(2021). These solutions, quite surprisingly, exhibit low training and testing loss values even when
the learning rate is right at the critical learning rate of instability. This observation contradicts naive
theoretical expectations. Let 1y, denote the largest stable learning rate. Close to a local minimum,
one can expand the loss function up to the second order to show that the value of the loss function
L is proportional to Tr[X]. However, ¥ o< 1/(nsta — 1) should be a very large value (Yaida, 2018;
Ziyin et al., 2022b; Liu et al., 2021), and therefore L should diverge. Thus, the edge of stability
phenomenon is incompatible with the naive expectation up to the second order, as pointed out in
Damian et al. (2022). Our theory offers a direct explanation of why the divergence of loss does
not happen: for deeper models, the fluctuation of model parameters decreases as the gradient noise
level increases, reaching a minimal value before losing stability. Thus, SGD always has a finite loss
because of the power-law tail and fluctuation inversion.

3.4 ROLE OF WIDTH

As discussed, for D > 1, the model width d directly affects the stationary distribution of SGD.
However, the integral in the exponent of Eq. (13) cannot be analytically calculated for a generic D.



Two cases exist where an analytical solution exists: D = 1 and D — oco. We thus consider the case
D — oo to study the effect of d.

As D tends to infinity, the distribution becomes

1 exp _d [ B2 asazfi-2030s + 1azfs
V3R (02 - 2000 + g )11 /2 DT

V) <
p(v) a3V aiVA
(17)
where k1 = d(azf1 — 2a22)/(TDa3). The first striking feature is that the architecture ratio d/D
always appears simultaneously with 1/T. This implies that for a sufficiently deep neural network,
the ratio D/d also becomes proportional to the strength of the noise. Since we know that T' = /S
determines the performance of SGD, our result thus shows an extended scaling law of training:
%% = const. For example, if we want to scale up the depth without changing the width, we can
increase the learning rate proportionally or decrease the batch size. This scaling law thus links all
the learning rates, the batch size, and the model width and depth. The architecture aspect of the
scaling law also agrees with an alternative analysis (Hanin, 2018; Hanin & Rolnick, 2018), where

the optimal architecture is found to have a constant ratio of d/D. See Figure 4.

Now, we fix T' and understand the infinite depth limits, which is decided by the scaling of d as we
scale up D. There are three situations: (1) d = o(D), (2) d = ¢oD for a constant ¢g, (3) d = Q(D).
If d = o(D), k; — 0 and the distribution converges to p(v) o< v™3(a1v? — 2a2v + a3) ™!, which is a
delta distribution at 0. Namely, if the width is far smaller than the depth, the model will collapse, and
no learning will happen under SGD. Therefore, we should increase the model width as we increase
the depth. In the second case, d/D is a constant and can thus be absorbed into the definition of T
and is the only limit where we obtain a nontrivial distribution with a finite spread. If d = Q(D), one
can perform a saddle point approximation to see that the distribution becomes a delta distribution
at the global minimum of the loss landscape, p(v) = §(v — B82/51). Therefore, the learned model
locates deterministically at the global minimum.

4 \ — L(w) !

4 DISCUSSION clw)
The first implication of our theory is that the behavior of ’

SGD cannot be understood through gradient flow or a sim- 5

ple Langevin approximation. Having a perturbative amount of

noise in SGD leads to an order-1 change in the stationary so- 1]

lution. This suggests that one promising way to understand \/\ \/
SGD is to study its behavior on a landscape from the view- 0 - ; -

point of symmetries. We showed that SGD systematically
moves towards a balanced solution when rescaling symmetry
exists. Likewise, it .is not difficult to imagi.ne.that for other  © - e of a one-neuron linear net-
symmetries, SGD will also have order-1 deviations from gra- o with one hidden neuron and ~y =
dient flow. An important future direction is thus to characterize .005. The orange curve shows the
the SGD dynamics on a loss function with other symmetries.  noise covariance C'(w, u) for w = u.
The shape of the gradient noise is,
in general, more complicated than the
landscape.

w

Figure 5: Loss landscape and noise

Using the symmetry conditions, we have characterized the sta-
tionary distribution of SGD analytically. To the best of our
knowledge, this is the first analytical expression for a globally
nonconvex and highly nonlinear loss without the need for any approximation. With this solution, we
have discovered many phenomena of deep learning that were previously unknown. For example, we
showed the qualitative difference between networks with different depths, the fluctuation inversion
effect, the loss of ergodicity, and the incapability of learning a wrong sign for a deep model.

Lastly, let us return to the starting question: when is the Gibbs measure a bad model of SGD? When
the number of data points N >> S, a standard computation shows that the noise covariance of SGD
takes the following form:C(0) = T(E.[(Ve€)(Vel)T] - (Vo L)(VeL)T), which is nothing but the
covariance of the gradients of . A key feature of the noise is that it depends on the dynamical
variable 6 in a highly nontrivial manner Hodgkinson & Mahoney (2021

Geiping et al.
2021)). See Figure 5 for an illustration of the landscape against C. We see that the shape of C'()
generally changes faster than the loss landscape. For the Gibbs distribution to hold (at least locally),
we need C(6) to change much slower than L(6).

a
— + arctan(
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Figure 6: A two-layer ReLU network trained on full-rank dataset. Left: because of the rescaling

symmetry, the norm of the two layers are balanced approximately. Right: the first and second terms
in Eq. 4. We see that both terms converge to a stationary time-independent constant.

A ADDITIONAL EXPERIMENTS

A.1 LAW OF BALANCE
See Figure 6. We train a two-layer ReLU network with the number of neurons: 20 — 200 — 20. The

dataset is a synthetic data set, where x is drawn from a normal distribution, and the labels: y = x +€,
for an independent Gaussian noise € with unit variance.
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B THEORETICAL CONSIDERATIONS

B.1 BACKGROUND

B.1.1 Ito’s LEMMA

Let us consider the following stochastic differential equation (SDE) for a Wiener process W (¢):
dX; = pedt + ordW (2). (18)

We are interested in the dynamics of a generic function of X;. Let Y; = f(¢, X;); Ito’s lemma states
that the SDE for the new variable is

of , Of P, of
o T Max, T o ax? 7t o

A (X)) - ( O g ). (19)

Let us take the variable Y; = X7 as an example. Then the SDE is
dYy = (2 Xy + 07 ) dt + 20, XodW (2). (20)
Let us consider another example. Let two variables X, and Y; follow

dXt = /,[,tdt + O'tdW(t),

The SDE of X.Y; is given by
d(XtY;j) = (/LtYVt + N Xy + O't(bt)dt + (O'tY;g + (z)tXt)dW(t) (22)

B.1.2 FOKKER PLANCK EQUATION

The general SDE of a 1d variable X is given by:

dX = —p(X)dt + B(X)dW (t). (23)
The time evolution of the probability density P(x,t) is given by the Fokker-Planck equation:
OP(X,t 0
LD -0 axn, 24)

where J(X,t) = u(X)P(X,t) + %%[BQ(X)P(X t)]. The stationary distribution satisfying
OP(X,t)/0t=01s

P(X) o %exp [— / dxz‘;((?)] - P(X), (25)

which gives a solution as a Boltzmann-type distribution if B is a constant. We will apply Eq. (25)
to determine the stationary distributions in the following sections.

B.2 PROOF OF THEOREM 1

Proof. By definition of the symmetry ¢(u, w, z) = £(Au, w/\, x), we obtain its infinitesimal trans-
formation £(u,w,z) = £((1 + €)u, (1 - e)w/)\ x). Expanding this to first order in €, we obtain

4

Z ul Z Wi —— 8w] (26)
The equations of motion are
dui or
= 27
dwj 19/4
— = 28
dt 811}j ( )
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Using Ito’s lemma, we can find the equations governing the evolutions of u? and w]2

2 ] N2
du; ou; du; N (du;)® - 9, or L TCE

dt dt dt 8u1

dw? dw; (dw;)? or
—L = ow;—L 4 == = 2w, —— + TCY, 29
a a T a T ow; 9

where C* Var[ -Jand C} = Var[ ] With Eq. (26), we obtain

! )

Il = Iy =T (5 - Zc“>——T(ZVar[ |- w2

Due to the rescaling symmetry, the loss function can be considered as a function of the matrix uw* .
Here we define a new loss function as f(uiwj) = {(u;,w;). Hence, we have

ol ol

aTuJ ) Z a(ule) sz ij a(uw;)’ 1)
We can rewrite Eq. (30) into
d
Sl = [wlf?) = T« Cru - w” Caw)., (32)
where
[ ol ol ol ol
C 1] = E - E E 9
(C1)ij zk: O(uwy,) a(UjUJk)] zk: [8(uiwk)] [a(ujwk)]
=E[ATA]-E[AT]E [A] (33)
[ ol 0 ol
(G2 =E Z O(u;wg) O(uwy) ] ; [8(ulwk) ] £ [a(ulwl)]
= E[AAT] - E[A]E[A"], (34)
where -
o
(W= grmos (35)
The proof is thus complete. O

B.3 PROOF OF THEOREM 2

Proof. This proof is based on the fact that if a certain condition is satisfied for all trajectories with
probability 1, this condition is satisfied by the stationary distribution of the dynamics with probabil-
ity 1.

Let us first consider the case of D > 1. We first show that any trajectory satisfies at least one of

the following five conditions: for any i, (i) v; - 0, (ii) L(#) — 0, or (iii) for any k # [, (u(k))2
()2 0.
The SDE for uz(-k) is
du'® v; V; dW
i - L (Brv = B2) + 2— /(v - 2090 + a3) ——, (36)
dt (k) ul®) dt

where v; := HkD:1 uz(.k), and so v = }; v;. There exists rescaling symmetry between ul(.k)

k # [. By the law of balance, we have
o
] . (37

8(u(k)u(l))

and ugl) for

LI - )] = -T2 - () Var
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where

af _ Ui 2 2
Var 8(u(k)u(l))‘| = (u(.k)u(l)) (a1v” = 2000 + i3) (38)
with v/ (u{PulDy = ﬁklu( ). In the long-time limit, (u{")2 converges to (u{")2 unless

Var[%] = 0, which is equivalent to v;/(u{”u{") = 0 or @102 - 2450 + a3 = 0. These

two conditions correspond to conditions (i) and (ii). The latter is because o v2—2a9v+as = 0 takes
place if and only if v = ap/a and a3 — oz = 0 together with L(8) = 0. Therefore, at stationarity,
we must have conditions (i), (ii), or (iii).

Now, we prove that when (iii) holds, the condition 2-(b) in the theorem statement must hold: for
D =1, (log|v;| - log|v,|) = co with sgn(v;) = sgn(v,). When (iii) holds, there are two situations.
First, if v; = 0, we have ufk) = 0 for all £, and v; will stay O for the rest of the trajectory, which
corresponds to condition (i).

(k)

If v; # 0, we have u; "~ # 0 for all k. Therefore, the dynamics of v; is

2 2
dv; 3 aw v} 9
m :—22 (k) (Brv- 62)+2Z (k) \/n(alv —2a2v+a3)ﬁ+4z m n(a1v°—2asv+as).

k,l
(39
Comparing the dynamics of v; and v; for 7 # j, we obtain

dv; /dt dvjfdt ( S /(™ a2 8, 03 (@l U2
o)y 1 (B)N2 RO e
Zk(”t/ui ) Zk(vj/uj ) Zk(UZ/ui ) Zk(”ﬁ/“j )

)7](0411)2 - 2090 + a3)

» ( g v/ ") v/ ")
. o,
Zi(vifu™)? Sk (vs/u)?

)n(an - 2000 + i3).

(40)
By condition (iii), we have |u( )| = |“§D)|, ie., (vi/ugk))2 = (v)P/P*D and (Ui/ul('m)uz(l))z
(v2)(P~D/(D+1) 8 Therefore, we obtain
dvs/dt dv; [ dt . ‘D(U?)(D—l)/(D+1) 4D(’l)32-)(D_1)/(D+1) 2y
(D +1)(02)PIDD (D + 1)(2)P/P+0) ~\ " 2(u2) I~ Y 5(2) (DD Hea=20avras).
(41)

We first consider the case where v; and v; initially share the same sign (both positive or both nega-
tive). When D > 1, the left-hand side of Eq. (41) can be written as

1 dv2/(D+1)_1 du2/(P+1)-1

: _ 1 -
D ¢ = 4—4Dvi1 2/(D+1)77(041v2—204211+063)—1 ) ! 7 —4Dv; 2/(D+1)T](Oé1112—204211+@3)7
(42)

which follows from Ito’s lemma:

dv?/ (P 2 2/(D+1)-2 dv; 2 2/(D+1)-3 ’
! :( —1)v. — +2( 1—1)(D . - 2)v; Z( (k)) 2/n(a1v? = 2090 + aiz)

dt D+1 ¢ dt D+

2 dv;
= (7—1)v2/(D+1) - dv +4D(D - 1)1)1 2/(D“)n(oz v° = 200 + i3). 43)

D+1 ¢
Substitute in Eq. (41), we obtain Eq. (42).

Now, we consider the right-hand side of Eq. (41), which is given by

9Dy 2/(D+1)

n(a1v2 - 2020 + a3). (44)

77(@11)2 - 20000 + a3) _ QD,U;—Q/(D+1)

8Here, we only consider the root on the positive real axis.
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Combining Eq. (42) and Eq. (44), we obtain
1 2@+ 1 dp?/ (P11

j B 1-2/(D+1) _ 1-2/(D+1) 2
— i - -5 y7 =-2D(v, - v; n(aqv —20421}4-04(34)5.)
By defining z; = vf/ (D“)*l, we can further simplify the dynamics:
d(z; — z; 1 1
d(z = 2) =2D(D-1)[ = - = | n(a1v® - 2000 + 3)
dt Z3 Zj
= —2D(D—1)Zi — 5 n(a1v? - 2020 + a3). (46)
ZiZj
Hence,
2D(D -1
zi(t) — zj(t) = exp [— f dt¥n(a1v2 - 2000+ 3) |. 47
ZiZj

Therefore, if v; and v; initially have the same sign, they will decay to the same value in the long-
time limit ¢ — oo, which gives condition 2-(b). When v; and v; initially have different signs, we can
write Eq. (41) as

(D + 1)(Juil2)PTOD " (D + 1) (Jo;[2)PID+D)

D(|,Ui‘2)(D—1)/(D+1) D(|vj|2)(D—1)/(D+1)
Taqupypre Iy e )

x n(a1v? = 2000 + ag). (48)

Hence, when D > 1, we simplify the equation with a similar procedure as

1 12/(D+1)-1 1 dly,|2/(P+D)-1
d|Uz| " |U_7| _ _2D(|U7L|1_2/(D+1)+|Uj|1_2/(D+1))7](041112—2042?]4—043).

1-D dt 1-D dt
(49)
Defining z; = |v;|?/(P+D~1, we obtain
d(z; i 1 1
Azt ) =2D(D-1)[ =+ = | n(a1v® - 2000 + a3)
dt Zi Zj
=2D(D - 1) p(arv? - 2090 + a3), (50)
ZiZj
which implies
2D(D -1
zi(t) + zj(t) = exp [/ dt¥n(o¢w2 - 200 + ag)] . (51)
ZiZj

From this equation, we reach the conclusion that if v; and v; have different signs initially, one of
them converges to 0 in the long-time limit ¢ — oo, corresponding to condition 1 in the theorem
statement. Hence, for D > 1, at least one of the conditions is always satisfied at ¢t - oo.

Now, we prove the theorem for D = 1, which is similar to the proof above. The law of balance gives

d o (D)2 (2)y27 2 (1)y2 (2)y2 ot
%[(uz )7 = (u; ) ] ==T[(u; ") = (u; ) ] Var W : (52)
We can see that |u§1)| - |u§2)| takes place unless Var [%] = 0, which is equivalent to

L(#) = 0. This corresponds to condition (ii). Hence, if condition (ii) is violated, we need to prove
ugl)\ - |uz(.2)| occurs and Eq. (41) can be rewritten as

condition (iii). In this sense,
dvi / dt d’l}j / dt

ol 0] = (sign(v;) - sign(v;))n(a1v® - 2000 + az). (53)
i j

When v; and v; are both positive, we have
d’l)i/dt d’l)j/dt _

U Uj

0. 54)
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With Ito’s lemma, we have

dlog(v; dv;
% = wdi 2n(a1v® - 2000 + ag). (55)

Therefore, Eq. (54) can be simplified to
d(log(v;) —log(v;))
dt

which indicates that all v; with the same sign will decay at the same rate. This differs from the case
of D > 2 where all v; decay to the same value. Similarly, we can prove the case where v; and v; are
both negative.

=0, (56)

Now, we consider the case where v; is positive while v; is negative and rewrite Eq. (53) as

doifdt_d(|o; )/t

= 2n(a1v2 - 2000 + 3). (57)
v; |vj

Furthermore, we can derive the dynamics of v; with Ito’s lemma:

dlog(|v; dv;
% = vidt - 2n(a1v® = 2000 + a3). (58)

Therefore, Eq. (57) takes the form of

d(log(vi);'tlogﬂvﬂ)) _ _277(0[102 - 2090 + ag). (59)

In the long-time limit, we can see log(v;|v;|) decays to —oo, indicating that either v; or v; will decay
to 0. This corresponds to condition 1 in the theorem statement. Combining Eq. (56) and Eq. (59),
we conclude that all v; have the same sign as ¢ — oo, which indicates condition 2-(a) if conditions
in item 1 are all violated. The proof is thus complete. O

B.4 STATIONARY DISTRIBUTION IN EQ. (13)

(k)

Following Eq. (39), we substitute u; ~ with vil /P for arbitrary k and obtain

dv; dw
o - 2D+ D]oiPP/P (810 = B2) + 2(D + D)|os P/ P9\ /n(a1v? - 2090 + as)—-
+2(D + 1) Dol g™ PV (aqv? - 2000 + a3). (60)

With Eq. (47), we can see that for arbitrary ¢ and j, v; will converge to v; in the long-time limit. In
this case, we have v = dv; for each i. Then, the SDE for v can be written as

% == 2(D + 1)@ PO PRI (819 - By) + 2(D + 1)d> PO PPy (g0 - 2090 + ag)‘%‘/
+2(D + 1) Dd¥ P+D=24315 /(DD (0% — 20090 + 3). (61)

If v > 0, Eq. (61) becomes

% =~ 2(D + 1)@ P01 2DID) (14— Bo) 4+ 2(D + 1)d>/ (PrD12PIDD) | (002 — 2090 + ag)%
+2(D + 1) DY P+D=23-4/(D+D) (002 — 2000 + au3). (62)

Therefore, the stationary distribution of a general deep diagonal network is given by

o ! oL [ )

oc xp [ -= :

b p3A-1/(D+1) (102 - 2090 + 13) P77 (D + 1)v2D/(D+D) (02 - 2090 + r3)
(63)

If v <0, Eq. (61) becomes

dlv _ _ aw
% == 2(D + 1)d¥ P2 PP/DD (8 |y| + By) — 2(D + 1)d?/ PO PPIP+D) [y (o2 + 2ais|v] + ag)ﬁ

+2(D + 1) DdY P72y 34 DD (o [o]? + 2a0]0] + au3). (64)
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The stationary distribution of |v| is given by

-2/(D+1)
p(lo) o : (i S

WP/ (o |02 + 20afo] + ) T (D + D)[o]2D/D+D (a1 [u]2 + 2a0]0] + a3)

Thus, we have obtained

1 1 JL-2/(D+1) v
pallol) = (-1 [ bl (Bilol % 52) )

[v[3A-1/(D+) (g [v]2 F 2a2|v] + a3 [v[2P/(P+1) (ayq [v]2 F 20ee|v| + v3)

Especially when D = 1, the distribution function can be simplified as

o2 2012 exp (- Qo020 o, caltl s
(oaleP % 20fu] g BT T\ 9T 0y /R va

pa(lo]) o< ) ©7)

where we have used the integral

f o Biv F Ba azf —azfs ailv] Fag  fo B
a

= arctan ——— 2122 Jog(v)+ = log( v —200v+as).
041’1)2—ZCVQ’U+OZ3 a3\/A VA 3 2(13
(68)

B.5 ANALYSIS OF THE MAXIMUM PROBABILITY POINT

To investigate the existence of the maximum point given in Eq. (16), we treat 1" as a variable and
study whether (31 —10a27)% +28a1T (B2 — 3asT') := A in the square root is always positive or not.

When T < 3% =T./3, Ais positive for arbitrary data. When T > ?%’3, we divide the discussion into

several cases. First, when oy a3 > %a%, there always exists a root for the expression A. Hence, we
find that

_ —bagf +Ta1 P + \/7\/30410435% — 100 31 B2 + T3 32
2(21a g — 2503

is a critical point. When T,./3 < T < T*, there exists a solution to the maximum condition. When
T > T, there is no solution to the maximum condition.

T =T (69)

The second case is a% <ajaz < %a%. In this case, we need to further compare the value between
S5agf1 and TagPs. If Bagfy < Tayfa, we have A > 0, which indicates that the maximum point
exists. If ban 81 > T B2, we need to further check the value of minimum of A, which takes the

form of ) ) )
2505 - 21 - (7 -5
minTA(T):( a; a1a3)261 (Ta1 B2~ 5a2f1)" (70)
25035 - 2lajas
[ \/ a2— [e5Ke%
If % < % < X 25;02 — ®, the minimum of A is always positive and the maximum

Sag+4 /25a§—21a10¢3

exists. However, if % > , there is always a critical learning rate 7. If

3as
2
AR e i i i _ _SasfiTafy
B = 3as , there is only one critical learning rate as 7. = (3502 3Ta10s)" When

T./3 < T < T*, there is a solution to the maximum condition, while there is no solution when

TsT* If B1 S Sag+y/25a3-21laas
© T B2

3as

, there are two critical points:

—5012ﬂ1 + 70&162 F* \/7\/30[10&35% - 100&1012ﬂ1ﬂ2 + 70&%5%
2(21ay a3 — 2503) ’

For T" < T} and T' > T%, there exists a solution to the maximum condition. For T} < T" < T5, there

is no solution to the maximum condition. The last case is a3 = ajaz < ;—‘;’ag. In this sense, the

expression of A is simplified as Bf + 281 BT — 20251 T. Hence, when % <

T2 = (71)

7(11
5an’

there is always

there is no

70(1

critical learning rate and the maximum always exists. Nevertheless, when 5—; > S

B
2
a critical learning rate as T = 20’671. When T' < T*, there is a solution to the maximum
agfB1-28a1 B2
condition, while there is no solution when 7" > T*.
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without weight decay with weight decay

K 2 1-_F _o_(B1+7)
single layer (a1v® = 2000 + v3) ™ 2Ten ar(v-k) " T
X lati oP2/2azT=3]2 25 (B2-1)2a3 =372

non-interpolation (10?200 0tag) tPaliTas (a102—2azvtagz)+(B2-N/ATay
T ol
. . -3/2+B1/2T a1k =32 gk P1m %) 8
_ v v _ Py 1
interpolation y = kx Ry AATaE (v_k)2+2T}y]k(ﬁl_%> exp( T k(k_v))

Table 1: Summary of distributions p(v) in a depth-1 neural network. Here, we show the distribution
in the nontrivial subspace when the data x and y are positively correlated. The ©(1) factors are
neglected for concision.

B.6 OTHER CASESFOR D =1

The other cases are worth studying. For the interpolation case where the data is linear (y = kx for
some k), the stationary distribution is different and simpler. There exists a nontrivial fixed point for
Yi(uf —wi): ¥;ujw; = §2, which is the global minimizer of L and also has a vanishing noise. It
is helpful to note the following relationships for the data distribution when it is linear:

aj = Var[2?],

ag = kVar[z?] = kay,

az = k?ay, (72)
B = E[a?],

Ba = kE[2%] = k1.

Since the analysis of the Fokker-Planck equation is the same, we directly begin with the distribution
function in Eq. (14) for w; = —w; which is given by P(Jv]|) o< §(|v|). Namely, the only possible
weights are u; = w; = 0, the same as the non-interpolation case. This is because the corresponding
stationary distribution is

1 1
P — —*fd
= e Sy
8 B
o ol £ (o] + ) 2T o

Br(|v| + k) + ar = (Jv] + k)2)

3,_051
The integral of Eq. (73) with respect to |v| diverges at the origin due to the factor |v|2 " 2Ta1%
For the case u; = w;, the stationary distribution is given from Eq. (14) as

exp( /d 61(v—k)+a1T(v—k)2)

P(v) e arv(v —k)?

(
< v 2+2Tﬁa1k (U k) 2Talk (74)

Now, we consider the case of v # 0. In the non-interpolation regime, when u; = —w;, the stationary
distribution is still p(v) = 6(v). For the case of u; = w;, the stationary distribution is the same as
in Eq. (14) after replacing 8 with 35 = 35 — ~. It still has a phase transition. The weight decay
has the effect of shifting 52 by —y. In the interpolation regime, the stationary distribution is still
p(v) = 6(v) when u; = —w;. However, when u; = w;, the phase transition still exists since the
stationary distribution is

v3t02 B1y 1
p(v) o CED B (_2Ta1 k:(k—v)) ; (75)

where 0, = 2Ta 7 (81— ). The phase transition point is 65 = 1/2, which is the same as the non-

interpolation one.

The last situation is rather special, which happens when A = 0 but y + kx: y = kx — ¢/x for some
¢ # 0. In this case, the parameters « and [ are the same as those given in Eq. (72) except for 5:

By = kE[x?] - ke = kB - ke. (76)

20



The corresponding stationary distribution is

v -3~ c 1
Pl e G es exp(ml k<k+|v|>)’ "

where ¢o = ﬁ(ﬁl - ¢). Here, we see that the behavior of stationary distribution P(Jv]) is

influenced by the sign of c. When ¢ < 0, the integral of P(|v|) diverges due to the factor [v|"2 %> <
|u]~%/2 and Eq. (77) becomes &(|v|) again. However, when ¢ > 0, the integral of [v| may not diverge.
The critical point is g + ¢2 =1 or equivalently: ¢ = 81 + T'ap k. This is because when ¢ < 0, the data
points are all distributed above the line y = kx. Hence, u; = —w; can only give a trivial solution.
However, if ¢ > 0, there is the possibility to learn the negative slope k. When 0 < ¢ < 81 + T'az k,
the integral of P(Jv|) still diverges and the distribution is equivalent to §(|v|). Now, we consider the
case of u; = w;. The stationary distribution is

o|~3+¢2 c 1
PO o s o (g ) ™
It also contains a critical point: —% + ¢o = —1, or equivalently, ¢ = 1 — a1 kT There are two cases.
When ¢ < 0, the probability density only has support for |v| > k since the gradient always pulls the
parameter |v| to the region |v| > k. Hence, the divergence at |v| = 0 is of no effect. When ¢ > 0,
the probability density has support on 0 < |v| < k for the same reason. Therefore, if 51 > a1kT,
there exists a critical point ¢ = 81 — a1 kT. When ¢ > 81 — a1 kT, the distribution function P(|v|)
becomes §(|v|). When ¢ < 81 — 1 kT, the integral of the distribution function is finite for 0 < |v| < k,
indicating the learning of the neural network. If 51 < a1 kT, there will be no criticality and P(|v|)
is always equivalent to §(|v|). The effect of having weight decay can be similarly analyzed, and
the result can be systematically obtained if we replace 81 with 31 + y/k for the case u; = —w; or
replacing 81 with 81 — v/k for the case u; = w;.

B.7 SECOND-ORDER LAW OF BALANCE
Considering the modified loss function:
1
oy = £ + ZT||VL\|2. (79)

In this case, the Langevin equations become

1 L|J?
du, -0 gy Ly DIV LIE
5‘wj 4 5‘wj
ol 1 8||VL||2
du; = —— —dt — — 81
u ou; 4 ou; 81

Hence, the modified SDEs of u? and wj2 can be rewritten as

(80)

du2 du;  (dug)? ov 1 2

LA Py =y TC! - T iV, |[VL 82
ar - ar T B weVul VL #2
dw? dw; (dw) ol

it A e ] ) 9y, 8 Lper - Lpyv, VLP. 83
T wj—= 7 o u)jawj+ j 5 w;V J|V | (83)

In this section, we consider the effects brought by the last term in Eqgs. (82) and (83). From the
infinitesimal transformation of the rescaling symmetry:

4 o

Wi = Y s, (84)
%j J ow; ZZ: Ou;
we take the derivative of both sides of the equation and obtain
oL 0’L 0’L
= 85
ou; " Z 8u7 Ou; Z O"mz@wj (85)
82 oL 0’L
— 86
z Ui 5w13u1 3wz " Z Wi Ow;0w;’ (86)
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where we take the expectation to ¢ at the same time. By substituting these equations into Egs. (82)
and (83), we obtain

dljull* _ dljw]?
dt dt

:TZ(C;*+(VuiL)2)—TZ(C;”+(ijL)2). (87)

Then following the procedure in Appendix. B.2, we can rewrite Eq. (87) as
diful?® _ dljwl* _

T (u" Cru + u” Dyu - w? Cyw — w” Dyw)

dt dt
= -T(uv" Byu-w" Eyw), (88)
where
ol ot
D1);;=> E E , 89
005~ 28 s B e )
o or
(D2 = ;E[a(uiwk)]E[a(uz‘wz)]’ o0
ol o
E);=E , 91
()i [Zk: O(u;wy) 8(ujwk):| o
o o
(E2)r =E [ZI: Bun) a(uiwl)]. 92)
For one-dimensional parameters u, w, Eq. (88) is reduced to
i 2 2y _ ol ’ 2_ 2
(0 ) - El(a(uw)) ](u w?). 93)

Therefore, we can see this loss modification increases the speed of convergence. Now, we move
to the stationary distribution of the parameter v. At the stationarity, if u; = —w;, we also have the
distribution P(v) = §(v) like before. However, when u; = w;, we have

dv = —4U(ﬁlv—ﬁg)+4Tv(a1v2—2a2v+a3)—4612Tv(61v—62)(3ﬁlv—ﬁg)+4v\/T(aw2 — 2000 + i3)

dt
94)

aw
dt

Hence, the stationary distribution becomes

Ba /203 T-3/2-B2 /203 1 _ _
P(v) v exp (—(agﬁl el +K2)arctan Qv as 042)7

(a10? - 2090 + (g ) 1+F2/4Tas+Ka T ag/A =
where (95)
Ky = 3aspf - o1 B
4aqag
K, = 3oz 87 — dagaz B Ba + alaﬁ% 06)

20[10{3\/Z

From the expression above we can see K1 << 1+ 83/4T a3 and Ky « (asf — Oégﬂg)/QTOég\/Z.
Hence, the effect of modification can only be seen in the term proportional to v. The phase transition
point is modified as

B2

T.= . 97
o+ B2 7

we can see the effect of the loss modification is oz —

_
[07%:3 ’
as + (32, or equivalently, Var[zy] — E[2?y?]. This effect can be seen from E; and E.

Compared with the previous result 7,
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