A Experimental Setup

We provide detailed experimental setup in this section.

A.1 Dataset

Under GPU memory constraints when computing Gram matrix of our models, we limit the size of
dataset we use. The dataset is a 1,000-sample subset from CIFAR-10 (Krizhevsky et al. [17]) (https:
//www.cs.toronto.edu/"kriz/cifar.html). To make it a binary dataset, we constructed it by
selecting the first 500 samples of class 0 and 1, respectivelyE] Then we label the samples by +1. In
the experiments in Appendix [B|and [D] we fix the objective as training on the 1000-example subset
of CIFAR-10.

A.2 Network Architecture

In general settings, we experiment with three architectures from simple models to more complicated
models: one-hidden-layer linear neural network, four-hidden-layer fully-connected network, convolu-
tional network and a ResNet18 (He et al. [[11]) model. The initialization of each layer follows the
default initialization of PyTorch (Paszke et al. [27]).

Linear Network We first use a simple two-layer linear neural network. The hidden layer has 200
neurons. We empirically show that even a simple linear network can enter the EOS regime.

Table 1: Linear network

Layer# Name Layer In shape Out shape
1 Flatten() (3,32,32) 3072

2 fcil nn.Linear (3072, 200) 3072 200

3 fc2 nn.Linear (200, 1) 200 1

Fully-connected Network We conduct further experiments on several different fully-connected
networks with 4 hidden layers with various activation functions. We consider tanh, ReLU, ELU
activations. For example, the structure of a fully-connected tanh network is shown in Table [2]

Table 2: Fully-connected network

Layer# Name Layer In shape Out shape
1 Flatten() (3,32,32) 3072
2 fcl nn.Linear (3072,200,bias=False) 3072 200
3 nn.tanh() 200 200
4 fc2 nn.Linear (200,200,bias=False) 200 200
5 nn.tanh() 200 200
6 fc3 nn.Linear(200,200,bias=False) 200 200
7 nn.tanh() 200 200
8 fcd nn.Linear(200,200,bias=False) 200 200
9 nn.tanh() 200 200
10 fch nn.Linear(200,1,bias=False) 200 1

Convolutional Network We also conduct experiments on several different convolutional networks
with two convolutional layers and two max-pooling layers. Like the fully-connected network experi-
ments, we consider tanh, ReLLU and ELU activations. For example, the structure of a convolutional
tanh network is shown in Table 3l

4Cohen et al. [6] selects the first 5,000 examples from CIFAR-10. Our subset is smaller because of the
computation limitation when calculating the Gram matrix. Experiments show that the properties along GD
trajectory (e.g. the loss, the sharpness) is similar on both datasets.

13


 https://www.cs.toronto.edu/~kriz/cifar.html
 https://www.cs.toronto.edu/~kriz/cifar.html

Table 3: Convolutional network

# Name Layer In shape Out shape
1 convl nn.Conv2d(3,32,kernel_size=3,padding=1) (3,32,32) (32,32,32)
2 nn.tanh() (32,32,32) (32,32,32)
3 nn.MaxPool12d(2) (32,32,32) (32,16,16)
4 conv2 nn.Conv2d(32,32,kernel_size=3,padding=1) (32,16,16) (32,16,16)
5 nn.tanh() (32,16,16) (32,16,16)
6 nn.MaxPool2d(2) (32,16,16) (32,8,8)

7 Flatten() (32,8,8) 2048

8 fci nn.Linear(2048,1,bias=False) 2048 1

ResNet18 We also conduct experiment on the ResNet18 architecture proposed by He et al. [11].
We use the default architecture implemented in PyTorch (Paszke et al. [27]). When calculating the
sharpness, we use the numerical methods in the package (Golmant et al. [10]) to calculate the top
eigenvalue of the Hessian matrix.

B Further Experiments and Discussions

In this appendix, we use the 1000-sized subset of CIFAR-10 introduced in Appendix [A]to conduct
further experiments on various architectures. We verify our main observation about the correlation
between the sharpness and the weight norm of the output layer (A-norm) of the neural network
through the following experiments.

We consider simple linear networks, fully-connected networks, convolutional networks in this
appendix. For nonlinear networks, we choose tanh, ReLU, ELU as activation functions. We train
the networks with MSE loss. Here we exclude ResNetl8 experiment since it is not feasible to
compute the Gram matrix or the leading Gram matrix eigenvector due to GPU memory limitation.
The sharpness and A-norm correlation of ResNet18 are included in Figure [2|in Section

Here we run full-batch gradient descent with a selected step size n such that the sharpness at
initialization is smaller than 2/7).

B.1 Further Experiments

B.1.1 Linear Networks

We first verify our four-phase division of EOS phenomena in a simple linear network. This experiment
shows that even linear networks can also enter EOS regime and the four-phase division of the gradient
descent trajectory is quite apparent in this setting. The following Figure []illustrates the positive
correlation between the sharpness and the A-norm, and the relationship between the loss || D(t)]|?
and || R(t)||? along the trajectory.
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Figure 4: Fully-connected linear network. In Figure (a), we verify the correlation between sharpness
and A-norm in convolutional network setting. In Figure (b), we show that in this case, even though
the total loss £(t) = || D(t)|*/n oscillates considerably, || R(t)||*/n decreases more steadily.

14



B.1.2 Fully-connected networks

We train three 5-layer fully-connected networks with different activation functions: tanh, ReLU,
and ELU activations. In Figure[5] [6] and [7] we verify that in these fully-connected networks, the
sharpness is positively correlated to the dynamics output layer norm (A-norm) most of the time in the
progressive sharpening stage and the first few oscillations.

Note that anomaly points appear much more frequently after a few oscillations. Meanwhile, the
sharpness oscillates more frequently around 2/7 in every few iterations. We further discuss the
phenomenon in Appendix [B:2] in which we elaborate the complicated relationship of the sharpness,
A-norm and parameters of other layers.
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Figure 5: Fully-connected tanh Network. Refer to Figure ] for more information.
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Figure 6: Fully-connected ReLU Network. Refer to Figure [ for more information.
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Figure 7: Fully-connected ELU Network. Refer to Figure ] for more information.
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B.1.3 Convolutional Networks

We train three convolutional networks with different activation functions: ReLLU, tanh, and ELU
activations. In Figure[8] 9] and [I0} we verify that in convolutional networks, the positive correlation
between the sharpness and the output layer norm (A norm) is still correct in the training process. In
the first few oscillations of the sharpness, the four-phase division is also valid. On the other hand, we
notice that the same anomaly appears in this convolutional setting as in the fully-connected examples.

We defer the discussion to Section
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Refer to Figure 8] for more information.
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Figure 10: Conv. ELU Network. Refer to Figure 8] for more information.

B.1.4 Gaussian Data on Linear Networks

In this section, we train two-layer fully-connected linear networks with datapoints sampled from
Gaussian distribution and different label vectors.
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In Figure [T1] we train two-layer fully-connected linear networks with datapoints sampled from
Gaussian distribution. In particular, the width of the network is 200. The data X is 1000 datapoints
sampled from A/ (0, I3972), where I3q7o € R3072%3072 jg the identity matrix. The label Y is uniformly
sampled from Unif{—1, 1}".

In Figure[TT] we verify that even with simple two-layer linear network and Gaussian data, progressive
sharpening and EOS can still be observed. However, because Gaussian data is easy for the network
to learn, the convergence is so fast that within tens of epochs the training loss converges to zero. In
this case, the EOS phenomenon is not quite typical.

To further explore the effect of different fac-
tors on the degree of progressive sharpening, we
train the network with data points sampled from sharp plot
Gaussian distribution and different label vectors.
In particular, the width of the network is 400.
The input X consists of 500 data points sampled 14
from N (u, ¥), where the mean p € R3°72 and
the covariance ¥ € R3972x3072 are the mean
vector and the covariance matrix of 5000 CIFAR- 9
10 data points, respectively. We note that to illus-
trate the degree of progressive sharpening, we

sharp

choose a very small learning rate n = 2/20000 7 — etacans
(so that the training converges before EOS can ol ‘ ‘ ‘ e
happen). 0 10 n 20 50

In Figure the label Y is uniformly sam- ] )
pled from Unif{—1, 1}". Comparing the exper- F{gure 11: Two-layer Linear Network. ’ljram@d
imental results with those obtained using the with data sampled from the standard Gaussian dis-
same network trained with 500 CIFAR-10 data tribution. Both progressive sharpening and EOS
points, we find out that both have a similar de- 3¢ observed.

gree of progressive sharpening. In Figure

and Figure we let the label Y be y/nv; and v/nvsgo respectively. The result shows that
when the label vector is aligned with the top eigenvector vy, the degree of progressive sharpening
is relatively small, and when the label vector is aligned with a bottom eigenvector, the degree of
progressive sharpening is relatively large.

This phenomenon is consistent with our intuition. Empirically we found that a dataset that is easier to
learn leads to faster convergence rate, which then leads to a smaller degree of progressive sharpening.
For example, training standard Gaussian distributed dataset converges faster than that with CIFAR-
10 dataset, hence the degree of progressive sharpening of the former is much smaller; as another
example (Figure and Figure [12(c)), if the label vector is aligned with the top eigenvector, the
convergence in the first phase (the PS phase) is faster, which leads to a shorter first phase and thus a
smaller degree of progressive sharpening compared to the other case.

B.2 Further Discussions on the Relation between A-norm and Sharpness

In our paper, we use the observation that || A||? shares the same trend as the sharpness to explain the
dynamics of the sharpness. However, as shown in the experiments in this section (see Figure 3] []
[8L B} [I0), anomaly points exist during the training process. Here we briefly discussion these anomaly
points further. We divide them into three kinds.

At the time that || A||? changes its trend: This kind of anomaly points appear when || A||? changes
its trend. When || A||? changes its trend, its changing rate (or differential, the D T F" term) changes its
sign, hence the changing rate’s absolute value is small. Now because the dynamics of the sharpness
is effected by both || A||? and the inner layers, when changing rate of || A||? is small, the inner layers
may play a larger role in the direction of sharpness, which may cause the anomaly.

When the sharpness oscillates more frequently: We notice that in some cases, || A(t)||? and the
sharpness A(t) have very similar overall trend, but the sharpness oscillates more frequently but the
magnitude is small (i.e., the sharpness curve has higher frequency oscillations. See Figure [6] or
Figure . In this case, while we believe the change of || A||? is a major driving force of the change
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Figure 12: progressive sharpening of two-layer fully-connected linear networks trained with data
points sampled from anisotropic Gaussian distribution. In Figure (a), the label Y is uniformly
sampled from Unif{—1, 1}" and the result is compared with that trained with CIFAR data points. In
Figure (b) and (c), the label Y takes 1/nwv; and \/nwv4gg respectively.

of the sharpness, other layers must be taken into consideration for understanding such small and
frequent oscillations of sharpness.

In late training phases: We notice that in the late training phases in most settings, sharpness
oscillates and crosses 2/7 more frequently (it changes directions in a few iterations). In this case,
our four-phase division does not strictly apply. At the same time, || A||?> may also change direction
more frequently, resulting more anomaly points during this period of time. Hence, understanding the
behavior of the late stages is beyond our current analysis and requires new insights.

C Proof for Section 4

C.1 Detailed Settings
Model: In this section, we study a two-layer neural network with linear activation, i.e.

1

m 1 .

f(x) = ; ﬁaqwqx = mA Wx
where W = [wi,ws,...,w,]T € R™*4 is the hidden layer’s weight matrix, and A =
[a1,az, ..., an] € R™ is the weight vector of the output layer. x € R? is the input vector.

Input distribution: Denote by X = [x;,Xs, ..., X,,| € R?X™ the training data matrix and by Y =
(Y1,Y2, > Yn) € R™ the label vector. We assume y; = 41 forall i € [n], and | X" X|| = @(n)We

3This property is mentioned in Hu et al. [12]. Empirically, for a randomly selected k-sample subset from
CIFAR-10, ||X " X||/k is nearly constant.
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assume X ' X has rank 7, and we decompose XTX and Y according to the orthonormal basis {v; },
the eigenvectors of X 'X: XX = Y7 Nwvo, Y = Y0 (Y Tv)v; == Y, zv; where
v; is the eigenvector corresponding to the ¢-th largest eigenvalue \; of X" X. z; = Y Tw; is the
projection of Y onto the direction v;. Here we assume that n > r.

Also, we suppose there exists some parameter A*, W*, s.t
Note when n > d, the matrix X " X cannot be full rank. This condition guarantees that Gradient
Descent (GD) only travels in the column space of X " X according to Lemma at Appendix l

Define the output vector as F' and the residual vector as D in the training process.

F=(f(x1),f(x2), .0, f[(Xp)) ER", D=F - Y

(Note that they are functions of time ¢. So we use D(¢), F(t), A(t), W (¢) to denote D, F', A, W at
time ¢.)

Consider the mean square error MSE loss during the training process:

n

LAW) = -3 (x) ~)* = | DI

i=1

Initialization: We run GD on the loss and start from symmetric initialization for the weights, which
guarantees F'(0) = 0.

ag ~ Unif({—=1,1}), agyme = —aq, ¢=1,2,...,m/2
m/2

Z'wq Idawq+7rz/2 =Wy, 4 = ]- 2 m/2

where I; € R%*4 is the identity matrix of d-dimension.

Sharpness: Recall the definition of the sharpness: A(t) = Apax (M (t)), where M (t) is the Gram
matrix (8).

Learning rate selection: We select a learning rate 7 such that A(0) < 2/1. Specially, based on our

method of initialization, A(0) = % . ln, hence we have
nd
< 5
(d+ 1)\ ©)
Gradient Descent Update Rule: Following GD, the training dynamics is as follows:
oL M —
aq(t+1) — ag(t) = 50, = nfz — yi)wgx;, Vg € [m]
Similarly, we have
wg(t + 1) — w,( Z — Yi)agXi, Vq € [m]
Write them into matrix forms and we have:
2
Alt+1)— Alt) = ——L W (#)XD(t)
o (©)
21 T T
Wit+1)-W(t) = At X
(t+1) (t) =~ "o (t)D(t)
Then we have the || A(¢)|’s dynamics according to (6):
oL 4n oL
At+1))7 = [|A®)|? = —2nA(t n? P=——F@t)'D@t)+ 0’|~ (7
JAG+ DI = AW = -2040) 52+ 0?5512 = ="LFOTDE + Pl 2 I )
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where F(t)" D(t) = D(t)T F(t) € R is a real number.

Define the Gram matrix as:

M(t) (IA@IPXTX + XTW (1) W (t)X) ®)

2
- mn
We can also show the dynamics of D(t) according to (6) and (8)). See Appendix@for a proof.
Lemma C.1. (See LemmalE.8) The update rule of the residual vector of D(t):

4772

Dit+1)" —D@#)" = —nD(t)"M(t) + anD(t)T(F(t)TD(t))XTX )
We define some extra notations for preparation.
* (1) _ _ An T T
M*(t) = M(t) an(D(t) F(t)X'X
_ 2 T T M (10)
() = . X'W(t) W)X 7 X' X)

M(t) = M*(t) —T(t)

Remark. Here we explain the notations above and what they are for.

e M*(t) is the Gram matrix M (t) plus a second order term (—-3L-(D(t)T F(t))X X).
Since the second order term is small, we have M (t) ~ M*(t). Also, in Section we
prove M *(t) is almost a linear interpolation of M (t) and M (¢ + 1), which corroborates
this argument.

« I'(t) is the difference between -2 XTW ()T W (t)X and -2 X" W (0) " W (0)X. Note
that T'(0) = 0 because of the initialization condition. In the following proof, we will show a
small upper bound of the norm of I'(¢). Hence, we can show that the eigenvectors of M (t)
are approximately aligned with the eigenvectors of X ' X.

- M (t) is the Gram matrix with the second order term, yet with I'(¢) excluded. M (t) is used
for bounding the main part of I'(¢) (i.e., the terms without the noise e(t), e.g. (AT),(A3))
which is defined in Theorem [3)) in the proof of Theorem 3] Note that there exists some

number 7y s.t. M(t) = yX T X. This is because

ME(t) = M*(t) — T(1) m_ 2

(JADI+ 2 = (DO TFE)XTX D

_ 2
-~ mn

Hence for any eigenvector v; of XX, \; (M (t)) = v, M (t)v;.
Then the dynamics of D(t) can be written as:

D(t+1) = (I, —nM"(t))D(t) (12)

Update Rule of M (t): Using the update rule of A(t) and W (t), we can also derive the update rule
of the Gram matrix M (t) (see Appendix [E|for the proof detail):

Lemma C.2. (See LemmalE.9) The update rule of the Gram matrix M (t) is,

4n
n2m

8772
n3m?2

8772
n3m?2

M(t+1)— M(t) = — 2(F)'DW))X'X+ FO)D(t)' XX +X"XDt)F(t)")

(D) XTW(t)TW(t)XD(t)X "X

+ |A®) > XTXD(#)D(t)'XTX
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C.2 Phase I and Progressive Sharpening

We suppose X ' X has rank r, and we decompose X "X and Y into a basis {v;} composed of
orthonormal eigenvectors of X T X.

XTX = ET: )\i’UZ"UiT7 Y = zr:(YT’UZ‘)’UZ' = zr:zivi
i=1

i=1 i=1

where v; is the eigenvector corresponding to the i-th largest eigenvalue \; of X" X. z; = Y Tv; is
the Y’s projection onto the direction v;. In particular, v; is the eigenvector corresponding to the
largest eigenvalue of X T X.

Recall that the sharpness A(t) = A\nax (M (t)). Here we propose an approximation of sharpness A
by the eigenvector v:

A*(t) = v M(t)vs (13)

The following corollary rationalizes this approximation. The proof is deferred to Corollary in
Section

Corollary C.1. There exists some constant ca, ¢y, s.t. for all time t {vy, u>2 > 1 —cy4/ % and

A#) > A (1) > A(t) — 22

m

where w is the top eigenvector of M ().

By this corollary, we can see that the top eigenvector of M (t) is approximately v1, and the approxi-
mation A*(¢) is very close to the real sharpness A(t). Thus, we consider A*(¢) as an approximation
of the sharpness and analyze its dynamics.

We first show the main theorem of progressive sharpening under Assumption [C.1]and [C.2]below.
Assumption C.1. There exists some constant X > 1, s.t. forall i € [r — 1], \;(XTX) <
XAis1 (X TX). Moreover, A\ (X TX) > 2),(X TX).

Assumption C.2. There exists k = Q(r~") such that min; ({2 /\/n} > k.

The first assumption is about the eigenvalue spectrum of X ' X. It guarantees the gap between two
adjacent eigenvalues is not very large, and there is a gap between the largest and the second largest
eigenvalue. Note the second part of the assumption is a relaxed version of Assumption In
our CIFAR-10 1k-subset with samples’ mean subtracted, \; /A2 = x =~ 3 (See Appendi
Figure . The second assumes that all components z; = Y Tw; are not too small.

Under the two assumptions, we have the following theorem:

Theorem 3 (Progressive Sharpening). Suppose Assumption hold. Suppose X\, =
2

Anin(XTX) > 0,0 = Muax(XTX) = O(n). Forany ¢ > 0, if m = Q(%) and

n= maX{Q(%), Q(i—z), Q A ), Q(Ki—i;)}, we have the following properties fort = 1,2, ...,tp—1

rte2

where t is the time when || D(t)||?> = O(€?) or Amax(M*(t)) > 1/n for the first time.

* (Progressive Sharpening) (Lemma|C.6) A*(t + 1) — A*(t) > 0.
* (Lemma|C.3) |T(t)] = O(1/m).

We first prove Lemma which implies that D(t) approximately converges independently in
each direction of X " X’s non-zero eigenspace. Lemma also proves the second point ||T'(¢)|| <
O(1/m). (Recall that |T'(¢)]| is defined in (T0).)

Then, based on the conclusion in Lemma Assumptionand C.2| we prove that || A()||? grows
in Lemma and Lemma Specifically, here we prove a sufficient condition of —D(t) T F'(t) >
0.
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Finally, we use the dynamics of A*(t) and its dependence on || A(#)||? dynamics to prove the sharpness
grows (Lemma|[C.6)), thus finishing the proof.

Remark 1. In the theorem, Ayax (M *(t)) > 1/7 is the termination condition for this theorem. Here,
M*(t) is the Gram matrix M (t) plus the second order term (— n‘i’lﬂ (D(t)" F(¢))XTX). Since
the second order term is small, we have M (¢) &~ M*(t). Also, in Section [C.3] we prove M*(t)
is almost a linear interpolation of M (t) and M (t + 1). Thus, A\pax(M*(t)) can be seen as an

approximation of the sharpness.

Remark 2. From the experiments, one can see that gradient descent is in progressive sharpening phase
until the sharpness crosses the threshold 2/7. Right now, our proof only works till Ayax(M™*(t))
reaches 1/7. It would be interesting to extend our result to 2/7.

Remark 3. In this theorem, we require mild over-parameterization (m = (n?), assuming \, =
©(1), to prove the direction guarantee of the Gram matrix M (t) and the monotone increment of
||A(t)||?. Astute readers may find it similar to the NTK regime, where the parameters do not move
far from the initialization. However, we stress that our analysis does not necessarily require NTK
regime, and can go beyond NTK. We defer the discussion on the difference between our results and
the NTK regime to Appendix

Then we break the proof of theorem into lemmas. The first lemma (Lemma [C.3) proves that the
Gram matrix M (t) ~ -2-(||A(t)[|* + )X "X by bounding the movement of |T'(t)[|. In this
way, D(t) ~ — H;;lo(In —nM(4))Y can approximately descend in each eigenvector v; of X T X
independently. Also, by proving M (t) ~ 2 (|[A(t)||> + 2)X X, we justify ||A(t)||* as an
indicator of the sharpness.

Lemma C.3 (Direction Guarantee). Along GD training trajectory, if m > 112;721”2 , we have the

following properties until Apax(M™*(t)) > 1/n:
L |A@®)|? > m/2and |T(t)|| < Ry = 40/m.

2. D(t) = —[T5Zy (T, — nM(5))Y + e(t), where ||e(t)]|> < 40n°/2

Arm

3 A(M@) > A/, M(M*(8)) > A, /n.

Proof. We prove the theorem by induction.

We first consider the base case. For property 1, | A(0)||> = m and ||T'(0)|| = 0. For property 2, with
symmetric initialization, F(0) = 0, hence D(0) = =Y, ||e(0)|| = 0. For property 3,

. ~ 2
M?(0) = M(0) = M(0) = — || 4(0)|*X"X
The minimal eigenvalue of 2| A(0)||*?X "X is 2\, /n > A./n. Thus all the properties hold at
iteration ¢t = 0.
Suppose for all k¥ < ¢, these properties hold. Then we consider the case in iteration ¢ + 1.

We first show a worst-case upper bound for || D(t)]|.

t—1
ID(t) = | [T 2 ~ " (k) D(0)
k=0
< ﬁ(InM*<k>>H ID()]
k=0
< (1= oy = v - Ty )

The second inequality uses property 3 in k < ¢. Note ||Y'|| = /n in our setting, so the last equality
holds. That means ||D(¢)|| < /nand ||F ()| = ||D(t) + Y| < 2y/n.

Now, we show the error e(t) is bounded. We have
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D(t+1) = (I - nM(t))D(t) — nT(t)D(t)

=~ LU~ 9MG)Y + (I = nb(t)e(t) - a0 D()

=—J[@ =M G)Y + (I — M (t)e(t) — nD(t) [[(X — nM(5))D(0).
j=0 j=0

Hence we have e(t + 1) = e(t)(I — nM*(t)) — yL(t) [T'— (I — nM(5)) D(0).

Then we can have the following bound by this recursion:

le( + D2 < [le@)[2[lL = nd™(#)[|2 + 7l D(O 1:[ I—nM@))|| 1Tl

)i

t t
<o (1-2) r, ED

< lle(®)l (1 -

51

< ‘R
—_ 1 w
nAr

40n3/2
m\,

Here the third inequality holds because ||e(0)|| = 0. Thus the second property holds for ¢ + 1.

Then we consider the lower bound of || A(t)||%.

Consider the dynamics of ||A(¢)||? in (7) and sum the difference up from O to ¢. Recall that we
proved ||D(¢)|| < /n by (D) above.

4+ DI 4O = 5 S -DITFW) +17 S a1
k=0 k=0

4§ aL(k)
> —;kz:oD(k)T(D(k) +Y) [HGT(k)”Z - 0]
> 2 (DM + IDEIIY) [£5-norm inequality]
= #ZW N+ V) D) < vl
R [ by ()]

" =0 n

8n m
2T T2 *)

Since || A(0)||? = m, we have the lower bound || A(t)||? > m/2.

Next, we lower bound the minimal non-zero eigenvalue (i.e. the r-th largest eigenvalue since X ' X
isrank r) of M*(t 4+ 1) and M (¢t + 1).

For M*(t + 1) and ]\N/I(t + 1), since the X "W (¢) " W ()X part is PSD, we have
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4n
T2

M*(t+1) = %HA(t +1)*PXTX (Dt+1)TF({t+1)X'X

n<m

~ 2 4n
M@t+1) = —|A¢t+1)|PX'X - = (D(t+1)'Ft+1)X'X
(t+1)= A+ 1) D+ 1) F(1 1)
From the inequality in @), and from (D) ||D(¢)|| < v/n, | F(t)] < 24/n, we know

A+ DI = JAO)E = 21D+ DT FE+ 1) = =5 = 2 20 2 —m2

M 4+1) = 2 (JAG+ DI~ 2D+ 1) TR+ D)X X = XX

Thus M*(t 4 1) (and also M ( + 1)) has its smallest eigenvalue larger than \,./n. Property 3 holds.

To extend this conclusion, we actually have \;(M (t 4+ 1)) > \;/n for all ¢ € [r] from the argument
above.

Finally we bound ||T'(¢ + 1)||. We first write down the dynamics of I'(t) according to Lemma|C.2]

T(t+1)—T(t) = ni XTW(t+1)TW(t+1) - W) W)X)
= l ( Wit+1) —WH W)+ W) (W(t+1) - W(t)X
+ XT(W(t +1)T —W(#)T)(W(t+1)— W(t)X) (UseEquation (6))
= - n24m’7 (F)D@®)"XTX+X'XD@t)F(t)")

8 2
+ | A@)2 - XTXD@OD(H) XX
Hence we sum it up and get:

ITE+1) =TO)ll, =| -~ nz () XX+ X'XD1)F(t)")

t
817 . .
—&-m E |A®)|? - X"XD()D(t)"X"X|| (Triangle Inequality)
k=0

2

t

4 TxT T T
<5 > (DHDH)TXTX +XTXD(t)D(1)") (G1)
k=0 2
i n Zt: (YD(t)'X'X+X'XD(#)Y") (G2)
n2m
k=0 2
HI? - XTXD)D(t) XX (G3)
2
Then we bound these three terms one by one.
Term @@1): 7 |1 (DOD(H) XX+ XTXDODW)) |,
By symmetry, we just consider the first term D T (¢) D(¢)X T X.
t—1 . t—1 -
DHDH) XX =[[(I. —=nMG)YY " [[ (L, —nM(5))X"X (A)

J=0 Jj=0
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t—1

e®Y T [ —nM () XX (A2)
j=0

1:[ I, —nM(@))Ye(t)TXTX (A3)

+e(t)e(t)'XTX (A4)

We bound each term in £o-norm and then add them up.

Term (AT)
an t k-1 . . k-1 . -
% Z H(In —UM(J))YY H(In —UM(S))X X
k=0 j=0 5=0 )
an t k-1 k-1 s
=— Z H (I, — nM(j Z 2;v; Z Zjrv H I, —nM(s)X'X
k=0 j=0 s=0

2
r k—1

k—1
— S (S TI0 - i) ij [1@ =02 (M)A
s=0

k=0 \ =1 j=0

2

— — — 1

where \; = ’U]TM’UJ' (See (TT)). We know since || A(2)[|? > m/2, \;(M(t)) > E)\j’ Vi, j
4n .

“nZm Z

(M)
>
2

k—1

(1= pA(M ()22 (1 — g (MG))Ay | viv))

(i 2
|

M-

i=1j'=1

k—1
[L =AM (G))zizy (1= nAge (M)A | vivg,

4 r
SnQZn Z

t
i=15/=1k=0

2
477 T r t 1 i 1
STLQ’ITL Z Z <k 0(1 - 775)\j/) ZiZj/(l - nﬁ)‘z)k)‘]’

i=1j5'=1

T

4 " n?
< 2222 )2,
S| 2 2 (En(hi + Xj0) — LrXidg)?

i=1j/=1
4 4

San [Y|3 - n?

_ 4

- m

The first inequality comes from || - ||2 < || - || 7. The last three inequalities require that nApax (M ™) <
1.

Combined with its symmetric counterpart in X" X.D(t)D(t) ", the sum of (AT) is smaller than 2.
Term (A2) and (A3):

t k—1 k—1

nizl Y e)y T [ —nM(G)X X+ [[ (I — nM(j))Ye(k) XX
k=0 j=0 3=0

2
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t k—1

<2— Z e(k)Y" H(I" - nM(j))XTX (Triangle Inequality)
" k=0 3=0 )
¢ _
8 i .
SnQZn Z le(k)ll, (|YT H(In —nM(j)) HXTXH2 (Cauchy-Schwarz)
— y ,
t n n3/2
m kz:on(l - E/\r)k\/H W Ry - cin ((ET) and Algebra)
8c1n?
<——R,
— mA2

Similarly, we have their symmetric counterpart added and get a bound of 16”" R

Term (Ad):

t

Z E)TXTX

k=0 2
t
S0 le(k )|| HXTXH2 (Cauchy-Schwarz)
n<m i
k—1 -
(le(®) 2 < [D@E)+ | ] =M G) Y] < 2v/n(1 — 2205
j=0
Ay < n n3/2
§N2m kZ:O2(1 - ﬁ)\r)k\/ﬁ' , Ry -cin ((ET) and Algebra)
8n2cy
mA2 R

Similarly, we can combine its symmetric counterpart and get a bound of 1?537;2 Ry.
Add them up, and we can get the bound of the first part.
8 32¢1n?

D2 < — Ry,
Il < —+ A2
Term (G2):
t
4
5 > (YDH)'XTX+XTXD()Y) (Triangle Inequality)
k=0 2
< N2 ZYYT H I, —nM(j) XX (A5)
Jj=0 9
t
> Ye(h)'X'X (A6)
k=0 2
‘We bound the two parts separately.
Term (AS):
DY vy T [, —nM(;)XTX (Cauchy-Schwarz)
P ,

2
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t s

8n T Lk T 8
§n2m||YY II2 ZZ(l - 77E>\i) A, || < - (Algebra)
k=0 i=1 2
Term (A6):
8 I 8 :
- > Ye(k) XX <Y > e(k)| -an (Cauchy-Schwarz)
k=0 2 k=0 2
8 t
< 2m\/ﬁr]2n\/ﬁk(l —n=\)*"1R,ein
k=0
((EI) and [[Y|| = v/n)
Sc t t—1 1
1 2 I RURY )
< ZZ(I nn)\r) Ry (Abel’s lemma)
k=0 j=k
Ses 3 2 a- Ly)kR (Algebra)
_mnkzon)\r - Ar) R g
8¢y n? 8cin?
<— Ry = w
—m A2 mA2
Sum up and we get
8 8cin?
2)|]e < — Ry,
1@l < -+ 705
Term (G3):
8 : 2
5 S IIAWIPXTXD#)D(t) XX
k=0 2
(Since X " XD(t)D(t) "X "X is PSD)
t
4n 2 25 T T~xT
SN max [|[| A(t)]*X X, - kZ%)D(t)D(t) XX
= 2
(Since Apax(M™) < 1/n)
4n : ToT 4 16c1n?
< D)D(t) X X|| < — Ry
*anZ (HD() *m+ mA2
k=0 2
The last inequality is the same one as in the term (GI) bound.
Adding the three terms together and using the induction hypothesis, we have
40
IGDIlz + 1G> + 1G3l2 < —.
Property 1 holds. Therefore the proof is completed. O

Lemmatells us that D(t) decreases along GD trajectory in some fixed directions independently
depending on X T X. After we have this GD trajectory, we can have the following Lemma about
the dynamics of || A(#)||? under the condition in Lemma It shows a sufficient condition for
||A(%)]|? to grow.

Lemma C.4. Under the Assumption|C.1|and Assumption if
n > (T0\, + 250%)/(196x* min{a; — a?, ay — a3})
and as long as there exist two number a1, as (to be determined) and some i € [r] at time t s.1.

t—1

0<ar < [0 —nr(M()) <az <1 (14
7=0
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we have —D(t) T F(t) > 0
Proof. We use property 2 of Lemma|C.3]to obtain the following expression:

D) F(t) =Y " [, —nM(j H (I, — 1M (j)))Y
=0 =0

t
+ YT @I — nM(5)) - L)e(t) — [le()|* (Use (ET) and m > 12

_ ~ — n2 n3
> ) 22 H(l —pA(M ()1 — H(l —nAi(M(35))) — iom - %

i=1 7=0 J=0
i1 t—1
- 5\, 252
> K’ max H(l —nAi(M(5))(1 - H(l —nA(M (7)) ¢ — 14 196
3=0 =0
(C.4)

Notice that all inequalities hold since \;(M™*(t)) < 1/n for all 5. In the first inequality, we use the

|le(®)|| bound in (ET), and in the second we just replace m with its lower bound 112;75”2 Then we
use n > (70\, + 25A2)/(196x% min{a; — a?,az — a3}) and complete the proof.
25)\2
—D(t)"F(t) > k*nmi A 250,
()" F(t) > k*nmin{a; — a3, a3 — a3} — 4 196
O

Then, we use Assumptlon@]to prove the next lemma. It tells that condition (T4) is satisfied under
this assumption in a time interval. That means —D(¢) " F'(t) > 0 during this period.

Lemma C.5. Under Assumption we have condition (14) satisfied with az = el =D/X in the
time interval [t1,t2). Here, t1 is the iteration that H _0(1 —n (M (j))) < asg for the first time,

and ts is the iteration when Hz; (I =nA-(M ( 1)) < ay for the first time.

Proof. We prove for all i € [r — 1],

t—1

If H (1= nX\i(M()))) < ar,then J](1 = nAipa (M(5))) < el =D/x, (15)
7=0

In this way, the only two possibility that all i € [r] doesn’t satisfy the condition (I4) is: (1) the
Hj %)( 77)\1(M( 1)) > az; (2) H ( —nAy (M( /))) < ay. Otherwise, there must be some

is.t. szo( — nAi(M(5))) € [ay,az). Thus, if condition (T3) is satisfied, we have this lemma
proved.

Now suppose Hé;g( —nAi(M(5))) < ay. By Bernoulli’s inequality,
I4+z)(14+z2)...(l+zp) 21421+ 22+ oo + 2, if 23 > =1, Vi € [n]

since —nAi(M(j)) > —1 for all ¢, we have
Zn/\ )>1—a

By Jensen inequality, we have

S Th A (M)
tx

ilog(l — (M (5))/x) < tlog (1 -
j=0
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Hence we have the following inequalities:

t—1

[T —nria(m1 H 1= nXi(M(5))/X)
§=0 j=0
t—1 .
_onANi(M
o {ﬂog <1 =N (m)}
tx
a; — 1 t
<14+ —-
<1+ i )
< elar—1)/x
So we complete the proof. O

Then we pay attention back to sharpness. We have the sharpness’s dynamics by Lemma [C.2}

A (t+1) = A*(t) =v] (M(t+1)— M(t))v; (Definition (13))
= (D) TR + (D) e (F () T00)
S (D) TXTW T (W (XD() + | AD) P2 (D) 01)?)

This equation shows that the dynamics of sharpness is closely related to the dynamics of || A(t)]|?, i.e.
highly dependent on —D(t) " F(t). Based on the lemmas above, we can prove progressive sharpening
happens almost along the whole training trajectory (Lemma [C.6) until the loss £ = | D(t)||?

converges to O(n~1).

Lemma C.6. Under Assumptionand ifm > 112;721"2 and

70X, + 25)2

n > max{(70\, + 2522)/(98x% min{e /X — e=2/X ne; (1 — nep)}), ( TR

)}

25A
196n'

we have N*(t + 1) — A*(t) > 0 until the time t when | D(t)|]? < €2 + 56)‘

Remark. When a; = €/\/n, as = (1 ~1/X < ¢=1/X the lower bound of n guarantee that

5\ 25)2
2 : 2 42 1— o T 16
k’nmin{a; — ay,as — a3, ( - 98 (16)
Proof. Note that the second order term
812\
L DO TXTW (T W(OXD() + AW P2 (D) T0)?)
is larger than 0. So as long as the first order term
8nA
——L(D(®) F(t) + (D) o)(F (1) v1)) > 0
the approximate sharpness will grow.
First, we give a lower bound for the number —(D(t) T v, )(F(t) "vy):
- t—1
—(D(t) o)) (F( H (1= (M)~ [T~ nh (M)
j=0 j=0
+ z1( H (1= (M) = 1)(e(t) Tv1) = (e(t) Tv1)?
> = \lelle( )M = lle@®)lI? A (M™(t)) < 1/m)
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40n2  1600n3

== o Emz (Use EID
BA,  25A2 o
VIR T (m > S54)

where the first equation holds due to Property 2 of Lemma

With the lower bound of —(D(t) "v;)(F(t) "v;), we show the dynamics of the first order term by
similar technique in the expression :

- D( )TF( t) — (D(t)Tm)(F(t)Tm) (Property 2 of LemmalC.3)
t
HI — nM(j HI —M@))Y +Y ][ (M ) — I,)e(t)
=0 j=0 §=0
—[le@®)I” = (D) "v1)(F(t) 1) (Use (EI) and m > %72712)
t—1 t—1
~ . 5. 25)\2
> wtnmax & [T = ma(M () = [T - oh(EG) | = = = 72
j=0 j=0
5N, 25)\2
(— 4 196 ) (Property 2 of Lemma|[C.3)
t—1 t—1
~ 5. 25)\2
> wtnmax { [T(0 = oh (M) - [[(1 - MG p = 27 = =0
j=0 j=0
5\ 25)\2

> k%n(1 —ney)ney — — 93 >0

The last inequality holds due to the lower bound of n (I6)) assumed in Lemma|[C.6]

Now, H - 0(1 —nA (M ( /))) begins to decrease each iteration. Before the time when Hz;é(l —

nA1 (M ( /))) becomes smaller than ﬁ —D(t)T F(t) > 0 always holds because of the lower bound
of n (I6) assumed in Lemma|[C.6]

Then, after the time ¢; when Hé;g( 1—n\ (M () < ﬁ and before the time ¢ when H;;é(l —

A (M (5)) < 5 forall i, we enter the time interval [t1,t2) where Lemmabegins to hold. We

use Lemma[C.3]to show that there exists some 7 to make
—1

—~ €
1—n\i(M(5)) € [—=, e /X
I - 026) & 1777
Before the time ¢4, we have this inequality always hold. Thus
—D(t)"F(t) — (D(t)"v)(F(t)Tv1) >0
holds until the iteration ¢5. Thus during this period, A*(¢) keeps increasing.

At this iteration, HHj;(l)(In —nM () H < = and we can bound the norm of the residual D(t)

with the inequality below. We have

t—1
ID®)|]? = || — H(I" — nM(j))Y +e(t)|? (Triangle Inequality)
j=0
t—1 . 2 t—1 .
<|[TTT —aMG)Y || +2|[[En —0MG)Y || lle®)] + lle(®)]
j=0 j=0
(Cauchy-Schwarz)
t—1 ? t—1
< ITI = b G))|| 1Y 1P+ 2| T @ = nMG)| 1Y [ )] + e
j=0 =0

Y= +vm
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t—1 t—1
~ 80n?2 ~ . 1600n3
<nmax ¢ [T =n\i(M(5) ¢+ —max § [T =n0(M(G)) o + 5
i o Fmoi o Zm
SeN 25)2 _ ~
2 r r t—1 )

—Lr — M H < <
<4 FE+ oo (=6 = oM ()| < 52
Thus, before the norm of the residual D(t) decreases to this value, A*(¢) keeps increasing. O

C.3 [Edge of Stability (Phase I1-1V)

In the edge of stability regime, we focus on the largest eigenvalue A and its corresponding eigenvector
u. Since M (t) has a large similarity with X T X in progressive sharpening phase, we consider the
eigenvector v; corresponding to the largest eigenvalue \; of X " X.

After A > 2/7, the proof in Section|C.2]does not extend to this phase. However, the bound of || T'(¢)||
(Lemma[C.3) still holds up to a constant factor empirically (See Figure 20). Hence, we make this
bound an assumptlon as follows.

Assumption C.3. There exists some constant co > 0, such that for any time t,

C2
NG
Ir@l <>

Note that in above progressive sharpening stage, the assumption holds by Theorem [3] We propose
this assumption to keep the gram matrix from deviating too far from the original trajectory even in
other phases. The verification of this assumption can be found in Appendix[D.2.2]

Corollary C.2. Recall that v is the largest eigenvector of XTX and u is the largest eigenvector of
M. There exists a constant cg, such that (vy,u)? > 1 — cyy/ -, and A(t) > A*(t) > A(t) — 22,

nm’ m

Proof. By difinition of T'(t) in[10] M = ~y(t)XTX + T'(t), here v(t) = -2 (|A@#)[]* + %) > 2.
Let (v, u) = cos® and decompose u by u = v cos + v, sinf. Then we have A = u' Mu <
A7y(t) cos? 0 + &b sin® Oy(t) + 2.

Also we have A > v Mwy > y(t)A — 2. So M\y(t) cos? 0 + A sin® Oy(t) + 2 > y(H)A — 2,

2 .
which induces sin? § < —2¢2 2 < 2c3d Because in our setting )\1 O(n), there exists a constant
my(t) A mAy

¢4 such that cos > 4/ 1 — C—4 >1 764,/i.
nm mn

The inequality A(t) > A*(t) is because ' Mwu > v] Mw; by definition of u. The other side can
be proved as the following:

v} Mv, =v] (M —T)v; + v T'v;
>u' (M —T)u —cy/m
>u' Mu — 2¢co /m.

To prove the main theorem (Theorem ), we need two more assumptions.

Assumption C.4. There exists some constant cz such that |D(t) " vy| > c3v/n/m for some t = to
at the beginning of phase II.

Assumption C.5. There exists some constant 3 > 0, such that

4
S1-8)=A
77(1 B) =
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The above assumption is consistent with Assumption [3.4] in which we assume an upper bound of the
sharpness. Lewkowycz et al. [19]] showed that 4 /7 is a upper bound of the sharpness in two-layer
linear network with one datapoint, otherwise the training process would diverge. Here we make it an
assumption.

Theorem 4. Suppose the smallest nonzero eigenvalue A, = \.(XTX) > 0, \; = Apnax(X " X).
Under Assumption n - H C.4 and M\ (XTX) > 2)\, (XTX) in Assumption there exists

constants Cy, Co, Cs, such that if n > ¢1 A, m > max{=25" C2 ,C3n}, we have

* (Lemma There exists p = O(1) which is related to c3 such that if A(ty) > %(1 +p)
Sfor some ty, there must exist some t1 > to such that A(t1) < %(1 + p).

* (Lemma IfA(E),A(t+1) > %(1 + p), then there is a constant ¢; > 0 (related to c3)
such that |D(t + 1) Tvy| > |D(t) Tv1|(1 + e7).

. (Lemmam) Define R(t) = (I — viv{)D(t ), and R'(t) == (I — nM*(t)(I —
viv] )R/ (t — 1). We have | R(t) — R'(t)|| = O(5

Viid )

Next, we prove this theorem in three parts: first we prove the third statement, which gives R(t) an
upper bound (Lemma|C.10), then we prove the second statement, in which we use Assumption [leto
prove that when sharpness is above 2 /1, D " v; increases geometrlcally (Lemma|C.11)), and lastly
we prove that the sharpness eventually drops below 2/n (Lemma|C.13), which is the first statement
in our theorem.

Now we first give a key equation:
Lemma C.7. The dynamics of the approximation on sharpness is:

A*(t+1) — A*(1)

= 27221 (F(t)TD(t) + (F(t) o) (D(t) "vy) — g<D(t)Tv1)2A*(t) -
_gR(t)TI‘(t)R(t) — pR(t)TT(t) (v1v] D(t)) — %R(t)T (%XTX) R(t))'

The proof of the equation is long and tedious, so we leave that in Lemma [E.T1]

Next we deal with the gap between M (t) and M*(¢). Note that M is the Gram Matrix, but in
gradient descent trajectory, D (¢t + 1) — D(t) = —M™*(t)D(t), so M* is the one that truly controls
D’s dynamics. From the following lemma, we can see that M *(t) is a smoothed version of M (t)
and M (t + 1) plus a small perturbation.

Lemma C.8. If m > nca(d + 1) (recall that co is defined in Assumption , then there exists
ks € ]0,1) and a constant cg such that | M*(t) — (1 — ks)M (t) — kM (t + 1 ,

Proof. Recall that M*(t) = M(t) — w4 (D(t)T F(t))X"X. Then we consider two different
cases.

Case I: [ D(t)TF(t)| < 9L (1 4 41y,

In this case [|M* — M|, < 2214411 4 dtlyy — O(Z21) = O(-L). Here the last inequality
follows from the inequality (3).

Case2: [D(t)TF(t)| > L (1+ “ln.

We claim that in this case we have F(t)T D(t) > (2L 2\, + £21) || D(t)||2. If it does not hold, then

mn d

R.H.S.> F(t)TD(t) > |D(#)|? — |ID®)||| Y ||. Hence we can have
1Y > DG - 210, )
= [P0 - 22231 7;?1)
> [DOI0 - 70— 717)
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The last inequality uses the restriction of m in this lemma and the inequality (3). Hence we have
|[F(t)T D) < |D@)|(ID®)] + [Y]]) < 9£5(1 4 9£5)n, which leads to a contradiction.

Hence now F(t) " D(t) > (2L ), + 21)|| D(¢)|| holds. Since X' W WX = 2X "X + I'(t)

mn d

and [|XTX|| = Ay, [|T(¢)]| < £, we can have:

F(t)'D(t) > %D(t)TXTWTWXD(t).

Now let k, := F(1) ' D(t) by the inequality above we have £k, < 1
ST 2F(t)TD(t)—2LD(t)TXTWTWXD(t)’ y ! y s :

mn

By the equation

M(t+1) - M(t) = % (1A +DI* = [A®1*) XTX + (D(t+1) = T(t)

G+ DI - 140 = —2p@ D+ 2. Lo x w T wxD)

we have M* = M(t)+ ks (M (t+1)— M (t) — (C(¢t+1) —T'(¢)). Hence | M* — (1 — k)M (t) —
ksM(t+1)| < 22. Now combining the conclusions in both cases together, we finish the proof. [J

Then we consider a corollary of this lemma. Basically, since M *(t) is a weighted sum of M (¢) and
M (t + 1) adding a small perturbation and M (t) has a decomposition to the X " X component and a
small noise T'(t), M*(t) can also be decomposed into the X " X component and a small noise.

Corollary C.3. M* can be decomposed to M*(t) = v*(t)X "X + I'*(t), where |T*(t)| < <2tcs

2\,
nd’

and for any eigenvector w of X X except vy, and if let T =

r<uT (M*(t) - T*(t))u < % o

Proof. By Lemma|C.8] if we denote I (t) = M*(t) — ks M (t+1) — (1 — ks) M (t), then ||/ (¢)|| <
C6
Hence, we can see
M*(t) =k;M(t+1)+ (1 — k)M (t) + T
2m

(ks[lACE + DI + (1 = k)| A®)* + —)XTX

_2
T mn d

+ksD(t+ 1)+ (1 —ks)T(t) + TV(2)

Denote kI'(t+1) + (1 —ks)L(t) +I'(t) by T'*(¢). By Assumption|C.3|and Lemma|C.8] || (¢)[| <
ca2+ce

Note that by Assumption , (X TX) < %)\1 for any 7 > 1. Then, we can see that

2y m. 4N
n

=LA@+ 2y 2 =

m

v (M(t) = T(t))v, (la®*+ )

Hence, we can see

2/\1' 2 m
—) <
LA+ ) <

C2
Sg(l -8+ o

Here the last inequality holds due to Assumption[C.3]
Now the inequality above shows that for any eigenvector u of X T X except v,

uT (M (1)~ T*(t))u < % - (% . )
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A(|AD)2+ ) > 2.

28 _
nd’ n

’mn

DT } Now because m = 2(n) and [ is some constant, we can see
52} = O

Take 7 = mln{

T—mln{nd, ;

Before using this corollary to derive the dynamics of R(¢) (and thus gives an upper bound of | R()]|)
we need an upper bound for || D(t)]|.

Lemma C.9. For any constant c; < m1n{2ﬁ, d+1} ifm > 3"(2

a constant cs such that | D(t)|| < esy/n

and m> 5 5 , there exists

Proof. First we analyze the right hand side of equation (T7). We can get

R.HS.
8UA1

YY) (F(t)TD(t) + (F(t) v (D(t) "vy) — g(D(t)Tvl)Q)\l

—JR(MTOR() —nR(1) T(t) (vr0] D) - —=R(1)" (X X) R(1))

S (D) + (D)0~ 2D e, — LIROIIT)],

R0 + YD) + (¥ v) <D<t>Tv1>)

=0l R@[ - D@ - I ()2 — nAl

__8UA1

(m(D(tml)Q +IR®I? = ZLIR®)|

mn?
~EUROIIDE] - 5 IROI - Y] DO - [YIDO o) )
S (2600 o + (7 - B2 ) LRI - 22D - 21711060 )

<=L (@I DOI? - 2Y ] - 1D

Here the third inequality follows from inequality (3)) which is 77)‘1 < and the last inequality

d+1’

holds because 23 — M > c5 and ﬁ — 32’77? > c5 by the restnctlon of m in this lemma.

On the other hand, the left hand side of equation is A*(t+1) — A*(t) > 0— A(t) > —=. Here
the first inequality follows because of A*(¢) > 0 and Corollary and the second inequahty holds

because of Assumption [C.5]
Y
Hence we have 2 > 523 (5| D(¢)[|* = 2/|Y [[|D(®)]). Now if [ D(¢)[| > 22X + ny/m—i—,

the inequality cannot hold Note that |Y|| = v/n and \; € O(n), and also from inequality (3),
n < 2L = O(1), we finish the proof. O

Now we can give a lemma on R(t) := (I — vyv{ )D(t). The proof idea is similar to Lemmain
Section[3]
Lemma C.10. Define R'(t) := (I — nM*(t)(I —viv] ))R'(t — 1). We have | R(t) — R'(t)|| =

OGLTL).

Proof. We consider the update rule for R(t), whose proof is in Lemmal[E.12}

R(t+1) = (I —nM*(t)) R(t) +n (viv{ T(t) — T(t)viv{ ) D(t) (18)

Hence if we denote e; (t) = R(t + 1) — (I — nM*(t)(I — viv{ ))R(t), then we have
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ex(t) = —nM*vyv] R(t)+n (v10] () - D()v10]) D(t) = 5 (v10] () — T(t)vrv] ) D(0).

Using the upper bound of || D(t)|| in Lemma|C.9] and Assumption|C.3|we have

C2 n
lex@®Il < 2nlL@OND O < 20— csv/nm = 2eaesny | —

Now we consider the sequence R’ (t).

First by Corollary we can see that the eigenvalues of (M *(t) — T'*(¢))(I — vv{ ) are all the
eigenvalues of M*(t) — I'*(t) except the largest one, hence are in (7,2/n — 7). Hence because m =

Q(n?), if we let 2= < €2t then by Corollarywe have all eigenvalues of M*(t)(I — vyvy )
arein (7/,2/n — 7') where 7/ = 2—& . Hence [T —nM(t)(I —vi(t)v1(t) )] <1 —n7'.

By the calculations above we can get
IR(t+1) = R'(t + 1) = |(I = nM*(t)(I — v10]))(R(t) — RB'(1)) + ex(t)]
< (I =M ()T — v1v)))(R(t) = R' ()] + llex(t)]
< =M @) —vio] )[|R(t) — R'(t)] + |ex(t)]

< |R(t) = R'(#)[I(1 = n7') + 2cacsm

ﬁ

Thus if we denote | R(¢) — R'(t)|| — 2eacony/5 by p(t), and replace || R(t) — R'(¢)|| in the inequality

nt’
above by p(t) + 262?}% we can get |p(t + 1)| < |p(¢)|(1 — n7’). Hence, we can have |p(t)| <

Ip(0)] = % for any time ¢. Therefore, we can obtain || R(t)—R'(¢)|| < %HP(O)\ =

nt

4"’-’?7,\/% =0(d %S/Ar)-
O

Now based on Theorem |[C.10} we can give an upper bound of || R(t)||. Because | R'(t)]| is always
decreasing and || R’ (0)|| = /n, hence if m = Q(n?d?/\2), we can have O(d\/ ™ /),) = O( /n).
Hence

IR®)] < R ()]l + O(v/n) = O(Vn). (19)
Let |R(t)|| < e7y/n.

Next we can use Assumption to prove that D(t) " v; increases geometrically when A > 2/,
which then causes the drop of the sharpness.

Lemma C.11. Let p* = @ p=p*+a2etes o = on(pt — 2EBCn) JrA(r) A(t+1) >
%(1 + p), we have |D(t + 1) (1 +€1)D(t) "Tvy.

Proof.
D(t+1)Tvy = D(t)" (I —nM*(t)) v
D) (I- m* )X X) vy —nD(t) T (t)v;
= (L—my*(t)A1) D(t) "v1 — nD(t) 'T* (t)v

First by Lemma[C.8]and Corollary [C.2}
YA =v] (ks(M(t+1) =T(t + 1)) + (1 — k) (M(t) — T(t))) v
> kA"t +1) 4+ (1 —Eks)A™(t) — Ze

>2(1+p)_@
2= T m

m
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Also we have |D(t) TT* (t)v, | < 2% || D(t)|| < <t |(D(t) Tvi| + |R(1)]).

Hence
ID(t+1)Tv1| > [1 =y ()M || D(E) o1 | — | D(8) TT* (t)v1 |

> |1 2p4 dem | (2o,
m m
> (14 20p")[D() Tor| — 2L
> (146)|D(®) v
Here the third inequality holds by the definition of p*. O

Now we state a lemma which proves that if D(t) " v, is large enough, then the sharpness will decrease
in the next iteration.

Lemma C.12. Assume m = Q(n). There exists constant cg, co > 0 such that if D(t)Tv; > cg\/n,
then v M (t + 1)v; — v{ M (t)vy < —cg/m.

Proof. Recall Equation (T7). Also we have ||R(t)|| < ¢7v/n by (19). Hence

A*(t+ 1) — A (1)

__ 8 (F(t)TD(t) +(Ft) o) (D(t) "vy) — g(D(t)Tvl)QA*(t)

—fg(t)TI‘(t)R(t) ~nR(t)TT(t) (viv] D(t)) — R(t)T (%xTx) R(t)%)
<= P (28D (1)) + IR — 12 ()|
S R(s)|- DG) | - HIRE - 2¥ ) ||D(t>||)
<= S0 (26(D(1) T 01)? + | R~ 27)
MR- (IR + D) Tor]) ~ DHRE) 21| - (1R + |D<t>Tv1>)
<= 2% (28 (D0T0)” - (T2 2y D)
+e2n(l — % - % - %) - 20771)
= PP (9D (1) 1) — 10 (D) Tw1) +en)

Here c1g := nery/n- 2 42y/n = ©(y/n), c11 := c2n (1 — 20 2n %) —2¢7n = Nn), and
the first inequality holds because of Assumption Assumption and | D(t)||? = (D(t) "v1)? +

| R(t) @) < |D) o] + RO,
inequality follows from the upper bound (T9) of || R(¢)]|.
Note that it is a quadratic function of D(t) "v;. Hence if D(t) "v; > ‘Cw‘ + o/l > we have

A \/
A*(t+ 1) o A*(t) izni ‘610| |Cll @(%)

Hence we finish the proof. O

Now we can prove the final part (the first conclusion) of Theorem 4]
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Lemma C.13. Let p be the one defined in Theorem If A(to) > %(1 + p) for some t, there
exists some t1 > to such that A(t1) < %(1 + p).

Proof. Otherwise, for any ¢ > to, A(t) > 2 (1 + p). Then by Theorem , D(t) " v, increases

geometrically, hence there exists o > tg, such that D(t) "v; > cgy/n. Now by Lemma|C.12| each
iteration A*(t) will decrease by at least a fixed amount. Hence there must exist a time ¢35 > ¢o such
that A*(t3) < % — 2¢a/m. Then by Corollary we get a contradiction. O

C.4 Our Results and the NTK Regime

In this subsection, we explain why our results (Theorem 3] Theorem [ are sufficiently different from
the quadratic setting (e.g., linear regression) or the recent convergence analysis in NTK setting.

A key requirement in the convergence analysis in the NTK regime is that the learning rate is very
small and the GD trajectory almost tracks the gradient flow, hence converges to the global minimum.
However, we consider typical learning rate used in practice, which can be much larger. In particular,
1 > 2/A can happen in our setting, which causes instability (i.e., such as the growth of loss in Lemma
C.11) along the training trajectory. Such instability cannot be captured by any existing convergence
analysis in NTK regime at all. Hence, all existing NTK convergence results do not directly apply
here.

Equally importantly, we find that even when W (t) changes slightly (several orders of magnitude
smaller than its initialization), PS and EOS still happen with a not so small learning rate 7. To support
our claim, we include the experimental results in Appendix [D.2.3] In Figure[22] we can see that the
initialization W (0) is much larger than the change of W (¢) and the norm of W () grows larger
when m becomes larger. However, we still observe that PS and EOS occur in this setting. Hence, the
setting we study in this paper and our results are intrinsically different from the quadratic setting (in
which case EOS cannot happen).

Last, in our proofs in Section and |C.3| our current bound requires that m = Q(n?) and we
also assume A, = Q(1). This may create an impression that we need a very wide network which
operates in the NTK regime. However, we remark that if our analysis can be tightened to m = O(n),
one can formally prove that || A(¢)|| can actually change significantly (|| A(¢)||*> — || A(0)||?) has the
same scale as the initialization || A(0)||?), resulting a significant change of sharpness as well, hence
beyond the NTK regime. For example, in the proof of EOS (Section , we prove a loose O(y/mn)
upper bound of | D(t)|| (Lemma . However by Lemma|C.12] when || D(t)|| reaches O(y/n), the
sharpness starts dropping quickly. So if a better upper bound of || D(¢)|| = O(y/n) can be proven
(this is true empirically for all of our experiments), the width m can be set to ©(n), and this suffices
to implies a significant change of | A(t)||?. We leave these improvements as future directions.

D Verification for Assumptions

In this section, we first justify the assumptions we made in Section [3|and Section [ empirically. Then
we present the experiment described in Section [5]

D.1 Assumptions in Section 3]

In this subsection, we conduct experiments to verify the assumptions in Section 3] The detailed
experiment settings can be found in Appendix

D.1.1 M 4 has small eigenvalues

In Section we mentioned that the largest eigenvalue of M4 := (g—A)(g—i)T is much smaller
than the sharpness. We verify this assumption under different settings in Figure [I3] including a
fully-connected linear network, a fully-connected network with tanh activation and a convolutional
one. Observe that || M 4]| (the blue curve) is very close to 0 and hardly increases during the training
process along the whole trajectory.
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(a) Fully-connected Linear Network (b) Fully-connected tanh Network (c) Convolutional tanh Network

Figure 13: In this figure, we show that || M 4]| is much smaller than the sharpness. Note that || M 4 ||
(the blue curve) is very close to 0 and hardly increases during the training process along the whole
trajectory. The sharpness (the steel-blue curve) strictly dominates || M 4|| for all time. The detailed
experiment settings can be found in Appendix [A]

D.1.2  Assumption[3.7]

In this assumption, we assume that there is a large gap between the largest and the second largest
eigenvalue, and thus the second largest eigenvalue is always below 1/n. We verify the outlier
assumption by calculating the largest and the second largest eigenvalue of M (¢). In Sagun et al.
(28, 29], the sharpness is much larger than the largest eigenvalue in the bulk (the (K + 1)-th largest
eigenvalue of M where K is the number of classes). In our binary setting K = 1. In Figure[T6] we
show that the largest eigenvalue indeed dominates the second one, and the second one never reaches
1/n, which verifies Assumption

sharp plot sharp plot sharp plot
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— shar

— sharpness
the second lart
21

[ 200 400 600 800 1000 o 50 100 10 200 250 300 [ 200 400 600 800 1000
epoch epoch epoch

(a) Fully-connected linear network (b) Fully-connected tanh network (c) Convolutional network with
ELU activation

Figure 14: The second largest eigenvalue (the orange curve) of M is much smaller than the sharpness
(the steel-blue curve). Also, the second largest eigenvalue never reaches 2/7.

D.1.3 Assumption[3.2|(First Order Approximation of GD)

In Assumption [3.2] we assume the gradient descent trajectory is close to the first order approximation.
To verify that the first order term is indeed dominant along the trajectory, for both the residual
D(t) and the output layer norm ||A(#)||?, we plot the norms of the actual GD update, the first
order approximation order approximation and the higher order terms of the update rule in Figure[I3]
Observe that in the progressive sharpening phase, the first order approximation is almost the same
as the actual gradient update; while in the EOS phase, the first order approximation is still close
to the actual gradient most of the time. We can see that the norm of the higher order terms spikes
occasionally, but when this happens the first order term spikes much higher.
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Figure 15: This figure shows the norm of the full gradient ||D(t + 1) — D(t)]|, the first order
approximation ||[nM (¢)D(t)|| and the higher order terms || D(t 4+ 1) — D(¢t) + nM (¢)D(t)|| in the
training process. Observe that in both the || A(t)||? and D(t) dynamics, the first order approximation
(the blue curve) almost overlaps with the actual update (the green curve) in the PS phase. While in
the EOS phase, though the norm of the higher order terms (the orange curve) spikes, the first order
approximation is still close to the actual update.

D.1.4 Assumption 3.3 (Gradient flow for the PS phase)

In Assumption[3.3] we assume that in the progressive sharpening phase, the gradient descent trajectory
is close to the gradient flow trajectory. We refer to Appendix J in Cohen et al. [[6] for more experiments
about this claim. Here for readers’ convenience, we duplicate their Figure 29 in Appendix J as

Figure[16]
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Figure 16: Left: the picture shows the /5 distance between the gradient flow trajectory at ¢ iteration
and the gradient descent trajectory at ¢/7 iteration. The vertical dotted line is the time when the
sharpness reaches 2/7. Right: the plot of sharpness where (iteration x learning rate) is on the
X-axis.

D.1.5 Assumption [3.5/(iii) (principal directions moves slowly)

In Figurelﬂlwe verify Assumption @ (iii) and as well as the discussion after Assumption@ @1).
In general models, we find that the eigenvectors corresponding to small eigenvalues may change
drastically. But for the largest eigenvector, it indeed changes slowly from the initialized direction. In
Figure we can see that over a long training time the similarity of v; (¢) with its initialization is still
larger than at least 0.98. Mulayoff et al. [24] also proved that near the minima, the top eigenvectors of
the Hessian matrices tend to align. That is, the directions of these top eigenvectors are approximately
parallel. This fact also corroborates our assumption near the minima.
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Figure 17: In this figure, we show that under various architectures, the first eigenvector of M changes
slowly throughout the training process, even when Edge of Stability phenomenon occurs.

D.2 Assumptions in Section[d]

In this subsection, we present the assumptions in Section[d} and conduct experiments to verify them.
We add a scale coefficient ﬁ in the linear network to be consistent with the settings of theoretical

analysis.

D.2.1 Assumption[4.1]

In Assumption we assume the ratio \;/)\;; 1 between the two adjacent eigenvalues of X " X is
bounded by a small constant. In the 1000-example subset of CIFAR-10, we verify this assumption by
experiments. We plot the eigenvalues and their ratio in Figure[I8] It shows that Assumption@.1]holds
and the constant y = 38, since almost all the ratios are close to 1, and the largest ratio is A1 /Ay &~ 38.

eigenvalue spectrum eigenvalue spectrum ratio
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(a) The eigenvalue spectrum (log scale) (b) The ratio between A; and A\;+1

Figure 18: (a): The full eigenvalue spectrum of of XTX. Observe that the maximal ratio
max{\;/Ai+1} = A1/A2. (b): The ratio between two adjacent eigenvalues \;/\; 11, 7 > 2. We
exclude the largest eigenvalue to make the figure clearer.

If we further consider a mean-subtracted version of this subset of CIFAR-10 (See Figure[T9), we can
reduce the ratio to x ~ 3.
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Figure 19: (a): The full eigenvalue spectrum of of X T X when samples’ mean is subtracted. (b):
the ratio between two adjacent eigenvalues \; /\; 1. In Figure (b), observe that the maximal ratio
max{\;/Ai+1} = A\ /A2 &~ 3. Remark. Note we should exclude the minimal eigenvalue if the
mean of examples is subtracted, because when we subtract the mean from the dataset, it cannot be
full rank. The minimal eigenvalue of X " X is 0, thus it is unnecessary to check it for our assumption.

D.2.2 Assumption[4.3]

In Appendix|C.2] by Theorem[3|we prove that ||T'(¢)]| is bounded by R,, = O(1/m) in the progressive
sharpening phase. When gradient descent enters EOS, the proof does not hold and we make this
bound into an assumption (Assumption4.3). We empirically verify that the bound can only increase
by a constant factor (despite some spikes in EOS). See Figure In this figure [|T'(¢)]| < 2 with
m = 40, 80, 160, 200.
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(a) The sharpness, m = 40, 80, 160, 200

Gamma norm Gamma norm Gamma norm Gamma nor m
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() ||IT(£)]l, m = 40,80, 160, 200

Figure 20: In this figure, we show that even when GD enters EOS, the bound of ||T'(¢)]| is still
©(1/m) along the whole trajectory. The corresponding constant ¢y & 24.

Actually there are two interesting empirical facts related to || I'(¢)||. One is the noticeable fact that
IT(t)] spikes, the other is that the values of ||I'(¢)|| are overall quite small (despite the fact that
W changes non-trivially in our experiments) and decreases as m becomes larger. Our assumption
tries to model the second fact (see Figure 20] || T'(¢)|| (despite the spikes) decreases as the width m
grows, and the largest ||T'(¢)]| is almost 24/m in all these experiments). However, we admit that
our results do not reflect the first fact (the spikes of ||I'(¢)]| ), and it is an interesting fact that is
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worth investigating. We have strong intuition that | T'(¢)|| only grows by at most a constant factor,
but currently do not have a formal proof yet. Nevertheless, the spiking behavior does not directly
contradict our assumption.

Remark: Note that Assumption is not equivalent to a small movement of W (t). Actually, in the
experiments above (m = 40, 80, 160, 200) the movement of W (¢) is quite significant compared to
the norm of W (0) at initialization. See Figure[21]
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Figure 21: In this figure, we show that even the T'(¢) is small and bounded, the movement
[AW (t)|| := [|[W(t) — W(0)]| (the dark orange curve) is close to |[W (¢)|| (the blue curve),
implying that W (¢) moves considerably.

D.2.3 Comparison with the NTK regime: the non-quadratic property

Here we illustrate why our setting and results are sufficiently different from the quadratic setting (e.g.,
linear regression) or the recent convergence analysis in NTK setting. In particular, we show that even
when the movement of W (¢) is comparably negligible compared to the initialization W (0), EOS
can still happen. Here we take a larger initialization of W (0), which is ten times of the standard
initialization in order to dwarf the movement of W (¢). The widths are m = 1000, 2000, 4000, 8000.
We can see that the initialization W (0) is much larger than the change of W (¢) and the norm of
W (t) grows larger when m becomes larger. See Figure Detailed comparison is in Appendix

D.3 Experiments in Section 3]

In this subsection we show some empirical results that may reveal some interesting relation between
the inner layers and the sharpness, which is not yet reflected in our theory. Our experimental
results show that all layers seem to work together to influence the sharpness, and contribute to the
progressive sharpening and edge of stability phenomena. In our experiment, while the sharpness is
still calculated by the gradient of all parameters, we freeze some of the layers in the training process.
The experimental results show that the more layers we freeze, the slower progressive sharpening
happens and the weaker the oscillation of the sharpness is (See Figure 23] Figure[24). This indicates
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, m = 1000, 2000, 4000, 8000

Figure 22: In this figure, we show that even when W (¢) stays close to its initialization, EOS can
still happen. In particular, Figure (c) shows the ||W (t)| (the blue curve) and | W (t) — W (0)||
(the orange curve). Here for m = 1000, 2000, 4000, 8000, observe that the EOS still happens
when ||[W (¢)||/||W (t) — W (0)|| > 10. That indicates the intrinsic non-quadratic property of neural
networks in the EOS regime.

that layers other than the output layer has nontrivial influence on the sharpness, but since different
layers seem to work in the same direction, further justifying our assumption that || A|| is positively
related with the sharpness.

Fully-connected tanh Network:

sharpness plot
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Figure 23: We conduct the experiment on a 5-layer tanh fully-connected network. Four lines in the
plot show the sharpness for four independent training processes but with 0,1,2,3 outer layers locked.
All other hyper-parameters are the same. The result shows that all layers have cooperative effect on
the sharpness.
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Fully-connected Linear Network:
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Figure 24: The sharpness after 0,1,2,3 outer layers are locked. Details refer to Figure@

E Missing proofs

E.1 Proofs in Section[3

In this section, we provide the missing proofs in Section 3}

Lemma E.1. (Lemma [3.1) For all t in Phase I, under Assumption [3.3] (i) and 3.3} it holds that
D(t)TF(t) <0.

Proof. Consider the inner product D(t) " v;. Recall v; is the i-th eigenvector of M. By Assump-
tion [3.5]i), v; does not change with ¢. By Assumption[3.3] we have
dD(t)T'l)i
dt
where \;(¢) > 0 is the corresponding eigenvalue of v;.

Since F(0) =0, D(0) = F(0) — Y = —Y . Then the differential equation has the solution
D(t)TvZ- — o Jo M)dt D(O)Tvi — e Joxiat Y T,

=-D(t)" M(t)v; = —\i(t)D(t) v,

Plug it into the expression D(t) " F(t) = D(t) " (D(t) + Y’) and we have:

DWTE(®) = D) oD T, + ¥ T) = — (¥ T2 i M o= fi M
i=1 i=1
since (Y Tw;)2e™ Jo M0di(] — o= J3 XAty 5 0 for all i € [n], D(t)T F(t) < 0. O
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Lemma E.2. (Lemma [3.2)) Suppose Assumptlon [3.3] (iii) and [3.6] hold during this phase (with
constants €3 > 0 and ¢ > 1). If A(t) = 2+ 7)/nand 7 > 1— T—o—17c — L then D(t)T vy (t)

increases geometrically with factor (1 + 7)(1 — e3 — 1/¢) > 1 for t > t in this phase.

Proof. Firstby (B), we have D(t+1)Twy(t) = D(t) " (I—-nM (t))v1(t) = (1—nA(t))D(t) "o (t).

Then we have

ID(t+1) T wi(t + 1) > [D(t +1) w1 (t)(1 — e2)| = e2| D(t + 1)]|
> [D() w1 ()|(1 = e2)(nA(t) — 1) = (nA(t) — V)ea|| D)
> [D() o1 ()|(1 — e2)(nA(t) — 1) = (A(t) = 1)[D(t) Tou(t)] /e
=D(t) v ()(nA () — 1)(1 — &2 — 1/c)
| t)l

where first inequality holds due to Assumption[3.5](iii) and the third follows from Assumption[3.6] [J
Proposition E.1. (Proposition[3.1) If | D(t)| t)TF(t) > 0.

Proof. This proposition can be proved by simply noticing that D(t)" F(t) = D(t)"(D(t) —
Y(t)) = [|ID]* = ID[||Y]] > 0 when [[D(t)]| > [[Y]. O
Proposition E.2. ( Proposmonn) 3.2) Under Assumptzon if ||D(t)] (t+1)]? -
lA@®1* < =S2AD®)] — Y1)

Proof. Use Assumption [3.2|and notice that D(¢t) T F(¢) > | D(t)||> — | D@)||Y || > (| D) —
1Y7]))2. O

Lemma E.3. (Lemman) If A(t) < 2/n, then for any vector u € R™, ||u' (I — nM(t))|| <
(1 — na)||lu|l, where o = mm{2/77 A(t), Amin (M (t)) }. In particular, replacing w with D(t), we
can see |D(i + 1) < (1 - 50)2 | D).

Proof. For any vector u € R”,

n

lu™ (I —aMO)F =Y [l(a vi(0)0i(t) T (I — nM (1))

i=1
=) (=) (1) < (1-na)* Y (ulw(t (1 = na)?[ul®.
i=1 i=1
Then the second statement is due to Assumption 3.2} O

Lemma E.4. (Lemma Suppose Assumption (iii) holds. R(t) satisfies the following:
R(t+1) = (I —nM (@) R(t) + ex(t), where |ei(t)|| <6/ez]|D(#)[|(Bs —1)
Proof. We consider the update rule for R(t):
R(t+1)= (I —vi(t+ Do (t+1)")(I —nM(t))D(t)
= (I = M) R(t) — (vi(t + Dot + 1) )T =M ())(I - vi(t)oi(t))D(2)
+ (I —oi(t+ Dot + 1)) =M (t)) (o1 (v (8) ") D(1)
= (I =M () R(t) — (1 = nA®)) (v1(t + Doi(t +1) )T — vi(t)vi(t) ") D(¢)
+ (1= nA®))T = vi(t+ Doi(t+1) ") (w1 (t)vr(t) ") D(t)
Now if we decompose v1 (¢ + 1) = (1 — §(t))v1(t) + /1 — (1 — §)2v (¢), where (v1(t), v, ) = 0.
Then we have

(T = v1(t + Doi(t+1) Do (Bor (1) |
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= Jlor(t) = (o1 () Tor (¢ + 1))v1(t +1)]
=1 = (1 =8()*)vi(t) + V1 - (1= 68(t))vr()]
< \/ 20(t) — 6(t)*)(1 = o(1)) + (25() o(t)%)?
< V/20(t) + 46(1)?
< 3F
< 3/e.

Similar result can be obtained for the term (v (t + vy (t + 1) T)(I — vy (H)v1 (1) 7).

Therefore, ||(nA(t) — 1)(I —v1(t + Do (t+1) ") (v1(¢)v1(t) ) D(t)|| < 64/e2(Ba —1)Bp. O
Lemma E.5. (Lemma Define an auxiliary sequence R'(t) by R'(0) = R(0), and R'(t + 1) =
(I —nMt)(I —vi(t)v1(t)T)) R (t). IfAssumption Assumption |3.5|(iii), Assumption|3.7|hold,
and for any time t there exists a quantity A, > 0, such that the smallest eigenvalue of M (t), i.e.

Amin (M (t)) > A, then there exists a constant ¢, > 0 such that || R(t) — R'(t)|| < CTW.

Proof. First we can see that the eigenvalues of M (¢)(I — vy (t)v1(t)") are all the eigenvalues of
M except the largest one. Hence with Assumption 3.7} all eigenvalues of M (t)(I — vy (t)vy(t)")
are in (A, 1/n). Thus [|[IT — nM @t)(I — v1(#)v1(t) )| < 1 —nA,.
Hence by Assumption [3.4] we can get

IRt +1)~ R+ 1)

= [I(I = nM () R(t) = (I = nM ()T — v1(t)vi(t) )R (1) + ex(t)]
= [I(I =M ()T —vi(t)oi(t)"))(R(t) — R'(t)) + ex(t)]

< =M )T = vi(tor(t) ) (R(E) — R'®)] + [lex (D)

< =M@ = vi(t)vi () DIR(E) = B (0] + [ler(®)]

< |R(t) = R'(t)[(1 = nAr) + 3Bp(Ba — 1)\/e2.

R/(t)|| — 2828221V by (4), and replace || R(t) — R/(t)| in the

nAr
3&’%‘71)\/5 we can get |p(t + 1)| < |p(¢)|(1 — nA,). Hence, we can
3Bp(Ba—1) /€2

Thus if we denote || R(t) —
inequality above by p(t) +

see that [p(t)| < [p(0)| = 5 forany time ¢. Therefore, we obtain that
3Bp(By — 1)\/& 6Bp(By — 1)\/&
1R(t) ~ R (1)] < 2PRIATINVE g o OPoEAZIVE
NAr NAr
Taking ¢, = 6, we finish the proof. O

Lemma E.6. For all t in Phase I, under Assumption [3.3] (i) and Assumption [3.7) it holds that
R'(t)T (R (t) +Y) < 0 where R/(t) is defined in Lemma

Proof. Consider the inner product R/ (t) "v;. Recall v; is the i-th eigenvector of M. By Assump-
tion[3.3] (i), v; does not change with ¢.
By Assumption[3.7} \;(t) < 1/n for i > 1, where \;(t) > 0 is the corresponding eigenvalue of v;.

By definition of R’(t) and Assumption(i), R(t+1)= (I —nM(t)(I —vv]))R'(t), hence
R(t+1)Tv (1 — 77)\ (t))R'(t)Twv; fori > 1 and R'(t) "v; = 0. Hence for any i > 1,¢ > 0,

O TG € 0.1
Since R'(0) = R(0) = (I —vyv] )Y, hence R'(0)"v; = —Y Tw, foranyi > 1.
Plug it into the expression R/'(t)T(R'(t) + Y) and we have:
" R'(0) T,
/ T 2 2
ZR ‘() v+ Y o) = > (R(t) vy) (1—m)<o

=2

46



E.2 Progressive Sharpening under Weaker Assumptions

We prove Lemma [3.1]in Section 3] i.e. progressive sharpening happens under Assumption [3.5] (i)
that the set of eigenvectors of the Gram matrix M () is fixed throughout. However, empirically,
the eigenvectors of M (t) change non-negligibly (see Figure . In this section, we show that it is
possible to relax Assumption (i) to more realistic assumption on the eigenspace of M (t). To
this end, we first present a dynamical system view of the dynamics of D(t), then prove Lemma
which is analogue of Lemma [3.1]but under weaker assumptions.

E.2.1 A dynamical system view

Recall that we assume that D(t) follows the gradient flow trajectory: dgt(t) = —M (t)D(t). This is

a linear dynamical system with changing coefficients —M (¢). In order to understand this dynamics,

we first consider the linear dynamical system with constant coefficients — M, dgft) =-MD(t),
which is much better understood. The corresponding phase portrait is shown in Figure[25a). Here,
O is only fixed point. In this figure, we consider the ball B C R"™ such that the south pole of B is
the origin O and the north pole N of B is fixed to be —Y’, which is the initial point —D(¢). Recall

that F(t) = D(t) + Y and D(0) = —Y. We denote the tip of the vector D(¢) as D. Hence,
DO = D(t) and ND = F(t). A useful geometric observation is the following:

Observation E.1. D(t) € B ifand only if D(t)"F(t) = D(t) " (D(t) — (=Y)) < 0 (equivalently,
the angle L(NDO) > 7/2).

Let {v;(¢)}; be the set of eigenvectors of M (t). By symmetry, we can assume the direction of
all {v;(t)}; are pointing inside B (or equivalently, —v;(t) Y > 0). We also define the hypercube
H(¢), which is defined by {v;(t)}; as the edges and ON as the diagonal (see the dashed rectangle in
Figure 25{a). All vertices of H(t) are on the sphere OB. In our proof of Lemma [3.1](in which we
assume the eigenvectors do not change), we have shown the entire trajectory of D(¢) is contained in
H(¢) which is always contained in B. In particular, we prove that the projection of D(t) onto each v;
decreases monotonically).

Now, we consider the more general case when the eigenvectors {v;(¢)}; may change. In Lemma|E.7|
presented below, we show that if the eigenvectors change directions relatively slowly (precisely the
change rate satisfies (20)), D(¢) is still contained in H(¢), hence also in B. Then by Observation [E.1|
and (@), the norm || A|| increases (hence the sharpness increases).

We also note that it is impossible to prove D(t) € B for all t > 0 without any assumption on the
change of eigenvector directions. In particular, if the eigenvector changes fast enough so that D(¢) is
out of the hypercube H(t), the trajectory may eventually go out of the ball B (e.g., the region inside the
dashed red box in Figure[25|b)). However, it seems that this region is fairly close to the origin O, and
the trajectory does not go very far away from B (implying D(t) " F(t) is not a large positive number).
Hence, the above geometric intuition suggests that it is possible to further relax the assumption
(inequality (20)) made in [E.7)and prove that A-norm increases (hence sharpness increases) until the
sharpness reaches close to 2/7, after which gradient flow is not a good approximation of gradient
descent anymore. We leave it as an interesting future direction.

E.2.2 Progressive sharpening when eigendirections change slowly

Suppose at initialization F'(0) = 0. By D(t) = F(t) — Y, we know D(0) = —Y. With loss of
generality, we assume D(0)"v;(0) > 0 at initialization for all i (Otherwise, we define v;(0) =
—;(0) and this condition holds).

Lemma E.7. Suppose Assumption[3.3|holds, and the set of (unit) eigenvectors of M (t) is {v;(t)}.
Assume at all time t and direction v;(t), the following condition holds:

P Y 30D ), 20)

Then we have D(t) T F(t) < 0 for all t < t|, where t, is the first time when there exists some i,
D(t)Tv;(t) <.
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- original trajectory
D trajectory

D trajectory

(a) The dynamics of D(t) with constant coefficients. (b) The eigenvectors of M () change

Figure 25: The phase portraits of the dynamics of D(t) (projected to the first two principle directions).
We rotate the coordinate system so that south pole of B is the origin O and the north pole is =Y
which is the initial point D(t). v; and v, are the first two eigenvectors of M. In (b), v; and v,
change directions to v{ and v). The trajectory may go out of B from certain regions (the dashed red
box).

In the above lemma, we can see that inequality (20) holds if v;(¢) changes relatively slowly. In

particular, if d”di t(t) = 0 for all ¢, the lemma reduces to Lemma|3.1{ Note that in contrast to the fixed

eigenvector assumption, we cannot show that D(t) " v;(t) decreases in all directions all the time
(since M (t) may change). Instead, we show that D(t) is always in the hypercube H(¢) under the
condition of the lemma.

Proof. We first notice the decomposition
D#)"F(t) =Y _ D(t) vi(t)F(t) vi(t).
i=1

We show for each v;(t), D(t) "v;(t)F(t) "v;(t) < 0 under the conditions of the lemma.

We first consider the dynamics of inner product D(t) Tv;(t). According to Assumption when

t < t1, D(t) "v;(t) > 0 due to the continuity. Moreover, by the dynamics of D(t) in Assumption
we can see

dD(t) Tvi(t) dw;(t)
— = —D(t) " M (t)v;(t) + D(t)TT
= - Nt)D(@) "vi(t) + D(t)" d"ét(t)
With this dynamics above and F'(t) = D(t) + Y, we can get F"’s dynamics:
dF(t)Tv;(t) dw;(t)
—5 - —D(t)" M (t)v;(t) + F(t)TT
= AODO i) + P T o1
With (DT) and F(t) T 228 < X, (#) D(t) Tvi(t), we know
dF (tz;”’(t) =MD v (t) + F(t)Tdv(;t(t) <0.

In this way, we know F'(t) "w;(t) always decreases for t < ¢;. Recall that F/(0) = D(0) +Y =0,
which makes F(0) "v;(0) = 0. So F(t) "v;(t) < 0 according to the dynamics. Geometrically, this
implies D(t) does not cross the facets of H(¢) incident on the north pole N |E| (otherwise F(t) " v;(t)

SThe hypercube H(t) has 2n facets, n of them incident on the south pole O and the others the north pole N.
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needs to change sign). See Figure . On the other hand, D(t) "v;(t) > 0 for t < t, by the
definition of ¢, which is equivalent to say that D(t) " v;(t) does not change sign or D(t) does not
cross the facets of H(¢) incident on the south pole O.

Therefore we have D(t) "v;(t)F(t) Tv;(t) < 0 and D(t) € H(t) C B for all t < t;, where ¢, is the
first time when D(t;) "v;(t1) < 0. Summing over all the components D(t) " v;(t)F(t) T v;(t) for
all 7, we prove the lemma. O

E.2.3 Empirical verification of inequality (20)

0.50 — bvl
Fdvdt / lambdal
0.25

21 — Dvs
Fdvdt / lambda5
14

14 — Dv50
Fdvdt / lambda50

0] Ammmm T T e o eSS TR ——

Figure 26: Verification for inequality (20) when ¢ = 1,5, 50.

We verify the condition (20) in Lemma [E.7] via experiments. See Figure [26] We can see that (20)
holds for 7 = 1, 5, 50 during the first hundred iterations of the training process. However, for very
large 4, the eigenvectors corresponding to very small eigenvalues may change quickly and (20) does
not hold. The contributions (i.e., D(¢) " v;(t) F(t) "v;(t)) from those corresponding to very small
eigenvalues tend to cancel each other empirically, hence does not affect the sign of the total sum
S D(t)Tv;(t)F(t) "v;(t). Hence, it is possible to further relax the condition (20) and we leave
it as a future direction.

E.3 Proofs of equations in Appendix[C]

The proof of some equations in Appendix [C|is omitted, and we list them in this subsection.
Lemma E.8. (Lemma The update rule of the residual vector of D(t):

D(t+1)T =D = —pD(t)" M(t) + sg;D(t)T(F(t)TD(t))XTX 1)
Proof.
D(t+1)T — D)7 = %(A(t F1)TW(E+1) — AT W)X
_ \/% (At+1)T — AOTIW(E+1) + AB)T(W(t+1) - W) X
= = (A + )T = AW + ADT(W(E+1) - W) X
+ \/—%(A(t + 1) AW (+1) - W ()X
- j% (-W(O)XD(t) W (t) - A()TA()D() X T) X
12 T_2n TxT
+ \/m(n\/mW(t)XD(t)) n\/mA(t)D(t) X'X
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- D(t)T%(XTW(t)TW(t)X +A@®PXTX)

4n? T T T
—D(t) (F()) D)X X

+

4772
n?m

—nD(t)TM(t) + D) (F(@t)"D()X"TX

Lemma E.9. (Lemma|C.2) The update rule of the Gram matrix M (t) is,
4
M(t+1)— M(t) = — % (2F®#)"D)X'X+Ft)D(t)' X' X +X"XD®)F(t)")
8n?
nd3m?2
8n?
n3m?2

(D)"X"W () "W () XD(t)X"X

+

|A#)|? XTXD(#)D(t)"XTX

Proof. By the update rule of A(t) and W (t) in equation (6) and (7), we have
M(t+1)— M(#)

(A +DIP = [ABIHXTX + XT(W(t+1)TW(t+1) - W(t) ' W(1)X)
(Use equation (7))

2
nm
2 oL

177 2 2
= —(——D(t) F(t) + I~y X'X

+ % XT(WE+1)" =W OYWE) +W () (W(t+1) - W(h)X

+XTWEt+1)T —WHH(W(t+1) - W(t)X) (Use equation (6))
8

- - %D(t)TF(t)XTX +
4

- % (F()D() "X TX + XTXD(t)F(t)")

2
83” SIA®PXTXD(H)D(1)TXTX
nm

= (D) XTWEH)"W(H)XD(t)XX

_|_

Rearrange the terms and we complete the proof. O
Lemma E.10. For all iteration t, if any vector u € R™ satisfies X T Xu = 0, then

Y'u=D(t)"u=0

Proof. If X" Xu = 0, then

uw' X" Xu=0=Xu=0.

So we have
Y'u=-D0)"u=A"TW*Xu=0

With the dynamics of D(t), we have
D+ 1) u= D) (I, — nM*(t))u
While

M*(t)u = M(t)u — il (D) F(t)X"Xu = M(t)u

[ADIPXTX +XTWT (W () X)u =0

2
=
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Thus we have

Dit+1)"u=Dt) (I, —qgM*(t)u=D(#) u=..=D0) u=0

Lemma E.11. (Lemma|C.7) Here we give the proof of the equation (I7):

A (t+ 1) A1) = -2

2 (P()TD@) + (F() o)D) 01) = 2(D(0) T01)*A" (1)

1) —
ng(t)TI‘(t)R(t)f nR(t)TT(t) (vyv] D(t)) — miR() (dex) R(t)).

Proof. First, since W T W is initialized as 22X " X, by definition, we have
XTWTWX = 22[(t) + 2XTX.

Then A+ 1) — A*(8)

=v] M(t+ 1)v; —v] M(t)v,

v (M(t+1) — M(t))v,

= S (MFWTDE) + M (E) o)D) w))

+ ?7 s (D) T XTWTWXD(t) + [|A[PAT(D(t) "v1)?)

Because

D(t)"X"WTWXD(t)

-D#)T (dex+ m1“(15)) D(1)

nﬁ;D(t)T (viv] +I—v1v))X'X(D®)" (v1v] +1 - vlvlT))T

+™2D(1) T()D ()

%)\ (D(t)Tv1)? + ER(t)TXTXR(t) + %D(t)Tr(t)D(t)
and

A (5 + 14]2) = Tlol (M) = T(0)vy = ZEA () — oo Tty

we can see that
A (t4+1) = A*(¢)

== 2L (p(t)TD() + (F(1)T00) (D) To1) — - (D(5)T01)* (" 4| AJP) Ar

_% T;R( HTXTXR(t) - ZD( )TT(¢ )D(t)>
= 20 (P@TD() + (F(O)Tw) (D) Tor) ~ LD T02)?A%(1)

+ g (v T(t)vy - (D(t)T01)? — D(t) T()D(t)) — R(t)" (

Note that
uiT(t)v] (D(t) v1)? = D(t) "T(1)
=D(t) " v v, T'(t)viv] D(t) — (R(t)" + D(t)Tvle) I'(t) (R(t) + vlv]—D(t))
=~ R(t) T()R(t) — 2R(t) 'T(t) (D(t) w10/ )|

Now we finish the proof.
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Lemma E.12. (Equation|18) R(t + 1) = (I — nM*(t)) R(t) + n (viv] T'(t) — T(t)vyv] ) D(t)

Proof.
R(t+1)= (I -vv!)D(t+1)
=(I - vv, ) (I —nM*(t)
= (I —viv]) (I —nM*(t)) viv{ D(1)
T (5 — g0 (I - wyo) DIt
= (I —nM*(1)) R(t) — viv{ (I —nM*(t)) (I —viv] ) D(t)
+ (I —vv] ) (I —nM*(t)

)D ()
Jv
(t)

( — V1V

() viv{ D(t)
=(I- WM*(f))R(t)*vl’vl —nT'(t)) (I —viv] ) D(t)
+ (I —vo] ) (—n(t))viv] D(t)
= (I —nM*(t) R(t)+77(vlv1 L(t) - T(t)viv] ) D(t)

F Missing Preliminaries

Hessian, Fisher information matrix and NTK: The Hessian of the objective L(f(8)) is:
Vic Z V20(£(8,x%;))

We need the relationship between the Hessian matrix, the Fisher information matrix (FIM) and the
neural tangent kernel (NTK). As shown in Papyan [26]], Martens [23]], Bottou et al. [4], the Hessian
can be decomposed into two components:

(wmﬁfyw%>

_1¢ Of(x:,0) . 9(z,y;)
vzc&ﬂengf;;gg x.6) | o

00 022

f(xi) f(xi)
Here W € R'*? is the gradient of f. Papyan [26] also demonstrate empirically that the first
term, known as “Gauss-Newton matrix”, G-term or Fisher information matrix (FIM), dominates the
second term in terms of the largest eigenvalue. Thus when considering the sharpness, we can analyze
the largest eigenvalue of FIM which is a close proxy of the largest eigenvalue of Hessian. In the

binary MSE loss case, %

= 2, which implies that
f(xs)

OF(0) " OF(6)

00 00

" 0 X, Té‘ x,»,0
Z f(xi,0)  0f(xi,0)

_2
00 00 T n

|VaL(f(6)], = Gl ==

2

T T\ "
where aFaée) = <8f %‘91’6) e of (;;;;"” € R"*P, Meanwhile, Karakida et al. [16] pointed out

)

the duality between the FIM and a Gram matrix M, defined as

_20F(0) 9F(0) "
n 00 00

It also known as the neural tangent kernel NTK (Karakida et al. [16} [15]), which has been studied
extensively in recent years (see e.g., [13I.[8]],[2],[5]). Note that in this paper, we do not assume the
training is in NTK regime, in which the Hessian does not change much during training. It is not hard
to see that M and FIM share the same non-zero eigenvalues: if Gu = Au for some eigenvector
u € RP,

(22)

OF(0) _8F(0) B OF(0)
M 50 u= 70 Gu_)\730 u,

in other words, \ is also an eigenvalue of M.
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Sharpness: There are various definitions of sharpness in the literature ({20,130} 9]). In particular, a
popular definition of the sharpness is the largest eigenvalue of the Hessian ([30]]). Based on the above
discussion, in this paper, we adopt the largest eigenvalue of M, A(6) = Ayax (M) as the definition
of the sharpness, which is a close approximation of the largest eigenvalue of the Hessian empirically.

Gradient Descent: In this paper, we study the trajectory of gradient descent and gradient flow
ﬂ We use 8(t) to denote the parameter at iteration ¢ (or time ¢) and the sharpness at time ¢ as
A(t) = A(6(t)). We similarly define M (t), F(t), D(t), L(t).

Along GD trajectory, the weight vector 8(t) is updated in the following way:

OLO(1))
0t+1)=0(t) —n—F057—~—
(t4+1) = 0() —n g
When the learning rate 7 is infinitesimal, the GD trajectory above is equivalent to gradient flow
trajectory. Here we show the gradient flow dynamics of the residual vector D (t):
_OF(t) 0L(t) 2 0F(t) 0F(t) "

dD(t) _ 0OD(t)d6(t) - -
& " 99 a ~ 00 99 ~ n o6 oo PW=-MODOH 23

In light of (23)), we have the following approximate update rule of D(¢) under gradient descent:

D(t+1) - D(t) ~ —pM(t)D(t)

"Gradient flow is a good approximation of gradient descent in the beginning of the training. See Cohen
et al. [6] for more experiments and Ahn et al. [1] for theoretical justification. We assume this fact during the
progressive sharpening phase. See Assumption@}
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