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A EXPERIMENTAL SETUPS

For Fig. [1] Fig. 2] Fig.[7[b), we use the FNN with size 49-40-10 for the MNIST classification task,
where the input data is resized to 7 x 7 to reduce the amount of calculation of the root of the parameter
covariance matrix. For Fig. (I} Fig. 2| we train the network using GD with the first 1000 images as the
training set. We add a dropout layer behind the hidden layer. The dropout rate and learning rate are
specified and unchanged in each experiment. For Fig. [/b), we train the network using SGD with the
whole training set, the batch size is 32. We add a dropout layer behind the hidden layer. The learning
rate is 0.1 and p = 0.8. For the accuracy of SDE simulation, all parameters are used to calculate the
Hessian matrix and covariance matrix.

For Fig. 3a), Fig. [ Fig. [6] Fig. [8[a), we use the FNN with size 784-50-50-10 for the MNIST
classification task. We add a dropout layer behind the second layer. The dropout rate and learning
rate are specified and unchanged in each experiment. We only consider the parameter matrix
corresponding to the weight and the bias of the fully-connected layer between two hidden layers.
Therefore, for experiments in Fig. [3[a), D = 2500. For Fig. [3(a), Fig. @] Fig. [6] we train the network
using GD with the first 10000 images as the training set. For Fig. [§(a), we train the network using
SGD with the whole training set with batch size 32.

For Fig. Ekb), Fig. Ekb), we use the VGG16 for the CIFAR10 classification task. We train the network
using SGD with batch size 128 for Fig. [3[b), and 32 for Fig. [§(b). We add the dropout layer after the
first two convolutional layers of each block and the first fully-connected layer. The dropout rate and
learning rate are specified and unchanged in each experiment. We only consider the parameter matrix
corresponding to the weight and the bias of the first convolutional layer. Therefore, D = 1728 for the
two experiments. Due to the computational cost of the Hessian matrix and the covariance matrix, we
calculate cosine similarity every five epochs.

For Fig. [5{a, ¢, e, g), we add dropout layers after the convolutional layers, and for each dropout
layer, p = 0.8. We only consider the parameter matrix corresponding to the weight of the first
convolutional layer of the first block of the ResNet-20. Models are trained using full-batch GD on
the CIFAR100 classification task for 1200 epochs. The learning rate is initialized at 0.01. Since the
Hessian calculation of ResNet takes much time, we only perform it at a specific dropout rate and
learning rate.

For Fig. Ekb, d, f, h), we use transformer [Vaswani et al.| (2017) with dy0qe1 = 50,dr, = d,, =
20,dg = 256, h = 4, N = 3, the meaning of the parameters is consistent with the original paper. We
only consider the parameter matrix corresponding to the weight of the fully-connected layer whose
output is queried in the Multi-Head Attention layer of the first block of the decoder. We apply dropout
to the output of each sub-layer before it is added to the sub-layer input and normalized. In addition,
we apply dropout to the sums of the embeddings and the positional encodings in both the encoder and
decoder stacks. For each dropout layer, p = 0.9. For the English-German translation problem, we
use the cross-entropy loss with label smoothing trained by full-batch Adam based on the Multi30k
dataset. The learning rate strategy is the same as that in [Vaswani et al.|(2017). The warm-up step is
4000 epochs, the training step is 10000 epochs. We only use the first 2048 examples for training to
compromise with the computational burden.

For Fig. [7(a), we use the FNN with size 49-40-40-40-10 for the MNIST classification task, where
the input data is resized to 7 X 7 to reduce the amount of calculation of the root of the parameter
covariance matrix. We train the network using GD with the first 1000 images as the training set. We
add a dropout layer behind each hidden layer. The learning rate is 0.1 and p = 0.5. For the accuracy
of SDE simulation, all parameters are used to calculate the Hessian matrix and covariance matrix.
The drift term is simulated by sampling the random variable 2000 times.

For Fig. [9[a), we use the ReLU FNN with the width of 1000 to fit the target function as follows,

1 1 1 1
f(@) = 50(*1’* g) + §U($* §)’
where o(z) = ReLU(x). The learning rate is 1 x 10~3. For SGD, the batch size is 1. For dropout,
the dropout layer is added after the hidden layer with p = 0.8. For parameter noise injection, we use
the layer noise with the noise standard deviation o = 0.001. We initialize the parameters in the linear
regime, @ ~ N (0, — ), where m = 1000 is the width of the hidden layer.
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For Fig. [9[b), Fig. [9(c), we use the ReLU FNN with the size of 784-500-500-500-10 to classify the
MNIST dataset, and the learning rate is 0.01. The batch size is 128. For dropout, the dropout layer
is added after the hidden layers with p = 0.8. For parameter noise injection, we use the layer noise
with the noise standard deviation o = 0.03.
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B EXTENDED EXPERIMENTS ON NOISE STRUCTURES.

B.1 RANDOM DATA COLLECTION METHODS

We first introduce two types of dynamical datasets collected during dropout training to study the
noise structure of dropout. These datasets are different from the training sample S.

Random trajectory data. The training process of NNs usually consists of two phases: the fast
convergence phase and the exploration phase (Shwartz-Ziv and Tishby} [2017). In the exploration
phase, the network is often considered to be near a minimum, and the movement of parameters is
largely affected by the noise structure. Based on the previous work (Feng and Tul 2021)), we collect
parameter sets Dpara := {0;})Y; from N consecutive training steps in the exploration phase, where
0; is the network parameter set at i-th sample step. This sampling method requires a large number of
training steps, so model parameters often have large fluctuations during the sampling process. To
improve the sampling accuracy, we propose another type of random data to characterize the noise
structure of dropout as follows.

Random gradient data. We train the network until the loss is near zero and then we freeze the
training process, then we sample IV realizations of the dropout variable to get the random gradient
dataset, i.e., Dgrad := {9} ZN:1- The i-th sample point g; is obtained as follows: 1) Firstly, we generate
a realization of the dropout variable §; under a given dropout rate; ii) Then, we compute the gradient
of the loss function with respect to the parameters, denoted by g;(-) := VRgmp (+; 8;). Bach element
in Dg,aq Tepresents an evolution direction of network parameters, determined by the dropout variable.
Therefore, studying the structure of Dg;aq can help us understand how the dropout noise exerts an
impact throughout the training process.

B.2 INVERSE VARIANCE-FLATNESS RELATION

The alignment relation studied above also implies the inverse variance-flatness relation, i.e., the noise
variance is large along the sharp direction of the loss landscape, and small along the flat direction. In
this subsection, we verify this relation by two sets of experiments. Firstly, we present two different
approaches to characterize the flatness of loss landscape and the covariance of noise from the random
trajectory data Dy, and random gradient data Dg;aq, then we numerically demonstrate the inverse
variance-flatness relation. For convenience, D refers to either the dataset D, or the dataset Dpara
depending on its context, so is the case for their corresponding covariance 3 and Hessian H. We
then proceed to the definitions of noise variance and interval flatness.

Definition 2 (noise variance). For dataset D and its covariance X, we denote \;(X) as the ith
eigenvalue of 3 and its corresponding eigen direction as v;(X). Then we term \;(X) the noise
variance of D at the eigen direction v;(X).

The interval flatness below characterizes the flatness of the landscape around a local minimum.

Definition 3 (interval ﬂatnes ). For a a local minimum 6§, the loss function profile R,, along
direction v reads:
Ry(y) = Rs(65 +v),

where v represents the distance moved in the v direction. The interval flatness F, is then defined
as the width of the region within which R, (y) < 2R, (0). We determine F, by finding two closest
points 6., < 0 and 0%, > 0 on each side of the minimum that satisfy Ry,(0L) = R, (07) = 2R,(0).
The interval flatness is defined as:

F,=07 —6.. (19)

Remark. The experiments show that the result is not sensitive to the selection of the pre-factor 2. A
larger value of F,, means a flatter landscape in the direction v.

We use PCA to study the weight variations when the training accuracy is nearly 100%. The networks
are trained with full-batch GD for different learning rates and dropout rates under the same random
seed. When the loss is small enough, we sample the parameters or gradients of parameters [V times
(N = 3000 for this experiment) and study the relationship between {\;(2)}/; and {F,, s}/,
for both weight dataset Dy, and gradient dataset Dgyqq.

3This definition is also used in Feng and Tu|(2021)
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Figure 4: (a, b) The inverse relation between the variance {\;(2)}}, and the interval flatness
{Fy,(s)}iL, for different choices of p and learning rate Ir with different network structures. The
PCA is done for different datasets D sampled from parameters for the top line and sampled from
gradients of parameters for the bottom line. The dashed lines give the approximate slope of the scatter.
(c, d) The relation between the variance { Var(Proj,, g (D))}, and the eigenvalue {\;(H)}¥,
for different choices of p and learning rate I with different network structures. The projection is
done for different datasets D sampled from parameters for the top line and sampled from gradients of
parameters for the bottom line. The dashed lines give the approximate slope of the scatter.

For different learning rates and dropout rates, Fig. f(a, b) reveal an inverse relationship between the
interval flatness of the loss landscape denoted as {Fvi()l) }ﬁil, and the noise variance represented
by the PCA spectrum {)\;(£)},. Notably, a power-law relationship can be established between
{Fu. =)}, and {\;(X)}Y,. Specifically, in the low flatness region, the dropout-induced noise
exhibits a large variance. As the loss landscape transitions into the high flatness regime, the linear
relationship between variance and flatness becomes more evident. Overall, These findings consistently
demonstrate the inverse relation between variance and flatness, as exemplified in Fig. Elka, b).
Subsequently, we delve into the definitions of Projected variance and Hessian flatness.

Definition 4 (projected variance). For a given direction v € RP and dataset D = {0}, where

0; € RP, the inner product of v and ; is denoted by Proj,(0;) := (0;,v), then we can define the
projected variance for D at the direction v as follows,

S (Proj, (8;) — p)?

Var(Proj, (D)) = N ,

where p is the mean value of {Proj,, (0;)}}¥,.

Definition 5 (Hessian flatness). For Hessian H, as we denote \;(H) by the i-th eigenvalue of H
corresponding to the eigenvector v;(H), we term \;(H ) the Hessian flatness along direction v;(H ).

The eigenvalues of the Hessian evaluated at a local minimum often serve as indicators of the flatness
of the loss landscape, and larger eigenvalues correspond to sharper directions. In our investigation, we
analyze the interplay between the eigenvalues of Hessian H at the final stage of the training process
and the projected variance of dropout at each of the corresponding eigen directions, i.e., A;(H)
v.s. {Var(Proj,,( H)(D))}ﬁil. Specifically, we sample the parameters or gradients of parameters

N times (N = 1000 for this experiment), and examine the relationship between {)\;(H )} ; and

{Var(Proj,, () (D))}, for both the parameter dataset D,y and the gradient dataset Dgyad-

Under various dropout rates and learning rates, Fig. [d[c, d) presents establishes a consistent power-
law relationship between {\;(H )}, and {Var(Proj,, () (D))}, and this relationship remains
robust irrespective of the choice between parameter dataset Dy, or the gradient dataset Dgyad.
The positive correlation observed between the Hessian flatness and the projection variance provides
insights into the structural characteristics of the dropout-induced noise. Specifically, these character-
istics have the potential to facilitate the escape from sharp minima and enhance the generalization
capabilities of NNs. Additionally, Fig. @ highlights the distinct linear structure exhibited by gradient
sampling in comparison to parameter sampling, which corroborates the discussions outlined in
Section

Furthermore, we verify the inverse relation between the covariance matrix and the Hessian matrix
of dropout through different data collection methods and projection methods on larger network
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Figure 5: (a, b, ¢, d) The inverse relation between the variance {\;(X)}X¥; and the interval flatness
{Fy,(z) } N | for different choices of p and learning rate [r with different network structures. The
PCA is done for different datasets D sampled from parameters for the top line and sampled from
gradients of parameters for the bottom line. The dashed lines give the approximate slope of the
scatter. (e, f, g, h) The relation between the variance {Var(Proj,, (D)) }iL, and the eigenvalue
{\i(H)}, for different choices of p and learning rate [r with different network structures. The
projection is done for different datasets D sampled from parameters for the top line and sampled
from gradients of parameters for the bottom line. The dashed lines give the approximate slope of the
scatter.

structures, such as ResNet-20 and transformer, and more complex datasets, such as CIFAR-100 and
Multi30k, as shown in Fig. [5]

THE SIMILARITY OF EIGENVECTORS BETWEEN THE HESSIAN MATRIX AND THE
COVARIANCE MATRIX
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Figure 6: (a) The cosine similarity between the first 15 eigenvectors of the Hessian matrix and the
covariance matrix. The color represents the value of cosine similarity, and the lines on the top and left
represent the energy ratio of the first £ eigenvalues of the covariance matrix and the Hessian matrix,

respectively. (b) The projection ratio of the first 9 eigenvectors of the covariance matrix in different
eigendirections of the Hessian matrix.

We study the similarity of eigenvectors between the Hessian matrix and the covariance matrix. The
model parameters are derived from the final model represented by the blue line in Fig. [3[a). In
Fig.[f[(a), we study the cosine similarity between the first 15 eigenvectors of the Hessian matrix and
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the covariance matrix. The color represents the value of cosine similarity, and the lines on the top and
left represent the energy ratio F (k) of the first k eigenvalues of the covariance matrix and the Hessian
matrix respectively, that is, F (k) = XF_ (\;)2/2X, ()\;)?, where ); is the i-th eigenvalue, and N is
the number of the eigenvalues for the two matrices. It is easy to find that the energy ratio of the first
9 eigenvectors of the two matrices far exceeds the energy ratio of other eigenvectors. Meanwhile,
the first 9 eigenvectors of the two matrices are highly similar, which implies the alignment property
between the Hessian matrix and the covariance matrices in the eigenspace.

In order to further characterize the similarity between the first few eigenvectors of the two matrices,
we study the projection of the first 9 eigenvectors of the covariance matrix in different eigendirections
of the Hessian matrix. As shown in Fig. @b), we calculate the value of ¥, a(v;(H),v;(X))?
for the index k of the Hessian eigenvector and the index j of the covariance eigenvector, where
a(v;, v;) is the cosine similarity between the two vectors v;, v;). The energy proportions of the
first nine eigenvectors of the covariance matrix in the first nine directions of the Hessian matrix are
all greater than 0.95, which means that the similarity of the eigenvectors corresponding to the first
few eigenvalues of the Hessian matrix and the covariance matrix is much higher than the similarity
between them and other feature directions, which further confirms the alignment properties between
the Hessian matrix and the covariance matrix in the eigenspace.
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C EXTENDED ANALYSIS OF DROPOUT UNDER COMPLEX NETWORK
STRUCTURES AND SGD SETTING

In the main text, the theoretical part and experimental verification mainly focus on the settings of the
two-layer network and GD. This is mainly due to the derivation of the specific forms of the drift term
and covariance matrix. In fact, the SME framework in this work can be applied to more complex
network structures and SGD settings without being limited to the explicit calculation of drift terms
and covariance matrices. In the following, we conduct a detailed analysis of the feasibility of SME
under complex network structures and SGD settings, and verify it through SME numerical simulation
and the alignment between the Hessian matrix and covariance matrix under broader settings.

C.1 FEASIBILITY ANALYSIS FOR NETWORK STRUCTURES AND SGD SETTING

The formulation of our stochastic modified equations relies on two critical components. Firstly, the
algorithm updates parameters iteratively in a recursive manner, i.e., O = F(@n_1,0x), thereby
forming iterations as a time-homogeneous Markov chain. This characteristic is foundational for
applying the stochastic modified equation approach to weakly approximate the dynamics of dropout.
The second crucial component involves the utilization of Taylor’s theorem with the Lagrange form
of the remainder. In light of these two foundational components, we assert that the derivation and
analysis of stochastic modified equations extend beyond the confines of two-layer neural networks
and dropout. This approach is applicable to a broader spectrum of stochastic algorithms, including
but not limited to SGD and ADAM, and extends naturally to deeper or more complex neural network
architectures.

One might wonder why we only demonstrate our results limited to two-layer neural networks. For
one thing, two-layer neural networks are indeed a meaningful step towards a thorough understanding
of dropout. For another, the specific structure of two-layer neural networks, wherein parameters
are decoupled’, i.e., 8 = g, = (a,, w,), facilitates the demonstration of dropout’s effect through
the computation of the network output. Finally, for two-layer neural networks, we are able to give
out an explicit expression for the modified loss, since we are able to calculate the first and second
moment of the random variable (9),.. In the case of multi-layer neural networks, if dropout is
applied only to the outermost layer, we can still calculate the explicit expression for the modified
loss, since its calculation involves solely the first and second moments of the random variable (§),..
However, the situation becomes significantly more challenging when dropout is applied to the inner
layers of the multi-layer neural network. In this scenario, obtaining a closed-form expression for
the expectation E[h(d)], where h is a highly nonlinear function with respect to 8, becomes nearly
impossible. Moreover, the computation of the covariance is even more infeasible in multi-layer neural
networks compared to two-layer neural networks.

While the structural dynamics of dropout within nonlinear activations for deep neural networks
remain uncertain, we assert that the same structure is retained if we apply dropout in a linear manner
to the deep neural networks by computing fo(z) = >, a,(),0(wlzL), where ! is the
output function of a L-layer neural network for L > 2, the same structure remains, and the modified
loss Lg(-) reads:

n m

1 & 1—
Ls(0) := o Zef + anp Z Zafa(w,?mgu)?
i=1

i=1r=1

As for the SGD setting, given the nature of SGD as an unbiased estimator with respect to the full
sample, we conjecture that an order-1 approximation utilizing SME for SGD combined with dropout
shall be in the form:

dOt = —VQLs(Gt)dt + i (01‘) th7

wherein the drift term remains invariant regardless of GD or SGD, while the diffusion term > (6;)
combines noise from both dropout and SGD.

As for the scenario where dropout is applied within the nonlinear activations, this exact form of the
SME remains unexplored. However, we design numerical experiments to verify the approximation
ability of deeper network SMEs in the next subsection, where the drift term here is calculated
numerically through multiple samplings on dropout variable §.
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C.2 EXTENDED EXPERIMENTS FOR NETWORK STRUCTURES AND SGD SETTING

In this section, we verify the feasibility of the above analysis through numerical experiments. We
all use first-order SME for approximation. Please refer to the Appendix [A]for specific experimental
settings.

C.2.1 SME SIMULATION

In this subsection, we conduct an empirical validation of the feasibility analysis of SMEs for dropout.
This validation is conducted through an exploration of the resemblance between the numerical
simulation of the SME and the real-time training process of dropout. For the numerical simulation
of the SME, unless otherwise specified, we employ the Euler-Maruyama method to approximate its
dynamic evolution by the order-1 approximation. To mitigate the computational demands associated
with the covariance matrix, we resize the MNIST data to 7 x 7, thereby reducing the number of
network parameters involved in the simulations.

m— dropout 101} w—— dropout+SGD
SDE SDE
w 107MF 0,074 06 x102 0.034
2 2
o o
9x10-2 0,073 P 0.032 e
7 e 10 . . . B 3x107], . . R —
0 2000 4000 6000 8000 10000 [ 100 200 300 400
epoch epoch
(a) deep network (b) SGD setting

Figure 7: We train fully connected networks on MNIST. The curves and points are derived from
the average results of 20 individual trials, each of which utilized the same initialization distribution.
The training loss trajectory obtained by SME simulation or dropout training under four cases of
different learning rates and dropout rates. The error bands, portrayed with greater transparency, are
derived from the maximum and minimum loss values observed across these 20 random trials at each
training step. (a) Four-layer network, each layer width is 40. The learning rate is 0.1 and p = 0.5. (b)
Two-layer network training with SGD, the batch size is 32. The learning rate is 0.1 and p = 0.8.

As shown in Fig. [7, we compare the SME simulation results under deep network and SGD settings
with dropout. For deep networks, we add a dropout layer after each hidden layer. Since the drift term
cannot be calculated explicitly, we approximate the expectation by sampling the noise multiple times.
This also limits the number of parameters in our model. For dropout under the SGD setting, we use
the same drift term as under the GD setting, and calculate the noise structure from the combined
noise of the two random algorithms, dropout and SGD.

C.2.2 HESSIAN-VARIANCE ALIGNMENT

In this section, we mainly study the impact of dropout of complex network structures on Hessian-
variance alignment under the SGD setting. In the main text, we have conducted relevant experiments
on complex network structures under the GD setting. To investigate the Hessian-Variance alignment
relation for dropout with SGD, we study the cosine similarity quantity «(6;) between the covariance
matrix ¥; := 3(6;) and the Hessian matrix H; := H (8,) at each time step ¢ under the SGD setting.
33, is the covariance matrix of Dg,,q, a collection of gradients calculated with different dropout
variables  and input data  sampled at the th step. On the other hand, H is the Hessian of the loss
function evaluated at the tth iteration. Then the crucial cosine similarity metric a(0;) is formally
expressed as:

TI'(H t Et)

ally) = ————
) = 15, o= e

(20)

As depicted in Fig. 8] it is evident that throughout the training process, «(6;) consistently attains
values surpassing 0.85 in Fig. [8a) and 0.65 in Fig. [§[b), and these observations hold true across
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varying learning rates and dropout rates. It’s worth noting that, based on 100 samples, the average
cosine similarity between the two random matrices based on the selected parameters is only 8.6 x 104,
The eigenvalues of the two random matrices are derived from the eigenvalues of the Hessian matrix
and covariance matrix of the selected parameters, and the corresponding eigenvectors are sampled
from a normal distribution and normalized. The model parameters are derived from the final model
represented by the blue line in Fig. [8fa). Consequently, the introduced noise is highly anisotropic
in that it aligns well with the Hessian matrix across all directions. We acknowledged that due to
computational constraints, this experiment limits the trace calculation to a subset of parameters, which
can be effectively regarded as the projection of the Hessian and the noise into specific directions.

e
Lo — p=0.8,n=0.01
— p=0.8,7=0.005 0.7
5
5 0.6
0.5
—— p=0.8,n=0.02
—— p=0.6,n=0.02
“o 100 200 300 0 50 100 150
epoch epoch
(a) three-layer FNN, MNIST (b) VGG16, CIFAR-10

Figure 8: The cosine similarity «(6;) between the Hessian of the loss function and the covariance
of the dropout noise at each training epoch ¢ for different choices of dropout rate and learning rate.
(a) The FNN with size 784-50-50-10 is trained on the MNIST dataset with a batch size of 32. The
dropout layer is added after the first hidden layer. (b) The VGG16 is trained on the CFIAR-10 dataset
with a batch size of 32. The dropout layers are added after the first two convolutional layers of each
block and the first fully-connected layer. The calculation of «(6;) is performed every five epochs.
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D EFFECT OF NOISE FROM DIFFERENT TRAINING STRATEGIES ON RESULTS.

In this subsection, we compare the effect of noise from different training strategies on model output
and generalization. We mainly compared three training strategies: SGD, dropout, and parameter noise
injection. Parameter noise injection is well known as the explicit regularizer on the trace of the hessian
(Orvieto et al.,|2023). We first study the results of ReLU NN training under three training strategies,
as shown in Fig. [9(a). It is easy to see that the model output of GD+dropout has better smoothness
and is more in line with expectations. In Fig. [9(b), we compare the generalization capabilities of
three randomized algorithms. We follow the settings in Orvieto et al.|(2023)) and conduct experiments
using MLP1 in the corresponding code, with the network size 784-500-500-500-10. We use a batch
size of 128 for the three algorithms. The mean (solid line) and standard deviation (shaded range)
were calculated from five independent experiments for each setting. For dropout, we add the dropout
layer under each hidden layer, and we set p = 0.8. For parameter noise injection, we set the noise
standard deviation o = 0.03. At the same time, we compared the traces of the Hessian matrix of the
three training strategies, which is a metric widely used to characterize flatness. As shown in Fig. [9fc),
the trace of the Hessian matrix of dropout is smaller than that of the other two training strategies
during the entire training process, suggesting a stronger tendency for the flat solution.
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Figure 9: (a) Two-layer ReLU NN output under different training strategies. The width of the hidden
layer is 1000, and the learning rate is 1 x 10~2. For SGD, the batch size is 1. For dropout, the dropout
layer is added after the hidden layer with p = 0.8. For parameter noise injection, we use the layer
noise with the noise standard deviation o = 0.001. (b, ¢) The deep FNN trained on MNIST under
different training strategies. The network size is 784-500-500-500-10, and the learning rate is 0.01.
The batch size is 128. For dropout, the dropout layer is added after the hidden layers with p = 0.8.
For parameter noise injection, we use the layer noise with the noise standard deviation o = 0.03. (b)
Test accuracy. (c) Trace of the Hessian matrix.
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E EXTENDED EXPERIMENTS OF DROPOUT UNDER MEAN-FIELD LIMIT

In the above, we do not treat the network width as the variable under study, but treat it as a constant
value of order one. However, if we take the mean-field limit of the two-layer network, i.e.,

fo(x) == %Zaro(wIwL
r=1

where m — oo, then the modified equation has the following form:

Ls(0) := o Z el + Srpm? Z Zafo(wlxi)Q.
i=1

i=1r=1

The additional regularity of the dropout modified equation disappears in the infinite width limit, which
is contrary to our common sense. Intuitively speaking, if we take each neuron to be independent and
identically distributed, even if we ‘drop’ some neurons, dropout does not seem to exert an impact on
the training process. We carefully verified this by experimentally studying different wide networks
with and without dropout. As shown in Fig. [T0} for narrow networks, dropout will have a certain
impact on the training process, and this impact will become insignificant when the network is wide
enough.

We design experiments with and without dropout at different hidden layer widths under the mean-
field setting. The quantity R; we study is defined as 271L_T€p S > a2o(wIx;)?. As shown in
Fig.[10] for the wide network, the model loss trajectory is almost consistent with or without dropout,
and the cosine similarity between the two model parameter vectors i.e., flatten all the parameters of

the model into one vector, is 0.9999998, but there is no such similarity for the narrow network.

—— m=10% dropout —— m=100, dropout
m=10°, GD ----m=100, GD

100.

0 500 1000 1500 2000
epoch

Figure 10: The two-layer network with and without dropout at different hidden layer widths m under
the mean-field setting. The learning rate is 0.01 for all experiments, and p = 0.9 for experiments
with dropout. These settings can make the dropout noise have little effect on the results.
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F PRELIMINARIES

F.1 NOTATIONS

We adhere wherever possible to the following notation. Dimensional indices are written as subscripts
with a bracket to avoid confusion with other sequential indices (e.g. time, iteration number), which
do not have brackets. When more than one indices are present, we separate them with a comma, e.g.
Ty, (5) is the i-th coordinate of the vector @y, the k™ member of a sequence.

We set a special vector (1,1,1,...,1)T by 1 := (1,1,1,...,1)T whose dimension varies. We set
n for the number of input samples, m for the width of the neural network, and D := m(d + 1)
hereafter in this paper. We let [n] = {1,2,...,n}. We set N'(u, 32) as the normal distribution with
mean p and covariance X. We denote ® as the Kronecker tensor product, (-, -) for standard inner
product between two vectors, and A : B for the Frobenius inner product between two matrices
A and B. We denote vector L? norm as |[|-||,, vector or function Lo, norm as [|-||__, function L,
norm as ||-||;, matrix infinity norm as ||-|| . _, .., matrix spectral (operator) norm as ||-||,_,,, and
matrix Frobenius norm as ||-||; . Finally, we denote the set of continuous functions f(-) : R — R
possessing continuous derivatives of order up to and including r by C"(R”), and for a Polish space
X, we denote the space of bounded measurable functions by B,(X), and the space of bounded
continuous functions by Cp(X). In the mathematical discipline of general topology, a Polish space is
a separable complete metric space.

F.2 PROBLEM SETUP

For the empirical risk minimization problem given by the quadratic loss:

n

1

mgin Rs(0) = o ; (fo(zi) — yi)°, 2

where S := {(x;,y;) }}_; is the training sample, fg () is the prediction function, @ are the parameters
to be optimized over, and their dependence is modeled by a two-layer neural network (NN) with m
hidden neurons

fo(x) := Z aro(wlx), (22)
r=1

where ¢ € RY, 6 = vec(0,,0,,) with 8, = vec({a,}™,), O = vec({w,}™ ) is the set of
parameters, o (+) is the activation function applied coordinate-wisely to its input, and o is 1-Lipschitz
with o € C*°(R). More precisely, 8 = vec({q, }I"_;) whereas for each r € [m], g, := (a,, w])T.
We remark that the bias term b, can be incorporated by expanding x and w, to (7,1)T and
(wl,b,)7

Given fixed learning rate 7 > 0, then at the /V-th iteration, where
tny = N n,

and a scaling vector dy € R™ is sampled with independent random coordinates: For each k € [m)],

1 ith probabilit
(5N)k={p with probability p, 23)

0  with probability 1 — p,
and we observe that {dx } y>1 is an i.1.d. Bernulli sequence with Ed; = 1, and naturally, with slight
abuse of notations, the o-fields Fy := {0 (81, 82, -+ dn)} forms a filtration.
We then apply dropout to two-layer NNs by computing

m

fo(x;0) = Z(é)rara(wlcc), (24)

r=1
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and we denote the empirical risk associated with dropout by

v 1§
RS (8:8):= o= > (folw::6) — i)
i=1
1 n m 2 (25)
~ 9 : (Z(é)rara(w;[mi) - yz> -
i=1 \r=1
We observe that the parameters at the N-th step are updated via back propagation as follows:
On = On—1 — VRS (On_1;0n) (26)
where 0, := 6(0). Finally, we denote hereafter that for all ¢ € [n],
e) = e(On_1;0N) = for_, (xi;6N) — yi,

hence the empirical risk associated with dropout Rgmp (On_1; 0 ) can be written into

1 2
dro . _ N
RGP (On-1;0N) = %z_; ()",
thus the dropout iteration reads
Oy —On_1 = *UveRi’mp (On-1;0N) = *% el Vel ,

i=1

and we may proceed to the introduction of the SME approximation.
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G STOCHASTIC MODIFIED EQUATIONS FOR DROPOUT

G.1 MODIFIED LOSS

Recall that the parameters at the N-th step are updated as follows:

Oy =0y — 1Y eNVoel, @7)
n =1

and since {dn } n>1 is an i.1.d. sequence, then the dropout iteration (27) updates the parameters in a

recursion form of
Oy =F(0On_1,0n), (28)

where F(-,-) : RP x R™ — RP is a smooth (C*) function, and {dx}n>1 is a disturbance
sequence on R", whose marginal distribution possesses a density supported on an open subset of
R™. Then, based on the results in[Meyn and Tweedie| (2012), the dropout iterations forms a
time-homogeneous Markov chain. Thus, we may misuse E[- | Fy], the conditional expectation given
Fn, with Eg, _, [-], the conditional expectation given @ _1. Then, for each k € [m], the conditional
expectation of the increment restricted to g reads

n
N N
I['391\1—1 [E € Vlei

i=1

=FEo, _, lz eN (On)k Ve, (aro(wiz:))|,

i=1
and since

m

Eoy_, [ (6n)k] =Boy_, | > (On)raro(w]m:) —yi| Boy_, [(n)4]
r=1,r#k

+Eoy_, [(6n)7] aro(w]x;)

i 1
= Z aro(wlx;) —y; | + —aro(wix;)
r=1,r#k p

(Z aro(wlz;) — yz> + (1 - 1) ago(wle;).

For simplicity, given fixed k € [m], for any ¢ € [n], we denote hereafter that
= Z aro(wlx;) — ys,
€i\k ‘= € \k Z ara ’l.UTiL'Z — Yi,

we remark that compared with e, e; and ei\ do not depend on the random variable dy. Then
Eo,_, (¢ (6xn)x) can be written in short by

1
Eoy_, [ezN((sN) ] €i\k T aka(wkxl)
(29)

1
=e; + ( — 1) ago(w]x;).
p

Hence for each k € [m], expectation of the increment restricted to gy, reads

n

]EGN 1 6 5N kVQk (akO'(’wka))‘|

i=1

" /1
¢iVq, (aro(wla;)) + <p - 1> aro (Wl x:)Vy, (aro(wlez;)),
=1
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then we define the modified loss Ls(-) : R™(¢*+1) — R for dropout:

1 n 1 _p n m
= 5n 2 g, 2 2 o (wlw), (0)
=1

i=1r=1

since as @y _1 is given, then by taking the conditional expectation, increment of the dropout iteration

(27) reads

O — On-1 = ~1iBay_, [VoRE™ (Bn-1:68)] = —nVoLs(0)]g_y. .

which implies that in the sense of expectations, {6y } n>o follows close to the gradient descent
trajectory of Ls(6) with fixed learning rate 7).

G.2 STOCHASTIC MODIFIED EQUATIONS

We then follow the strategy of |[Li et al.| (2017)) to derive the stochastic modified equations (SME) for
dropout. Firstly, from the results in Section we observe that given Oy _1,

On —On-1=-1VoLs(0)|g_o  + VIV (On-1), (€29)

where Lg(+) : R™@+1) _ R is the modified loss defined in (30), and V'(-) : R™(d+1) — Rm(d+1) jg
am(d+ 1)-dimensional random vector, and when given O _1, V(6 y_1) has mean 0 and covariance
nE(On_1), where 3(-) : R™(@+1) — Rm(d+1)xm(d+1) g the covariance of Vg RGP (On_1; I ).
Recall that 8 = vec({q, }7-) = vec ({(a,, w, )} ,), and for any k,r € [m], we denote that

E;W(ON 1) := Cov (quRdrop (01\[ 1,6[\[) VqTRdmp (ON—1§6N)>a

then
Y X Yim
o1 X Yom
Y= .
z:7n1 z:7n2 z:nwn

For each k € [m], we obtain that
S(0y_1) = Cov (vquf;mp (On—1:0x) , Vg RYP (O _1: 5N))

_ ( _ 1) <i zn: (e Akt aka(wkacz)> Vae (ako'(’wgmi)))

® (711 Z (ez \k T 1aka(wkazl)> Vaw (ako(wgwi))>

i=1

i <1 _ 1> i (; zn:alcr(w[mi)vqk (ako(wgmi,))>

2
p P/ ik i=1

® (i S ao(w]a:)V,, (aka('w,z:ci))> ,

i=1
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and for each k, r € [m] with k # r,

o (On_1) = Cov (vqugrop (On_1305) . Vg, BRI (B _1; 5N))

G

1 1 1
- <ei7\k,\r + Eaka(wgmi) + para(wlw¢)> Var (a,ko('w,gzci))>
! T
LY o (wl@) Ve, (otule)
i=1
1 I
+ < — 1> (n aro(wlx;)Vgq, (aka(w;wi))>

1 ¢ 1
® <n > (ei,\k,\r + ago(wiz;) + paTU(wawi)> Va. (a,a(wlxﬁ)) :

i=1

where we denote hereafter that
m
einenr = Einene(0) = Y wo(wz;) -y,
I=1,1#k,l#r
and compared with efv » €,\k,\r Still does not depend on the random variable d . We remark that the
expression above is consistent in that for the extreme case where p = 1, dropout ‘degenerates’ to

gradient descent (GD), hence the covariance matrix degenerates to a zero matrix, i.e., 3 = Opx p.
We remark that details for the derivation of X is deferred to Section[Il

Now, as we consider the stochastic differential equation (SDE),
d®; =b(0;)dt+ o (©;)dW;, 6, = 0(0), (32)

where W, is a standard m(d + 1)-dimensional standard Wiener process, whose Euler-Maruyama
discretization with step size > 0 at the N-th step reads

Oyv = Opn-1) +1b (Oyv-1)) + V117 (Oyv-1)) Zn,
where Zn ~ N(0, I,,,(441)) and @ = ©(0). Thus, if we set
b(©) := —VeLs(®),

o (©) = ii(£(O))?, (33)
@0 = 00,

then we would expect to be a ‘good’ approximation of with the time identification t = nN.
Based on the earlier work of|Li et al.|(2017), since the path of dropout and the counterpart of SDE
are driven by noises sampled in different spaces. Firstly, notice that the stochastic process {0y } N>0
induces a probability measure on the product space R” x R x - x RP x -- -, whereas {©;},
induces a probability measure on C ([07 ), RY ) To compare them, one can form a piece-wise
linear interpolation of the former. Alternatively, as we do in this work, we sample a discrete number
of points from the latter. Secondly, the process {@n} 5~ is adapted to the filtration generated
by F whereas the process {©,},-,, is adapted to an independent Wiener filtration ;. Hence, it

is not appropriate to compare individual sample paths. Rather, we define below a sense of weak
approximations (Kloeden and Platen, [2011], Section 9.7) by comparing the distributions of the two
processes.

To compare different discrete time approximations, we need to take the rate of weak convergence
into consideration, and we also need to choose an appropriate class of functions as the space of test
functions. We introduce the following set of smooth functions:

ey (RmD) = & f e M (RmHD) ‘ 1fllers == > [D°flg <00

|BI<M
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where D is the usual differential operator. We remark that CM (R”) is a subset of G(RP”), the class
of functions with polynomial growth, which is chosen to be the space of test functions in previous
works (L1 et al., [2017; [Kloeden and Platen, [2011; Malladi et al., 2022).

Before we proceed to the definition of weak approximation, to ensure the rigor and validity of our
analysis, we shall assert an assumption regarding the existence and uniqueness of solutions to the

SDE (32).
Assumption 2. There exists T* > 0, such that for any time t € [0,T"], there exists a unique
t-continuous solution Oy of the initial value problem:

d@t = b(@t) dt + o (®t) th7 @0 = G‘)(O),

with the property that © is adapted to the filtration F; generated by W for all time s < t.
Furthermore, for any t € [0,T%],

t
B[ 10,0 ds < o

Moreover, we assume that the second, fourth and sixth moments of the solution to SDE @]) are
uniformly bounded with respect to time t, i.e., for each | € [3], there exists C(T*,©q) > 0, such that

sup E[©,()]; < C(T", ©q). (34)
0<s<T*
As for the dropout iterations 27), we assume further that the second, fourth and sixth moments of
the dropout iterations are uniformly bounded with respect to the number of iterations N, i.e.,
let0 <n <1, T>0andset Nr, = L%J then for each | € [3], there exists T* > 0 and 1y > 0,
such that for any given learning rate 1 < 1o and all N € [0 : Ny« ], there exists C(T™*,00,1m0) > 0,
such that

sup  E||fx[ < C(T*,00,1m0). (35)
O0SNL[Npx 4]

We remark that if G (]RD ) is chosen to be the test functions in|Li et al.|(2019), then similar relations
to (34) and (33) shall be imposed, except that in our cases, we only require the second, fourth
and sixth moments to be uniformly bounded, while in their cases, all 2]-moments are required for
[ > 1.Establishments of the validity of Assumption[2]regarding the existence and uniqueness of the
SDE will be exhibited in Section

The definition of weak approximation is stated out as follows.

Definition 6. The SDE (32) is an order a weak approximation to the dropout @7), if for every
gecM (Rm(‘“‘l)), there exists C > 0 and no > 0, such that given any n < ng and T' < T, then
forall N € [Nr ),

[Eg(©,n) —Eg(On)| < C(T' g, m0)1". (36)
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H SEMIGROUP AND PROOF DETAILS FOR THE MAIN THEOREM

In this section, we use a semigroup approach (Feng et al., |2018)) to study the time-homogeneous
Markov chains (processes) formed by dropout.

H.1 DISCRETE AND CONTINUOUS SEMIGROUP

Definition 7. A Markov operator over a Polish space X is a bounded linear operator P : By(X) —
By(X) satisfying

s P1=1;
* P is positive whenever o is positive;

o If a sequence {pn} C By(X) converges pointwise to an element ¢ € By(X), then Py,
converges pointwise to Pp;

To demonstrate further inequalities that Markov operators satisfy, we offer the following proposition
Proposition 1. A Markov operator P : By(X) — By(X) over a Polish space X satisfies

* (Pf(®)" <Pf(x);
* (Pf(x)” <Pf ()
* [Pf@)| < Plf(2)].

Moreover, if the Polish space X is equipped with a measure i, a function f : X — R is said to be an

element of L*(X) if
/ | fldp < oo.
X

Then for every f € L1(X), the following holds

* IPAl < 11
In mathematics, the positive part of a real function is defined by the formula

f(z) if f(z) >0,

0 otherwise.

() = max(f(@).0) = {
Similarly, the negative part of f is defined as

/() = max(—f(x),0) = —min(f(x),0) = {(;f(‘”) i)fﬂ{e(gi;.Q

We proceed to the proof for Proposition

Proof. From the definition of f*and f~, it follows that
(PHT = (Pf+—Pf)" = max (0,Pf* —Pf7)
<max (0,Pf1) =Pft.
Similarly, we obtain that
(Pf)~=(Pfr=Pf7) =max(0,Pf~ —Pf")
< max (O,Pf_) =Pf.
Hence for the last inequality
[Pfl=PH"+(Pf)”
<SP +PfT
=P (f*+f7)="PIf|.
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Finally, by integrating the above relation over X, we obtain that

Hpﬂh=1ﬁypﬂdu

37)
sAme=Amw=ww

O

Inequality is extremely important, and any operator P that satisfies it is called a contraction.
This relation is known as the contractive property of P. To illustrate its power, note that for any
f € LX), we have

1P flly = |[PoP 1|, < [P, -
As we consider Markov processes with continuous time, it is natural to consider a family of Markov
operators indexed by time. We call such a family a Markov semigroup (Hairer, 2008)), provided that
it satisfies the relation

Piys =P oPs, foranytimes,t > 0. (38)
And if given A € B(X), where B(X) is the Borel o-algebra on X, and given any two times s < ¢, if
the following holds almost surely

P(X: € A| Xs) = (Pi—sla)(Xs),

then we call X a time-homogeneous Markov process with semigroup {P;},~.

In our case for dropout, we set the Polish space X = R, and since C}¥ (RP) C By (RP), then
WLOG we fix g € CM(RP) and define

P,9(0) :=E [g (é — VR (9 5) \H)} . (39)

We conclude that the dropout iterations (27) forms a time-homogeneous Markov chain with discrete

Markov semigroup {PZ; }n> o

As for the SDE (32), based on Assumption [2] and combined with the results in (Hairer, 2008
Example 2.11), the Markov semigroup {7 },-., associated to the solutions of the SDE reads: For any

g € By(RP),
OPrg = LPry,
where L is termed the generator of the diffusion process (32), which reads

1
Lg:=(b,Veyg)+ 50'0'T V5. (40)

Moreover, for a fixed test function g € C}M (RP), then for any two times s,¢ > 0,
Pig(0s) := exp(tL)g(0,) := Ee, [9(O145)], 41
and {P, };>( forms a continuous Markov semigroup for the SDE (32).

H.2 SEMIGROUP EXPANSION WITH ACCURACY OF ORDER ONE

Our results are essentially based on It6-Taylor expansions (Kloeden and Platen| 2011) or Taylor’s
theorem with the Lagrange form of the remainder (Li et al., 2019, Lemma 27).

Theorem 2 (Order-1 accuracy). Fix time T < T*, if we choose
b (@) = —V@Ls(g),

1
o (@) :=n(2(0))*,
then for all t € [0, T), the stochastic processes Oy satisfying
d@t = b <®t) dt + o (®t) qu @0 = @(O), (42)

is an order-1 approximation of dropout 27), i.e., given any fest function g € Cl‘f(RD ), there exists
no > 0 and C(T, ||gl|ca »m0) > 0, such that for any n < ng and T < T*, and for all N € [N ],
the following holds:

[Eg(0n) —Eg(©yn)| < C(T, |lgllcs > 60,m0)9, (43)
where 0y = .
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Proof. By application of Taylor’s theorem with the Lagrange form of the remainder, we have that for
some o > 1,

1 ZD: S{ﬁp,@,]L(ﬁ)
st = AL[TED TR0 gy 00,

b 3 H[ﬁ»—ﬁv}aa—ﬂg(ﬁnt(l—)ﬁ)
(a4 1)! (i) () 879(i1)~--87~9(ij) K )

for some v € (0, 1). We adopt the Einstein’s summation convention, where repeated (spatial) indices
are summed, i.e.,

D
L)X (i) = Z L) T ()
i=1

As we choose 9 := 01, 9= 0y and o = 1, then we obtain that
g(01) — g(60) = (Vag(6o),0: — 60)
1
+ §V59(791 +(1—=7)8) : (6, — 6y) @ (61 — 6y)
1 _
=(Veg(60),0: — 6o) + §V39(00) 1 (601 —6p) ® (61 — 0y),

where 6, := ~v6:1 + (1 — )8y, and we observe that since
01— 0y = —1VoLs(0)|g_g + 1V (60),
then

Eg(01) ~ Eg(00) = (Vog(00). EO, — EO) + LE [V39(00) : (61— 00) @ (8, — 60)
=1 <V09(90)7 VeLs(G)\9:90> + E,(60),

where the remainder term E}] () : RP — R, whose expression reads
1 -
E}(00) := 5E |V39(60) : (601 — 60) © (61 — 60)] . (44)

and we remark that 8 and 6, are implicitly defined by 6. Then, directly from Assumption |2} we
obtain that

F}(00) = 3 [V30(00) : (61— 00) & (01 — 00)

1 ‘o 2
5 llgllcs E 161 = 6oll3 = 17 [lgllc+ E [HWR@ ) <90%51>H2]

S 772 ||g||C’4 C(T*a 00) no)a
since Vg Ls(0) and 3 (@) can be bounded above by the second and fourth moments of the dropout

iteration (27).

‘We observe that

IN

n n
©, -0 :/ b(@s)ds—i—/ o(0,)dW,.
0 0
As we choose ¥ := ©,, 9= ©®¢ and o = 1, then we obtain that
9(©,) —9(©¢) = (Veyg(©y),®, — )
1 -

+ §V2@9(@o) 1 (0, —©) ® (0, — 0y),

where

Q) :=70, + (1 — )0,
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for some v € (0,1). Then
Eg(©,) —Eg(©o)

= (Voy(®0),EO, ~ EOy) + E [v@g<@o) (©, — ©) ® (0, ~ O
- <V@g(®0)7 /(:E[b((as)]ds> + 51E [V%g(@o) (0, — 0y ® (O, — @0)} ,
and since

(Vou(®0). E[b(©,)]) = (Vos(®), Eb(Oy)]) + / £ (Vey(©0), b) (©,)dv,

then we obtain that

Eg(®,) —Eg(©¢) =1n(Veyg(©o),E / / (Veg(©y),b) (0,)dvds
% [Veg(@o) (©, -0y ®(O, - @o)}
1(Vey(©q),b(00)) + n*E,(©0),

where the remainder term E ) RP — R, whose expression reads

(@) / / (Voy(®0), b) (©,)duds

+ E [VQQ(GO) (@ 60) (677 - 60):| s

(45)

and we remark that (:)0 and ©,, are implicitly defined by . As we choose
b(©) =-VelLs(®),
1
o(0)=n(X(0)),

then we carry out the computation for £ (Vgg(©y), b) (0,),

L{Vey(©o),b) (0,) = <V®Ls( v), Ve (Veg(©o), VeLs(®)) le-e,)
t3 75(0.): V3 ((Vey(©). Vo Ls(®))) lo-e,,
since Vg Ls(®), V& Ls(0), VE Ls(©) and X (©) can be bounded above by the second, fourth
and sixth moments of the solution to SDE (32)), hence we may apply the mean value theorem to (@3]
and obtain that

|B3(©0)] = ] | 5£(Tea(©0).5) .05 + 5 [v34(60): (©, - 00) (0, - 1) \

IN

n
/0 $ls O(T,©0)ds + 5 lgllos B0, — O]

2

/\

n
< Ll 1" 00+ lalen B [ @05+ [ a(@ 00w,
0 2
2

IN

n? *
Lllalles 2, 00) 2l E | [ @125

n
+2||g||c4EH/ o(®
0

~ 2
lgllcs CT*,©0) + 2 lglc:1°E | Vo Ls(®0)|
loles & [ lo@.)]

~ 2
lglles CT*,©6) + 2 gl n°E | Vo Ls(®0)|

lgllc:nE [n][£®0)| ] < llgllcs C(7, ©0).

2

-
=2
+2

<

"
2
+2
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To sum up for now,
[Eg(61) — Eg(©,)| = |Eg(60) 1 (Vog(80). VoLs(6)|5_g, ) + E}(60)
—Eg(©0) — 7 (Vey(©0),b(©0)) + E,(6y)|,
since 8 = @ and b (Og) = ~Ve Ls(©)[,_, .
’7’7%9(90) —Png(©0)| = |Eg(6:) — (9 )l
|E (60)] + |E}(©y)]

<2 |lglles C(T*,80,m0) + 1* |19l o1 C(T*, Op)
= 0(n).

thus

(46)

For the N-th step iteration, since

[Eg(8n) — Eg(®yn)| = [P} g(60) — Pyng(©0)],
and the RHS of the above equation can be written into a telescoping sum as
N
P} g(60) — Pyng(©g) = Z (Pévflﬂ o P-1y,9(00) — Pévfl 0 Piy9(©0)) ,
1=1
hence by application of Proposition[I} we obtain that
N

|Eg(0n) —Eg(®,n)| < Z |PN o Pu1)n9(60) — Pf,vfl o Pyg(o)|

‘PN_I o (733 °©Pu-1yy —Pyo P(lfl)n> 9(8o)|,

I Mz T

since (73 o Pu—1yy — PypoPu— 1),,) g( @0 ) can be regarded as £ (RP) if we choose measure y to
be the delta measure concentrated on O. i.e.,

f 3= de;
hence by the conctration property of Markov operators, we obtain further that

[Eg(6n) — Eg(Oyn)| <Z\ 5 © Pi—1yn — Py © Pu—1)y) 9(O0)|
=1

HMZ

9(Oa-1yn) = Pyg(©(-1y,)] -
By taking expectation conditioned on 9(1 1)n» then similar to the relation (46), the following holds

PLo(© 1)) = Pug(®-1yy)| = E[[[Eg(61) — Eg(@,1)] |©1),] ]
SE[E(©q-1)y)| +E[E)(O-1))]
<0 |lgllca C(T*,80,m0) + 1% llgll s C(T*, Bg)
=0(n*).
We remark that the last line of the above relation is essentially based on Assumption [2] since
E |E n )’ and E |E 9&1),7)‘ can be bounded above by the second, fourth and sixth mo-

ments of the solution to SDE (32), hence we may apply dominated convergence theorem to obtain
the last line of the above relation.

To sum up, as
N
1PN 9(60) — Pyng(©0)] Z [P 0 Pu_1)ng(80) — P~ o Piyg(©0)| = NO(1?),

hence for N = N,
|PY 9(80) — Pyng(©0)| = NO(n*) = NnO(n) < TO(n) = O(n).
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H.3 SEMIGROUP EXPANSION WITH ACCURACY OF ORDER TWO
Theorem 3 (Order-2 accuracy). Fix time T' < T, if we choose
b(©) = Ve (Ls(©) + ] IVeLs(®)[3),

o(©) = n(2(©)),
then for all t € [0, T, the stochastic processes O satisfying

is an order-2 approximation of dropout 7)), i.e., given any test function g € Cf (RP), there exists
no > 0and C(T, ||g||cs »m0) > O, such that for any n < ng and T < T*, and for all N € [N,
the following holds:

[Eg(0n) —Eg(©yn)| < C(T, |lgllce » 60,7m0)8, (48)

where ) = ©.

Proof. By application of Taylor’s theorem with the Lagrange form of the remainder, we have that for
some o > 1,

S T - o* -
90) —9@) =3 5 > ] [ﬂu,-)—ﬁ(m}m(‘”

1 D a+1 B 8a+1g B
+ [19@») *%-)] T a9 (19 + (1 =7)9),
(a + 1)! il,.Z,z;_l =1 J 7 819(Z-1) . 619(1-].)
for some v € (0, 1).
As we choose 9 := 64, 9 = 6y and o = 2, with slight misuse of the Frobenius inner product

notation, we obtain that
9(01) ~ 9(80) = (Vo9(80), 61 — 00) + 5 V39(00) : (01 — 00) @ (61 — 00)
+ VB9001 + (1-7)60) : (61— 60) @ (61— 60) (61 — 60)
= (V04(00). 01 — 00) + 3 V3(60) : (61— 00) @ (01 — 60)
+ 2V30(80) : (61— 00) © (6, 00) @ (61 — )

where 6, := 701 + (1 — 7)8o, and we observe that since
01— 00 = —1VeLs(0)|o_g, + vV (60),

then
Eg(01) ~ Eg(00) = (Vog(00). EO, — EO) + . V39(00) : E[(6: — 00) © (61 — 60)]
+ é]E [Vgg(éo) (61— 00) ® (61 — 0p) ® (61 — 90)}
=-n <V09(90)7V9Ls(9)’9:90>

2
+ %vgg(oo) : (veLs(a)yez% © VoLs(0)|,_y, + 2(00))

+ E2(6y),
where the remainder term E%() : RP — R, whose expression reads
1 ~
E}(6) := EE [Vgg(eo) (01— 6p) @ (6 — 0p) ® (01 — 90)} , (49)
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and we remark that 8 and 6, are implicitly defined by 6. Then, directly from Assumption |2} we
obtain that

1 ro 3
E3(60) <  lolcs 2161~ 00l =1 gl 2 [ VorE™ (60:61) |

S 773 ||g||06 C(T*a 00; 7]0)3
since Vg Ls(0) and 3 (@) can be bounded above by the second and fourth moments of the dropout

iteration (27).

‘We observe that
n n
®, -0 :/ b(@s)der/ o(0,)dW;.
0 0
As we choose ¥ := ©,, 9= ©®¢ and o = 3, then we obtain that
9(©,) —9(0©9) = (Veyg(®y), ®, — Oq)
1
+5V69(80) : (8, = ©9) @ (), — O)
1
+ EV%Q(QO) : (67] - 60) ® (671 - 60) by (671 - 60)
1 -
+ ﬂvl@g(@o) (0, =0 ® (0, -0 (0, -0 @ (0, - 0),
where _
Q) =10, + (1—-7)Oy,
for some v € (0, 1). Then
Eg(®;,) —Eg(©o)

= (Voy(©0). EO, ~ EOy) + 1V34(Oy) : E[(©, —©y) (O, — O)
+2V59(00) ‘E[(©, ~ 8y) & (8, ~ 8) © (O, — ©y)]
+ iE [V‘ég(@o) 1(©, =0y ® (0, -0y ® (0, -0y ® (0, — 6
_ <V@g(®0), /nE[b(QS)]ds> + %V%g(@o) LE[(©, - 0y) ® (0, — )]
0
+ 5VE(8y) (O, ~ ©0) @ (0, ~ ©y) © (®, - Oy)]

+ 51 [Vo9(®0) : (0, ~ 80) @ (0, ~ ) 5 (8, ~ 85) © (, - 8)] .

and since
(Vou(®0), E[b(©,)]) = (Vos(©0), E[b(Oy)]) + / £ (Veoy(®0).b) (©,)dv,
then we obtain that
Eg(©,) — Eg(®0) = 1 (Veg(©0), E[b()]) + / ! / £ (Voy(®).b) (©,)duds
+5VB9(80) :E[(©, — ©0) © (@, - 0y)]
+5V80(80) E[(6, — ©0) @ (0, 80) (8, ~ 0y)]

1 ~
+57E | V69(80) : (O, - ©0) 2 (0, - ©) @ (8, —~ ©) @ (8, ~ ©)] .
and once again since

£ (Voy(®0).b) (0,) = £ (Voyg(®y). b) (O) + / "L (£ (Veg(©0), b)) (O.)du,
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then we obtain that

Eg(©,) — Eg(©) = 1{Vey(©y), / / £ (Veg(O0), b) (©,)dvds

+ 5%9(@0) ‘E[(©, - ©) (8, - )]

¥ 1V?é9(®o) E[(©, - ©0) @ (6, - ©,) @ (0, - ©)]

+3 E [v‘gg(e)o) (©, — ©) ® (O, — Oy (0, — B @ (O, — O)
=1(Vey(®o), / / L (Veg(0y),b) (0g)duvds

+/O /0 /0 L (L (Veg(©q),b)) (©,)dudvds

+5V50(00) E[(©, ~ 00) 5 (O, ~ ©y)]

+ éV%g(@o) E[(©, -0 ® (0, — 0 @ (0, — 0y)]

+ %E [vgg(éo) (0, — 0)) ® (0, — Oy @ (O, — ) ® (0, — O)
~ 1(Vo(®0).EB(®0)]) + 1L (Vos(@0).b) (©0)

+5V50(00) :E[(©, ~ 8y) © (O, )] + E3(Oy),

where the remainder term E2(-) : R” — R, whose expression reads

E2(©) : / / / L{(Veyg(©y),b)) (0,)dudvds

+ EV@g(Oo) E[(©) - 00) ® (0, - 600) @ (0, - 6] (50)
+ 518 [V50(80) 5 (0, - 00) (8, — ©0) @ (8, — 80) & (8, — ©0)|

and we remark that éo and ©,, are implicitly defined by . As we choose

b(®) = Ve (Ls(®) + 1 VeLs(®)I3).
o (©) = \i(2(®)F

[N

then we carry out the computation for £ (£ (Veg(®y), b)) (©.),

£(£(Vey(®0),b)) (©.)
=L ({b, Ve (Voy(©0).b)) (©.) + £ (3T : V4 ((Vog(®).b))) (©.)
=(b,Ve ((b,Ve ((Veg(©9),b))))) + 22 : Ve ((b,: Ve ((Vey(©0),b))))
+ g (b,Ve (2: Vg ((Vey(©),b)))) + %22 Ve (2: V6 ((Vey(©o),b)))
:bTVG) (bTvG)bV@g(@O)) (®u) + 77R71(®u)
1 2 /
~(VoLs(®.). Y ({576 (IVeLs(®.I) Vos(@n)) ) ) + 1, (®.)

36



Under review as a conference paper at ICLR 2024

since Vo Ls(0), Vg Ls(0©), Vi Ls(0), £ (0), R, (©,,) and R; (6,,) can be bounded above by
the second, fourth and sixth moments of the solution to SDE (32). Moreover, we observe that

E [(971 - (")0) ® ((")n - 90) ® (977 - 90)]

(/On b(®;)ds + /07la(®s)dWs) ® (/On b(®,)ds + /O77 a’(@s)dWS>
® (/o’r/ b(®,)ds + /Oncr(@s)dWS>

and its entry can be categorized into four types. The first one is the pure drift part, i.e.,

)

/On b(©,)ds ® /017 b(O;)ds ® /on b(®,)ds,

then by application of the mean value theorem and the fact that Ve Ls(®), V4 Ls(©), VE, Ls(0©),
and X (®) can be bounded above by the second, fourth and sixth moments of the solution to SDE
(32), we obtain that

E/O" b(@s)ds®/0n b(@s)ds®/0n b(O©,)ds

=773]Eb(@s) @ b(éS) b b(éS) = 0(773)-

The second one is the pure noise part, i.e.,

( /0 "o—(e)s)dws) ® ( /O na(es)dWs) ® ( /0 na(es)dws) 7

and as the odd moments of zero mean Gaussian variables are zero, hence we have

E K/Ona(@s)dws> 2 </Ona(®s)dWs> ® </Ona(®s)dWS>] o,

the third and fourth one are both of the mixed part, for the third one

Anb(es)ds ® /077 b(©,)ds ® (K U(@s)dWs) ,

whose expectation is of course zero since the drift part and the noise part is independent, and the fact
the odd moments of zero mean Gaussian variables are zero, and for the fourth one

/0 "b@.)ds @ ( /0 na(@)s)dwg> ® < /0 na(®s>dWs> ,
we obtain that

E Uo] b(©,)ds ® (/Ona((as)dWS) ® (/Ona(es)dwsﬂ
=nEb(©,) ® E K/Ono-((as)dWs> ® (/Ono((%s)dwsﬂ =0(r).

As we denote
R¥(@) = E[(©, - ©0) ® (8, — 8) © (8, - )],
then we obtain that

[vec(R¥(®0))|, < *C(T*, ©p).
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Hence we may apply the mean value theorem to (50) and obtain that

2(@)] = ‘/ / VL (L (Veg(®p), b)) (O, )duds

+ gV@g(Go) ‘E[(©, —60) ® (0, — 0g) ® (0, — )]
1 _

+ 5B {V%Q(GO) (0, = 0) ® (0, — B0y ® (0, — 6y ® (6, — @o)] ’
n s 1

< [ [ vlgles i, @0)duas + 5 lglcn (T 00)
0 0
1

+ 2 l9llce [|©5 — @ng

773 1 3
=5 lgllcs C(T7, ©0) + = llgllce n°C(T™, ©o)

n
L FACCRTR AT e

<1’ llgllee C(T*, @) + - Hche 1’ C(T", ©)

4

2

||9||ca773]EHV®Ls G+ 5 2| [ (@

<7 gllco CT*, ©0) + ¢ lgllco °C(T", ©0)
4 , ~ 2. C " 4
+ 31 lallo 1°E [ Vo Ls(®0) [ + 5 lallcn B [ llr(@) 1 as
* 1 *
< gllco CT*, ©0) + ¢ lgllcu °C(T", ©0)

~ 2 ~ 2
+ 1 Igllen B [ Vo Ls(®0) |+ Cllglcs nE [vf H2<®O>HF]

<" |lgllge C(T", ©y).

We remark that for the last but third line we apply the Burkholder-Davis-Gundy inequality.

To sum up for now,

Eg(61) — Eg(60) = —1 (Vog(80), VoLs(8)|y_q, )

2
+ L-V39(80) : (VoLs(0)|g_g, © VoLs(8)|y_g, + B(60)) + E2(80),
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and
£4(0,) —~ Eg(©0) = 1 (Vog(Oy). EIb(®0)]) + 'L (Vog(®@0).b) (©0)
+ %V%Q(@o) :E[(©, — 68) ® (0, — 6y)] + E;(6)

=1(Vey(©y),E[b(O)]) + njﬁ (Veyg(©q),b) (©)

( Onb ds+/ o )dWS)
® (/On b(O,)ds + /077 a(@s)dWS>

— 1 (To0(®0). Eb(©0) + - £ (Vou(On).b) (€0)

+ E2(©0)

L 2 . e S ! S
+§V®g(®0).E /0 b(©,)d ®/0 b(Gs)d}

1 9 ' rrn n _,
+§V®g(@0).E /0 a-(@s)dWS®/0 a(@)s)dWS} + E2(©0)

= 1(Vou(©0).Eb(O0)) + - £ (Vos(®0).5) (©0)

—I—%V%g(@o):E // dsdu]

1 K _
+§V%g(®o) 'E /0 o(0,)dW, ®/O a(@s)dWS} + E2(©y),

we observe that

2
thus
Eg(©;,) —Eg(©0) = n(Vey(Bo),E[b(O)]) + fUV@g(@o) b) (©)
+ V@g (©9) : { / / dsdu}
”E U V2,4(0,) : ds} E2(©y).
Since

V49(0) : E[b(®,) ® b(©,)]

L (Vgg(©g) : b(0,) ® b(©,)) dv

S

L (V59(80) : b(©,,) ® b(By)) dw

—V2,9(O0) : E[b(©.) © b(Oy)] + /O
/

=V249(0¢) : E[b(®) @ b(Og)] +

+ / "L (V39(00) : b(©,) © b(©,) du,
0
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and since
V69(8y) : E[2(6,)]

~Vg(00) E[2(00)] + [ £(Vho(®0): 2(6.)) dv
we are one step away to finish our proof,
£4(0,) ~ Eg(©) = 1 (Vos(©0). EB©U))) + L (Tos(®,).5) (©)
+ 598000 & [ [ [ 00 = b@nisa]
+ 25| [ vaa(0): B(@0)ds] + E2(00),
where we misuse our notations for E,Q] (©y), and the term
/077 /On /0 L (V69(00) : b(0,) ® b(0)) dwdsdu
+ /077 /On /0 L (Vg9(©o) : b(0,) ® b(©,)) dvdsdu
+ /077 /Osc (Vo9(©o) : 2(O,)) duds,

is included, and E7 (@) is still of order O(7*) by similar reasoning and we omit its demonstration.
Thus

Eg(©,) - Eg(©0) = 1 (Vey(©), Eb(®y)]) + % (b(©0). Ve (Vey(©0),b) (€))
+ %32(@0) : Vo (Vey(©),b) (©p)
" Zjv%g(eo) E[b(©g) ® b(O)]
+ L2 [V3(00) : 5(00)] + F2(Oy)

and recall that since we choose

b(©) = ~Ve (Ls(®) + 1 [VoLs(®)]3)

o (@)= i (2(0))?,
then

Eg(©,) —Eg(®o) = —1(Vey(©), Ve (Ls(0)) le=e,)
2
— 1 (Voy(©0). Ve (|VeLs(®)) lo-e, )

+ (Vo (Ls(©)) [o-6,: Vo (Vau(®0). Vo (Ls(©))) loo,)
+ T 050(00): (Vo (Ls(©) lo-e,) © Vo (Ls(®)) [o-e,)

+ gvég(@o) : 3(80) + E;(©y)
=-—n(Vey(©y),Ve (Ls(®)) le=e,)

+ %QV%Q(GO) 1 (Ve (Ls(©)) le=e,) ® Ve (Ls(0)) |e=e,)

2 —
+ % Vou(®0) : £(O0) + E7(6).
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thus, we have

[Eg(61) — Eg(®,)] = [Eg(80) —n (Vog(60), VoLs(6)],_p, )

+ %QV?,g(HO) : (VQLs(a)’0:90 ® VBLS(H)‘O:GO + 2(00))
+ E2(8o)
—Eg(®9) +1(Veyg(©o), Ve (Ls(®)) le=e,)

- T;jvég(@o) 1 (Ve (Ls(©)) le=e,) ® Ve (Ls(©)) |e=e,)

2
N _
— L V59(80) : £(O0) + E2(©)
< |EZ(60)] + |E2(©0)|
< 1 lgll s C(T", 80,110) + 1 gl s C(T*, @)
= O(n’).

For the N-th step iteration, since

[Eg(0n) —Eg(®yn)| = [P, 9(60) — Pyng(©0)|,
and the RHS of the above equation can be written into a telescoping sum as

N

P g(60) — Pyng(©0) = Z (P~ 0 Pu—1)ng(80) — P =" 0 Piyyg(©y))
=1

hence by application of Proposition[I} we obtain that

since (P} o Py—1), — Py © Pu—1),) 9(O0) can be regarded as L' (RP) if we choose measure y to
be the delta measure concentrated on @y. i.e.,

p = dey,,
hence by the conctration property of Markov operators, we obtain further that

N

Eg(On) — Eg(©,n)| < Z |(Py 0 Pu—1yy — Py o Pu—1yn) 9(O0)|
=1

] =

<D |Pr9(©u 1)) = Prg(®a_1y)|-

l

1
By taking expectation conditioned on ©;_1),, then similar to the relation (46), the following holds

|Prg(®u—1y,) — Png(®u—1y,)| =E H\Eg(@) —Eg(©,1)] ‘Q(l—l)nﬂ
< E[E}(©u-1),)| +E[E;(©u-1),)]
<n*|lgllcs C(T*,60,m0) +1* [lgll oo C(T*, Oy)
= O(1).

We remark that the last line of the above relation is essentially based on Assumption [2} since
E |E,27(®(l_1)77)| and E |E,2](® l—l)n)‘ can be bounded above by the second, fourth and sixth mo-
ments of the solution to SDE , hence we may apply dominated convergence theorem to obtain
the last line of the above relation.
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To sum up, as

N
1PN g(60) — Pyng(©0)] < Z ’Pévflﬂ o Pu-1),9(00) — Pévfl o Prmg(©0)| = NO(n*),
=1

hence for N = Nt ,,
1P 9(60) — Pyng(©0)| = NO(n*) = NnO(n) < TO(n*) = O(n?).
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I VALIDATION FOR ASSUMPTION 1

In this section, we endeavor to demonstrate the validity of Assumption 1. We begin this section by
making some estimates on the modified loss Ls and covariance X.

1.1 ESTIMATES ON MODIFIED LOSS AND COVARIANCE

For the modified loss, recall that @ = vec({q,}™ ;) = vec ({(a,,w,)}™ ), as we have

1 — 1—pw—
VaLs(®) =~ z; eiV, (axo(wiz;)) + TS ;aka(’wlmiqu (aro(wi®;)),
1= 1=
and under the usual convention that for all ¢ € [n],
1
s <l Inl<e
where c is some universal constant, and that o(0) = 0, we obtain that
m

Z aTO'(wISUi) — Y
r=1

lei] =

m
<1+ lay|[lwl,
r=1

LQ~ (2 2
<1453 (larf + llw,]})
r=1

2
<1+[0];,
hence

2 1-p 3
V. Ls(@)l], < (1+1©13) lawl, + 2 llasl;
thus we have
2 1-p 3
IVeLs(@)l, < (1+0]3) ], + — | Ol;

3
< Cp(1+[|O]f).
Moreover, since

V%Ls(@) = Z (V@ei ® Vee; + ein‘éei)

1

1
n

n

3

1—p~ .
+ T;D Zdlag {Vzk (aio(wgmi)ﬂ} ,

i=1
as we denote only for now x as matrix multiplication,
Vols(©®)VeLs(®)
1 « 1—p <
- (n Z <v®€i ® Vee; + €iV2@ei) + 7npp Z diag {Vzk (aio(wgwif) })
i=1 i=1

X <711 ZeiV@ei + % Z Ve (aia(w;mif)) ’
i=1 i=1

then the components in VZ Ls(©)Ve Ls(0©) can be categorized into six different types: Firstly,
(Vee; ® Vee;) ejV@esz
2
<lejllIVeeill; [[Vee,ll,

< (1+1el3) 1ol

<(1+1e13).
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Secondly,
[(e:V&ei) e5Vees|
< (1+1012)" Vo e, 1 Voes
< (1+11e1) Iel3
<(1+113).
Thirdly,
|(diag { V3, (aio(wlz:)?)}) e;Vee,
< (1+11©13) |diag { V3, (aFo(w2)?)} ., O],
<(1+1015) (1+l©13) el
<(1+115).
Fourthly,

|(Veei ® Vee;) Ve (aro(w]x;)?)
<|Veel?|®|3

<(1+1el3)-

I

Fifthly,

(e:¥5e0) Vo (atowla, ),
<(1+1el3) [Vaeil, . el
<(1+1el3) 1el;
<(1+1015).
Finally,
| (diag {V3, (aFo(wz)?)}) Vo (ao(w]a, )],
< ||diag {V5, (aio(wiz)*)}]],.,, ]
< (1+1013) leJ

<(1+]e3).

To sum up, for the drift term b(®), regardless of the choice of first order or second order accuracy,
we obtain that

1b(©)]l, <1+ [®©]5.

As for the covariance X, recall that 8 = vec({g, }",) = vec ({(a,, w,)}"™ ), then we obtain that
the covariance X reads

211 212 e 21771

o1 X 0 X
Y= . . . .

ZnLl ZTTLQ o Ean
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For each k € [m], we obtain that

=) =5 - 1) (i > (o + Lotz Vi, (aw(wzlwz‘))>

i=1

® <711 Z <€i,\k + ;ako(ngi)) Va (ako(wgmi))>

i=1

+ (1712 - ;) > <:L > ao(w]i)V,, (akU(wai))>

1=1,l#k i=1

® <:L > _ao(wlx;)V,, (aka(wlwi))> )

i=1
and for each k, r € [m] with k # r,

1 1< 1 1
3 (0) = (p - 1) (n Z (ei’\k,\r + ;aka(wgmi) + paTU(wI:vi)> Var (aka(w,z:zi))>

i=1

1 n
® (n ; ago(w]x;)Vg, (ara(wlwi))>

4 <1 _ 1> (i > ao(wlz)V,, (aka(wlfvi)))

p i=1
1< ; 1
o I Z ei\k\r +aro(wiz;) + Eara(wlwi) Va, (aro(w]lz;)) |,

n-
i=1

hence we obtain that

m
+ Z ato(w]z)? | |Veel
I=1,l#k

Ik (®)|7 < G

1
€i\k + paka wka:,

<G+ el3)el;
< (1 +®ls),

and by similar reasoning
2 6
12k (O)[[p < (1 +[|O]]).
1.2  EXISTENCE, UNIQUENESS AND MOMENT ESTIMATES OF THE SOLUTION TO SDE

Existence of the solution to SDE (32)) is proved by a truncation procedure: For each M > 1, define
the truncation function

b(®) if |®l, < M,
bar(©) := {b(M ) if [|©], > M.

We also perform similar truncation to o (©®) and obtain its truncation o5, (©). Then by; and oy
satisfy the Lipschitz condition and the linear growth condition, hence by application of the classical
results (Oksendal,[2013] Theorem 5.2.1) in SDE, there exists a unique solution ® y(-) to the truncated
SDE

||®H2

dO®; = by (©y)dt + oy (Of) AW, O = ©(0). 51
We may choose M large enough, such that
1©0l], < M,

and the solution to SDE (32) coincides with the solution to SDE (1)) at least for a period of time
T* > 0 since ||©]|, < M. We remark that T* is the desired time in Assumption 2} We also remark
that not only for any time ¢ € [0, T*], the second, fourth and sixth moments of the solution to SDE
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(32) are uniformly bounded with respect to time ¢, but also that for any time ¢ € [0, 7], all moments
of the solution to SDE (32) are uniformly bounded with respect to time ¢.

At this point, it is important to discuss that we prove is that for fixed time 7', we can take the learning
rate 77 > 0 small enough so that the SME is a good approximation of the distribution of the dropout
iterates. What we did not prove is that for fixed 7, the approximations hold for arbitrary time 7. In
particular, it is not hard to construct systems where for fixed 7, both the SME and the asymptotic
expansion fails when time 7 is large enough.

1.3  MOMENT ESTIMATES OF THE DROPOUT ITERATION

Recall that the dropout iteration reads
Oy =0Nn_1 — T]VGR?OP (On-1;0N),
then we obtain that

E[0x 115 = E0x-1]13' — 207 [|10x 1[5 (On-1, VaRE™ (On-1:0x) )| + OGr),

then for learning rate n small enough, we observe that {EE |0 ||§l }n>0 follows close to the trajectory
of a ordinary differential equation (ODE). Moreover, from the estimates obtained in Section [T}

108113 (O—1, VoRE™ (O -1:6))
<[On-al3 HveRdsmp (On-1; 51\/)H2

=[0x 1[5 e ][ Voel |,

20—1 2
§||9N71||2 Cp(1+ ||9N71||2)H0N71H2

21+2
<Cp(L+[|0n-1]277),

we remark that as the above estimates hold almost surely, then for learning rate 1 small enough, we

may apply Gronwall inequality to {E |0 Hgl} ~>o0 and shows that for some /N*, all moments of the
dropout iterations are uniformly bounded with respect to NV, since for the ODE

d
Lo u ™, wp = u(0), (52)
dt
with A > 0. There exists time T* > 0, such that for any time ¢ € [0, T™], its solution {u;}+>0 is
uniformly bounded with respect to time ¢. And since for small enough learning rate, all moments of
the dropout iterations {EE ||0 5 Hgl} ~N >0 follows close to the trajectory of ODEs of (52)) type, hence all
these moments are also uniformly bounded with respect to N.
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J EXPLICIT FORM AND DERIVATION ON THE COVARIANCE

In this section, we present the expression for 3. As 6 = vec({q,}7,) = vec ({(ar, w, )} ), then
covariance of VngrOp (On_1;0N) equals to 3(O_1). We denote

S (On_1) = Cov (vqk REP (Oy_1;0x) , Vg, BRI (Ox_1; aN)) ,

then
YXu Y2 o0 Xim
o1 X - Moy
Y= . . . .
zJ7n1 EmQ e zJm/rn

For each k € [m], we obtain that

Ekk(eN,l) :COV (qu ngp (0]\{71; 6N) qu RdrOp (0N71§ (SN)>

n

- <; - 1> (i Z <ei,\k + ;aka(w,::ci)> Var (aw(’w;ll‘i))>

=1
1 - 1 T T
® gz ei,\k+§ak0(wkwi) Vg, (aro(wiz;))
=1
11 - I .
+l5-=) > ﬁZak/o(wk,xz)V% (aro(w]x;))
p p k'=1,k'#k i=1
1 n
® fZak/a w], z;)Vgq, (ako(wkwl))> ,
=1

where e;\1, 1= €;\r(0) := D", ;1 wo(w]x;) — y;, and for each k, r € [m] with k # 7,

S (Oy—1) =Cov (vqug“’P (On_1:0x), Vg, RIP (O _s; 5N))

1 m 1 n
= <p — 1) Z (n Zak/a(wg,mi)vqk (aka('wgmi))>
k' =1,k £k, K

i=1

® (i > awo(wlai)V, (ara(wlwi))>

=1

i ( - 1) (; Z:: (el ke paka('wkmz) + ;ara(wlwi)) Vau (aka(wlwi))>

® (i S ao(wla,)V,, (am(w:wm)

=1

+ (; - 1) (i > ara(ufe) Vs (aka(w,Isci)))
o (232 (snun + mtfm) + Loty ) ¥y atura)).

i=1

where €\ \r = €;\x\r(0) = 221,1#,1# ajo(w]x;) — y;. We remark that such expression
is consistent in that for the extreme case where p = 1, dropout ‘degenerates’ to GD, hence the
covariance matrix degenerates to a zero matrix, i.e., 3 = Opx p. The following part is the specific
derivation process of the covariance matrix.

47



Under review as a conference paper at ICLR 2024

J.1 ELEMENTS ON THE DIAGONAL

In this part, we compute X, for all & € [m].

S (0y_1) = Cov (vqudmp (On_130x) . Vg RYP (O _1; 5N))

Z Cov (&Y (6n)k: € (3n)k) Vay (aro(wfm;)) © Vo, (aro(w]z;)),

i,j=1

in order to compute Cov (e (8n)k, X (8n)k). we need to compute firstly E [eNeN (dx)7], and

since E [ (6 N)2 ] consists of four parts, one of which is
E > Onwawo(wla) — v > (Snhao(wlz;) —y; | (6n)3
k'=1,k'#k I=1,l#k
=E > Onwawo(wla) -y > (Gnao(wl) —y; | | E[(6n5)7]
k'=1,k' £k I=1,1#k

1 m
=— (]E Z (JN)i/ai,a(w,z,mi)a(w;,:cj) +E Z (5N)k/(6N)lak/ala(w,g,:ci)a(wfazj)

k'=1,k'#£k K'#£1, K £k

m m

—yiE Z (6N)k/ak/a('w,z,:cj) —ij Z (JN)k/akzo(w,z,mi) +yiyj>
k'=1,k'#k k'=1,k'#k

m
1
=— Z apo(wlx)o(wl,z;) + ~ Z apraro(w],z;)o(w]z;)
k'=1,k'#k KL K Ik
m m

5N awo(wla) - Y apo(wla) + L
Py sk p

m m

Z akxa(w,z,wi) —Yi Z ak'a(w]l” mj) Y

k'=1,k'£k k'=1,k'#k

1 1 "
+<2_> Y. apo(wlm)o(wla)) |,

k'=1,k'£k

and the second part reads

E (SN)kaka(wZa:i) Z (SN lCLlO' wl a:]) Yj ((51\/)%

1=1,1#k
aro(wlx;) =
:% Y. awo(wla;) -y |,
k' =1,k'#k
and by symmetry, the third part reads
m
E | (On)raxo(wla;) | Y (On)ao(wlz;) —y; | (65)3
I=1,I#k
T m
aro(w]x;
‘(p) > avo(wl@) -,
K =1,k'#k
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and finally, the fourth part reads

E [(dn)wano(wiz;)(dn)raro(wlz;)(0n)7] = I%aza(wgwi)o(wgwj).

To sum up,
N_N 2 1 1 - 2 T T
Ele) el (0n)i] =5 — - Z ajo(w},x;)o(w],x;)
pm P k'=1,k' £k
1 apo(wix;) apo(wlx;)
+ PRALEAC + TR G\ + T2 G\
1
+ Faia(w;mi)a(w;mj),
and

E [efv(éN)k] E [eév(éN)k]
= (ei,\k + ;ako(w;xi)> (ej,\k + ;aka(wgmj)>

T T
aro(w,.x; AR \WE T;
=€;\k€j\k T (pk j)ei,\k+ (pk ) \k+ ako('wkxz)a(wlzwj)v

P
1 1 s 1
+ I? — = Jao(wizj)e; \r, + e 5 apo(wiz;)o(wix;)
1 1 1 i
= ( - 1) E (e (0n)k) E (5 (0n)r) + <2 - ) Y. apo(wha)o(wla) |,
p p p k'=1,k'#k

by summation over the indices 4 and j, for each k € [m], the covariance matrix reads:

Sk (@y_1) = Cov (vqk R (Oy_130x) , Vg, RYP (Oy_1: 5N))

(51 (335 (eon pmotuton)  Gastut)

_ ® (Tll Xn: (ez \k + ako'(wsz>> V. (akU(wai))>

=1
1 1) & (1
+ <p2 — p) Z (n Zala('w;wi)vqk (aka(wgwl))>
I=Ti#k \ ' i=1

® (711 Zala(wlTwi)qu (aka(wgwi))> :

i=1
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J.2  ELEMENTS OFF THE DIAGONAL

In this part, we compute Xy, for all k,r € [m], where k # 7.
Ek,(ON_l) Cov (quRdmp (ON—1§ 51\[) VqTRdmp (ON_l; 51\7))

Z Cov (e (On)ks €} (3n)r) Vg, (aro(wla;)) © Vg, (axo(wi;)),

1,j=1

in order to compute Cov (e (65, el (6n)r). we need to compute firstly E [eN e (6x )1 (0n)r ]
and since E [eN e (6x)1(0n)r] consists of nine parts, one of which is

I m m
E > B wawo(whm) -y Y. Onhawo(wlz;) —y; | (6x)k(dn),
| \K/=1,k'#k, k' #r I=1,l#k,l#r
i m m
=E > Gnwawo(whm) -y > Onhao(wlz;) —y; | | E[(0n)k(6n),]
k' =1,k' £k K 1 I=1,1£k I
1 m
== Z azo(wl,x;)o(w],x;) + Z apao(w],z;)o(wx;)
P o1 b o K'Al and k7 1Ak, r
m m
vy, awo(wlw) -y, Y apo(wlw)+yy;
K/ =1,k ke k' =1,k ke
m m
= Z apo(w],z;) —y; Z apo(wl,x;) —y;
E'=1,k' £k k' #r k' =1,k' £k k' %
1 m
+ ( — 1) Z azo(w] x;)o(w],z;)
p E'=1,k' £k k' #r
1 m
= Ci\k\r€j\k\r T <p - 1) >, dio(wha)o(wlz) |,

k'=1,k' £k, k' £r

and the second part reads

E Z (6N)k,akla(w,:,xi) — Y (6N)kaka(w;wj)(5N)k(6N)r
| \F/=1.k'#£k, k' #r
— T T 2 akg(wzwj)
=E Y. On)wawo(wha) —yi| aro(wla)E [(5x5)7(0n),] = =22 \krs
|/ =1,k' kK r p
by similar reasoning and symmetry, the third part reads
E > Gnwawo(wla) —yi | (5n)raro(w]z;)(6n)k(dn)r
| \F/=1,k'#k k' #r
“ , 2y _ apo(w]e)
=K Z (6N awo(w],x;) — yi | aro(wlz;)E [(68)e(dn)7] = ——T"L2€; \k\rs
|/ =1,k' kK r p
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also by similar reasoning and symmetry, the fourth part reads

m

E > Onwavo(wha;) —y; | (5n)raxo(wla:)(0n)k(dn),
| \k'=1.k' £k k' #r
m ; . 5 ago(wlx;)
) > (Onwaro(wla;) —y; | aro(wlz)E [(5x5)7(0n)r] = — ek

| k/=1,k' £k, K/ #r
and the fifth part reads

E [(6n)karo(w]z:)(0n ) karo(wiz;) (58 )k(0n)r] = E[(6n)3(n)razo(wlz;)o(w]z;)]

1
= paia(wgmi)o(wgmj),

and the sixth part reads

E [(0n)karo(wiz:)(On)raro(w]e;)(0n)r(0n),]

1
=E [(6n)3(6n)2araro(wla;)o(wiz;)] = Fakaro(wgwi)a(wlazj),

also by similar reasoning and symmetry, the seventh part reads

E > Bnwawo(wha;) —y; | (5n)raro(wla:)(8n)k ().
| \F/=1k/ 2k k' r
— ro(wl
E| Y Gnvavotwla) —u | aolwleE (@6 )] - TTE

| B/=1,k £k, k' v
and the eighth part reads

E[(0n)raro(wla)(0n)karo(wlz;)(68)k(0n),] = E [(0n)F(6n)7araro(wlx;)o(w]z;)]

1
= Pakara(wgwi)o(wle),

and the ninth part reads

E[(6n)raro(wlx;)(dn)raro(wiz;)(dn)k(ON)r]
=E [(0n)k(6n)iaio(wlz;)o(wlz;)] = %afa(wlwi)g(wlﬂfj)-

To sum up,

E [efvej-v(éN)k(JN)r]

1 “ aro(w]x;)
=€ \k\r€j\k\r T ( - 1) > dbo(wlm)o(wla)) | + ———Ee; iy

p k' =1,k ko, k' v b

aro(wlx;) ago(w]x;) 1

e ek + s aio(w]m)o(wlT;)

p p p
1 aro(wlx;
+ Pakaro(w,lwi)a(wm) + T(prz)ej,\ky\r

1 1
+ pakam(wlwi)a(wl%‘) + EGEU(WI%)U(U’M%

51



Under review as a conference paper at ICLR 2024

and
E [eﬁv(éN)k] E [eév((SN)r]
— <€i7\k,\r +ao(wlz) + ;aka(wgmi)> <ej7\k7\r +ago(wlx;) + ;aTo(wI:cj)>
=€ \k\r€i\k\r T €i\k\rOkO(WET ;) + %eiy\h\,.aro(wla:j) +aro(wlE;)e;\p\r
+ arapo(wlx;)o(wlz;) + %afa(wlmi)a(wle) + %aka(w;mi)ej7\k7\,.
+ %aia(w;mi)a(wgmj) + %araka(w;mi)a(wlmj),
hence

1 1 1
+ < — 1> a,o(wlT;)e;\p\,r + (2 - > aZo(wlz;)o(wlz;)
p p b

1 1 1
+ <p2 — p> aia(fwga}j)o(wlga}j) + (}92 — 1> arago(wlx;)o(wix;),

by summation over the indices ¢ and j, the covariance matrix reads

S (On_1) = Cov (vquf‘;OP (On_1305) . Vg, BRI (B _1; 5N))

1 1 1
- <€i,\k,\r + —ago(wlx;) + ara(wlmi)> Var (aka(wgmi))>
n p p
1 T
- aro(wix;)Vq, (ar0(w]z;))
=1
1 1 &
+(3-1) (n apo(w]2,) Vg, <ako<w;wi>>>

1 — 1
® <n Z <6i7\k)\r +ago(wlx;) + pam(wlwﬁ) Vg, (a,a(w,T:c,»))) ,
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K THE STRUCTURAL SIMILARITY BETWEEN HESSIAN AND COVARIANCE

We can derive the Hessian of the loss function in the expectation sense with respect to the dropout
noise & and the covariance matrix of dropout noise under intuitive approximations. We first show our
assumptions as follows:

Assumption 1. The NN piece-wise linear activation.
Assumption 2. The parameters of NN’s output layer are fixed during training.

Assumption 3. We study the loss landscape after training reaches a stable stage, i.e., the loss function
in the sense of expectation is small enough,

EsVoREP(6;8) ~ 0.

Hessian matrix with dropout regularization Based on the Assumption the Hessian matrix of
the loss function with respect to f, dmp( ) can be written in the mean sense as:

n m

H(0) ~ :LZ Vo fo (xi;) ®@Vefo (xi) + 7ZV o(wlz;))®V,, (aro(wlx;))|,

i=1

where H(0) := VZLs(0).

Proof. We first compute the Hessian matrix after taking expectations with respect to the dropout
variable,

ViLs(0) = V3R ZZW (aro(w]x;))? . (53)

i=1r=1

The first and second terms on the RHS of the Eq. (53) are as follows,

n

VaRs(6) = % > (Vofo (@) © Vafo (@) + (fo (i) = vi) - Vi o (i)

i=1

1 7p n m ) 9
TS Z Z Vg, (aro(wlz;))

i=1r=1

1"’22( Vo, (ar0(wle:) @V, (a,0(w]2) + (a,0(w]2) - V5, (a,0(w]2)?).

i=1r=1

Note that for linear activate function, Vg fo (z;) = V2 (a,o(w] x;))° =0, a.e.Vi € [n],Vr € [m],
we have

VgRs(0) = %Zvofe (zi) ® Vo fo (i)

i=1
3y 2 2 Va, (aro(wle)” = szqr a,0(wlx)) @ Vg, (aro(w]a;)).
i=1r=1 i=1r=1
Thus the Eq. can be rewritten as
I 1—p
HO) =~ (Vafa (@) Voo (@) + LYV, (a,0(w]e) © Vo, (a0 (w:a:n)) .
i=1 r=1

O
Covariance matrix with dropout regularization Based on the Assumption [3] the covariance matrix
of the loss function under the randomness of dropout variable & and data & can be written as:

3(0) = % Z [li’1V9fg(mi)®V9fg(wi) + [Z.’Ql ;p qur (aro(wlx;)) @V, (aro(wlwi))] ,
r=1

i=1
where [; 1 1= (e;)? + = —r Yo dlo(wlx)? 1o = (e;)?

’
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Proof. For simplicity, we approximate the loss function through Taylor expansion, which is also used
in|Wei et al.| (2020),

U(fo(xi;6),y:) = L(fo(xi),y:) + (fo(xi) — i) Zar(‘s —1)ro(wiz;)
where ((fo(xi;6),v;) = 3 (fo(xi;6) 2

- yi)Q, U fo(xi), yi) = ; (fo(x;) — yi)2' The covariance
matrix under dropout regularization is

~ o > Es (Vol(fo(wi; 8),y:) @ Vol(fo(xi;8),yi)) — VoEs RSP (0; 8) @ Vs Rg(6; )
=1

~ ZEa (Vol(fo(xi;0),y:) ® Vol(fo(xi;0),y:)) -

i=1

Combining the properties of the dropout variable §, we have

3(0) ~ - ; Vol(fo(xi),yi) ® Vol(fo(xi),y:)

Z (Z 1),V (aro(wlz;)e;) @ (6 —1),V,, (ara(wlwi)ei)>

=1 r=1 r=1

Z (W (fo(@:),u1) © Vol fol:), y Z o (a,o(wla)e;) ®vqT<ara<w;wi>ei>>

1
Z( (xi,yi +22(m77y1)>-
p
(54)
We calculate the two terms on the RHS of the Eq. (54) separately
(@i, i) = (e:)” - Ve fo(ai) © Vo fo(a:),
Sa(@i,yi) = (€)° Y Vg, (a,0(w]m;)) © Vg, (a,0(w]z:)) + Ve fo(x:) © Ve fo(xi) Y _(aro(wla;))
r=1

r=1
+2 Z eiaro(wlxz;) - Vee; ® Vq, (aro(wlx;))
r=1

m

= (e:)? qur (aro(wix;)) ® Vg, (aro(w]®i)) + Vo fo(xi) ® Ve fo(x:)

m
E w 287 2
r=1
m

r=1
1
+ 2 Z VO(ei)Q ® Vqr (ara(w;rwi))2'

r=1

Under the assumption that Vg(e;)? = 2 - Vol(fo(x;),y:;) = 0, Vi € [n], we have

So(xi,yi) = (&) ZV% aro(wlx;))®@Vy, (aro(wlx;))+Ve fo(xi)@Ve fo(x; Z

(wlz;))
r=1 r=1
Thus the Eq. (54) can be rewritten as
1 n m
E 0 - — V 3 V 7 €; T 2
(6) n; ofo(xi) ® 9fe($)< ;a wlw;) )
1 _p n m

LD Do) Vo (aro(wl2) @ Vo, (aro(w]a).

i=1r=1
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Note that
1 _ m
(e:) + TP S (a0 (wlw,)® = Es20(fo(xi;8), yi),
r=1

we have

3(0) = %ZEsg(fe(fEi; 0),y:) - Vafo(xi) @ Vo fo(x;)

+ DD (Ufel(@), i) - Vo, (aro(wle:)) ® Vg, (aro(w] ).

1r=1

2(1—p)
np

n m

K2
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