A Layer-Wise Natural Gradient Optimizer for
Training Deep Neural Networks

Xiaolei Liu* Shaoshuai Li*
Ant Group Ant Group
Hangzhou, China Hangzhou, China

liuxiaolei.lxl@mybank.cn lishaoshuai.lss@mybank.cn

Kaixin Gao' Binfeng Wang
Ocean University of China Ant Group
Qingdao, China Hangzhou, China

gaokaixin060@163.com wangbinfeng.wbf@mybank.cn

Abstract

Second-order optimization algorithms, such as the Newton method and the natu-
ral gradient descent (NGD) method exhibit excellent convergence properties for
training deep neural networks, but the high computational cost limits its practical
application. In this paper, we focus on the NGD method and propose a novel layer-
wise natural gradient descent (LNGD) method to further reduce computational
costs and accelerate the training process. Specifically, based on the block diagonal
approximation of the Fisher information matrix, we first propose the layer-wise
sample method to compute each block matrix without performing a complete back-
propagation. Then, each block matrix is approximated as a Kronecker product
of two smaller matrices, one of which is a diagonal matrix, while keeping the
traces equal before and after approximation. By these two steps, we provide a new
approximation for the Fisher information matrix, which can effectively reduce the
computational cost while preserving the main information of each block matrix.
Moreover, we propose a new adaptive layer-wise learning rate to further accelerate
training. Based on these new approaches, we propose the LNGD optimizer. The
global convergence analysis of LNGD is established under some assumptions.
Experiments on image classification and machine translation tasks show that our
method is quite competitive compared to the state-of-the-art methods.

1 Introduction

With the rapid increase in the size of deep neural networks (DNNs) models in both areas of computer
vision (CV) and natural language processing (NLP), there have been remarkable attentions given to
optimizing algorithms. An effective optimizer can significantly improve the training speed of models
while ensuring high prediction performance. First-order gradient descent methods are workhorses
of training DNNs, which can be broadly divided into two categories: methods use a same learning
rate, such as stochastic gradient descent (SGD) [1]] and its accelerations [2} 3], and methods use
adaptive learning rate, such as AdaDelta [4], RMSProp [5], ADAM [6] and Adabelief [7]]. Although
first-order gradient descent methods enjoy low computational cost and ease of implementation, they
might suffer from sensitivity to hyperparameters and slow convergence. It is challenging to reduce

the number of iterations and computational time of these methods.
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Some work has considered introducing curvature information when updating parameters of DNNs
to improve the convergence speed and overcome the above shortcomings of the first-order methods.
However, second-order optimization methods need to store and compute the inverse of curvature
matrix, which brings expensive storage and computation costs and limits the application of second-
order methods in training large-scale DNNs. Therefore, many approximate second-order methods
have been proposed for training large-scale models. For example, Keskar and Berahas [8] proposed a
stochastic quasi-Newton algorithm for training recurrent neural networks. Yao et al. [9] approximated
the Hessian matrix as a diagonal operator, which is achieved by applying Hutchinson’s method,
and proposed the AdaHessian method. Goldfarb, Ren and Bahamou [10] developed Kronecker-
factored block-diagonal BFGS and its limited-memory variants L-BFGS methods for training DNNs.
Generalized Gauss-Newton methods, such as the Hessian-free method [11] and the Krylov subspace
method [12], also have been proposed to approximate the Hessian matrix.

The natural gradient descent (NGD) method [13]], which preconditions the gradient by the Fisher
information matrix instead of the Hessian matrix, also has shown effectiveness in training DNNs
[14, 150116k [17]. NGD explores the steepest direction of the objective function when the parameter
space has a Riemannian metric structure and has a faster convergence speed. In particular, NGD
can also be seen as an approximation of the Netwon method when the objective function and the
manifold metric are compatible [18]. However, it is still impossible to directly compute the inverse
of the Fisher information matrix for DNNs with millions or even billions parameters. Quite a few
approximate approaches have been proposed. Under some independency assumptions, Martens
and Grosse [14]] proposed the Kronecker-factored approximate curvature (KFAC) method, in which
the Fisher information matrix is approximated as a block diagonal matrix and each block matrix is
further approximated as the Kronecker product of two smaller matrices. Then, KFAC was extended
to convolutional neural networks [19]], recurrent neural networks [20] and variational Bayesian neural
networks [21]] and showed significant speedup during training. In addition, George et al. [22]]
proposed the eigenvalue-corrected Kronecker factorization (EKFAC) method. Gao et al. [15} 23]
proposed the trace-restricted Kronecker-factored approximate (TKFAC) method. These approaches
all focus on the Kronecker-factored approximations of the Fisher information matrix. What’s more,
some works have also considered large-scale distributed computing using NGD for training DNNs
and shows excellent experimental performance [16} 24} 25].

In this paper, our main focus is on the NGD method. Motivated by the effectiveness of diagonal
approximations and the significance of diagonal elements in the curvature matrix, we prioritize the
diagonal information and integrate it into our approximation and introduce a novel method, namely
Layer-wise Natural Gradient Descent (LNGD). Our contributions can be given as follows:

* Based on the block diagonal approximation of the Fisher information matrix, we propose
a layer-wise sample method to more efficiently compute each block matrix corresponding
to each layer. By assuming that the predictive distribution of the output after the activation
function for each layer follows a Gaussian distribution, each block matrix can be directly
computed using the inputs and the outputs separately, without having to perform a complete
back-propagation.

* For each block matrix corresponding to each layer, we further approximate it as a Kronecker
product of two smaller matrices, one of which is a diagonal matrix, while keeping the traces
equal before and after approximation. With this operation, we further reduce the cost of
computing inverse matrices while still preserving the main information of each block matrix.

* In order to further accelerate the training, we propose an adaptive layer-wise learning rate by
optimizing a quadratic model, in which parameters in the same layer share the same adaptive
learning rate. Moreover, a faster approach of computing the adaptive layer-wise learning rate
is also provided, making it speed up training while maintaining computationally efficient.

* Based on the novel approximation mentioned above of the Fisher information matrix and
the adaptive layer-wise learning rate, we propose the LNGD optimizer for training DNNSs.
The global convergence analysis are also established under some assumptions.

* We perform experiments on image classification and machine translation tasks. Numerical
results show that LNGD converges faster than SGD, ADAM and KFAC, and LNGD provides
an significant improvement in computational time savings when achieves convergence.

The rest of this paper is organized as follows. Section 2] gives the notations and introduces the NGD
method. In Section [3| we propose a novel approximation of the Fisher information matrix and the
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adaptive layer-wise learning rate. Furthermore, we give the framework of LNGD and establish the
convergence analysis. Section [4] presents the results of experiments on image classification and
machine translation tasks. The conclusion is drawn in Section

2 Notations and Preliminaries

In this paper, for a matrix A, we use A,;; to denote its (7, j)th entry, tr(A) to denote its trace and
||A||g to denote its Frobenius norm. We use o and ® to denote the Hadamard and Kronecker product
of two matrices. In the following, we briefly introduce the NGD method for training DNNs. During
the training process of neural networks, the purpose is to find the vector of parameters 8 which
minimizes the loss function /(). If the loss function i (8) is chosen as the the cross-entropy loss
function, h(0) can be given as h(0) = E[—log p(y|x, 0)], where p(y|x, 0) is the density function
of a predictive distribution Py« (@), and x, y are the training inputs and labels, respectively. Next,
we give the definition of natural gradient, which gives the steepest direction of the objective function
when the parameter space has a Riemannian metric structure. The natural gradient is defined as
F~1Vph(0), where F is the Fisher information matrix given by

F = E (Ve log p(y|x,8) Ve log p(y|x,0)]. ¢))

x~q(x),y~p(y|x,0)

In Eq. (), the input x is independently sampled from a distribution ()x with density function being
q(x) and the label y is sampled from the predictive distribution Py, (6). In the following pages,
we abbreviate By q(x),y~p(y|x,0) 8 E unless otherwise specified. Consider a neural network with
L layers, for each layer | € [L] with [L] = {1,2,..., L}, we denote a;_; and W) as the input (the
activation from the previous layer) and the matrix of weights of this layer, respectively. What’s
more, §; = vec(W;) and @ = (0y,...,0.)" = (vec(W1)",...,vec(W)")T, where vec(-)
indicates vectorization of a matrix. For convenience, we denote the derivative of the loss function
with respect to @ as DO = —Vg log p(y|x, 6). Then the Fisher information matrix can be expressed
as F = E[DODO].

Due to the high computational and storage costs caused by the inverse operation of high-dimensional
matrices, it is impractical to directly compute F ~! in the training of DNNs. The family of Kronecker-
factored approximations provides an effective approach for computing F~! of parameters in high-
dimensional space, which is usually achieved by two steps. In the first step, by assuming that the
parameters between different layers are independent, these methods approximate the entire Fisher
information matrix as a block diagonal matrix, i.e.,

F ~ diag(F,F,...,Fp), @)

where F; = E[D6,D6]'] for any | € [L]. By this way, the Fisher information matrix can be
approximated by L block matrices. This step transforms the inverse of the entire Fisher information
matrix into the inverse of a series of small block matrices. In the second step, these methods further
approximate each block matrix as the Kronecker product of some smaller factors. This approximation
can transform the inverse of each block matrix into the inverse of some smaller factors combining the
properties of the Kronecker product.

3 LNGD: A Layer-Wise Second-Order Optimizer

In this section, we first introduce the layer-wise sample approximation strategy. Then, we present the
details of adaptive layer-wise learning rate mechanism and give the specific framework of LNGD.
Finally, elaborate theoretical analysis of LNGD’s convergence is also provided.

3.1 Layer-Wise Sample Approximation

For NGD methods to train DNNs, the Fisher information matrix can be approximated by a block
diagonal one according to different layers as given by Eq. (2), this approximation can be found in
[14} 1150119} 122] and references therein. We call such a block diagonal approximate Fisher information
matrix the layer Fisher information matrix, which is computed based on a distribution Q) and a
predictive distribution Py, (8) as given in Eq. . To obtain the layer Fisher information matrix, we
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Figure 1: Comparison of the exact Fisher information matrix F and our approximation Fyngp. We
use LNGD to train MNIST on a fully-connected neural network, whose architecture is 196-20-20-20-
20-10. We show the results of the Fisher information matrix of the first layer with 20 units in top,
which is a 400 x 400 matrix. The bottom portion displays partially enlarged parts of the top marked
with red square, which is a 40 x 40 matrix. Within both the top and bottom sections, on the left is the
exact Fisher information matrix F, in the middle is our approximation F| ngp, and on the right is the
absolute error between them. The brightness levels correspond to the sizes of the absolute values.

need perform a complete back-propagation to sequentially compute ¥y, Fr_4,... Fy, which still
consumes much computing time.

In this subsection, we propose a layer-wise sample approximation of the Fisher information matrix, in
which each block matrix F; is computed based on the Ith layer’s prediction distribution Py, |a,_, (61)
with the input a;_; € R% of this layer and the input a; € R%+1 of the (I + 1)th layer instead of
using the same predictive distribution Py, (@) for all layers. Specifically, for a;, we assume that the
predictive distribution P,, |5, ,(0;) follows Gaussian distribution, which is usual used as prior by
variational auto-encoder [I%_EI] so F; can be computed by sampling from a normal distribution with
expectation being a; and variance being I. Similar assumption can also be found in [27], in which
the normality is also supported by a central limit theorem under the independence assumption. By
this layer-wise sample approximation, we can compute the layer Fisher information matrix without
having to perform a complete back-propagation and thus improve the computational efficiency.

Next, we can give the formula of each block F; in the layer Fisher information matrix as
F; = E[DO,D0, | = E[vec(DW;)vec(DW,)"| = E[vec(ga,” ;)vec(ga, ;)"]
=E[(ai-13_,) ® (g )] € R™Axmd,

where DO, = —Vg log p(ay|a;—1,6;), 81 = —Vs, logp(aj|a;_1,0;) € R™ withs; = W;a;_1, and
p(asa;_1,0;) is the density function of the distribution Py |a, , (6;).

In practice, the dimension of each block matrix F; is often still too large to directly compute its
inverse matrix. Therefore, additional approximation methods are required to handle this computational
difficulty. Suppose that the predictive distribution of a; follows Gaussian distribution with expectation
being a; and variance being I, and each element of activation output a; is independent and identically
distributed random number, then each element of partial derivative g; is also independent and
identically distributed. It is easy to show that F'; can be seen as a matrix with d; x d; block matrices,
in which each block is an m; x m; matrix and the off-diagonal elements are zero. Therefore, F'; can
be approximated as

F, ~E[(a;1a ) @ diag(gig, )] 3)
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Combining the property that (A @ B)~! = A~! ® B~ for any two invertible matrices A and B,
we can significantly reduces the computational complexity. Thus, some approaches have considered
approximating the Fisher information matrix as the Kronecker product of two factors [14} [15} 19} 20}
22)]. Inspired by these works, we also approximate F; as the Kronecker product of two factor matrices
&, € R4*d and ¥; € R4*dt, To get factor matrices ®; and ¥, we first replace diag(g;g;’ ) in
Eq. (3) by its trace and obtain ®;. Then we compute ¥, while keeping that tr(F;) = tr(®; ® ¥;).
Specifically, ®; is given by

®, = E[(a-1a/_,) @ r(diag(zig) )] = El(ar-1a,) x g/ &, “)
On the other hand, ¥; can be computed by

El(a ;1) x diag(gig,')]
El(a a-1)(g/ &)]
Based on Eq. (4) and Eq. (5), we can show that tr(F;) = tr(®; ® ¥,).

Fig. |l| presents the visualization results of the exact Fisher information matrix F, our approximation
Finep, and the absolute error between them. Brighter pixels indicate higher values. From the
left column in the top row, we observe the elements in the principal diagonal exhibit quite higher
values, indicating their significance with rich information. Similarly, Fingp can also emphasize
the importance of the diagonal elements. The error figure reveals that the errors of the diagonal
elements are small, which indicates that F| ngp provides a good approximation effect for the diagonal
elements. Furthermore, to achieve a clearer visualization, we show the results of the partially enlarged
area marked with red square in the bottom row. Here, we can observe more clearly that Fyngp
achieves a favorable approximation effect on the diagonal elements. What’s more, F| ngp can also
provide an effective approximation of the elements in the auxiliary diagonals. These visualizations
demonstrate the effectiveness of our proposed approximation in capturing the main elements of the
Fisher information matrix. Therefore, our proposed approximation Fyngp is efficient and Fngp can
retain most of information.

v, =

&)

3.2 Adaptive Layer-Wise Learning Rate

In this subsection, we propose an adaptive layer-wise learning rate to accelerate training DNNs. We
first consider the cases that use the same learning rate for all elements and the adaptive element-wise
learning rate. Then we present the adaptive layer-wise learning rate scheme.

Suppose that d” is the update direction of the function A : R™ — R at the iteration point 8. We first
recall the gradient descent methods for getting the minimization of h, in which the update rule can be
given as 0%+1 = % — o#d*, where o is the learning rate, which can be chosen according to the
value of the quadratic model
k k gk k kyqk k (@) T2 gk
h(0" — a*d") = h(0") — a"(d", Veh(0")) + T(d ) Vgh(6%)d".
Once the update direction is chosen, the minimizer of o* can be given by

r__(d* Veh(6¥))
- (d¥)TVEh(0%)d"

if (d*) T VZh(6%)d" is nonzero. If V2h(6) is positive definite and d* = (V3h(0%))~1Veh(6%),
then o = 1, which leads to the classical Netwon method. In gradient decent methods, the learning
rate is often regarded as the most important hyperparameter that highly influences model training. A
fixed learning rate may lead to slow convergence or suboptimal performance in some cases. Therefore,
many works have considered using adaptive learning rate in gradient decent methods [5} 16l 28]. In
the following, we consider giving an adaptive element-wise learning rate automatically scaled by the
direction d”. In this case, the update rule of parameters is given by 8! = 8* —a*.d* = 9* —D*a*,
where a* € R" is the learning rate, D* € R"*" is a diagonal matrix with (D¥),;; = (d*); and
(D*);; = 0 when i # j fori,j € [n] and “-” denotes the element-wise product. The second Taylor
expansion of h(6 — Da) at iteration k is

(6)

X 1
h(0* — D*a) ~n(8%) — (D*a*, Voh(6F)) + i(Dkak)Tvzh(Bk)Dkak.
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Taking the derivative of h with respect to * and letting it equal to 0, we get
2DFVEh(0")DFaf — DFVh (%) = 0,

which yields that
o’ = (Vgh(6")D*)~'Veh(6") @)

if D* and V2h(6*) are positive definite.

Note that in Eq. , it is impractical to compute the inverse of Vgh(ek)Dk directly for large-
scale models due to high computational and storage costs. For second-order optimization methods
in deep learning, some methods have considered approximating the curvature matrix by a block
diagonal one according to different layers [10} (14} [15 |19} 24]. What’s more, some works have
observed that parameters in the same layer have gradients of similar magnitudes. Therefore, a
common learning rate can be efficiently shared by these parameters [29} 30]. Inspired by these
works, we propose a novel adaptive layer-wise learning method as follows. Suppose that d¥ =

(d¥)T,(d5)T,...,(d%)T)T is the update direction of a L layers neural network at the iteration
point 8% = ((6¥)T,(65)7,...,(6%)T)T, the update rule of 6* is given as %+ = ¥ — D¥&*,
where
D" = diag(dy,d5, ..., d}) ®)
k

is a block diagonal matrix and a" € RY is the learning rate. The approximate second Taylor
expansion of h(6@ — D@&) at iteration k is

~ = 1 - -
h(6" — D*a*) ~h(6%) — (D"a*, Voh(0")) + 5 (D*a") "H' D &, ©)

where H* = diag(H}, H5,... H}) and Hf = Vg h(6") for | € [L] and the Hessian matrix is
approximated by the block diagonal matrix HF. ‘Taking the derivative of i with respect to & and
letting it equal to 0, we get (D*)TVoh(6*) = (D*) "H D*&*, which yields that

a¥ = diag(01,0s,...,0.) 7 ((d}) " Ve, h(6"), (d5) " Ve, h(6"),...(d}) Ve, h(6")" (10)

if ©; is nonzero, where ©; = (d¥) "TH¥(d¥) for I € [L].

If a same learning rate is used for all layers, as the same way of computing the adaptive layer-wise
learning rate, we can get
dk T h Ok
o= &) Veh(87) (11)
(d*)THFAF

Theorem 1. Let g(6) and g1,(0) be the approximate second Taylor expansions of h(0 — ad) and
h(@ — Da&) as given in (E’l) where D € R™*L & € RE and o € R are given by (@ @) and
respectively, then we have gr,(0) < g(0).

Proof. The proof is given in the appendix. O

By Theorem T} we know that the adaptive layer-wise learning rate may lead to a faster decline in terms
of function values. In our proposed algorithm, we choose d* = (F¥)~1Vgh(60%), where F* is the
Fisher information matrix and can be seen as a approximation of the Hessian matrix. Then, the Fisher
information matrix is approximated by a block diagonal matrix each block matrix is approximated by
the Kronecker product of two factor matrices. In each layer, the update direction d‘f is scaled by a

layer-wise damping learning rate o according to , which is given by
dF)TVeh(0F
() TFpdy + p

where 1 > 0 is a parameter. Using this adaptive layer-wise learning rate can accelerate layers
with smaller gradients. Moreover, this approach can also avoid computing the inverse matrix in
element-wise learning rate (13) and remain computationally efficient.
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3.3 Algorithm Schema

To effectively apply LNGD in training DNNSs, several certain techniques need to be employed. In
this section, we primarily focus on introducing the damping technique, which is a commonly used in
second-order methods. Meanwhile, a simple method can be used to compute the adaptive layer-wise
learning rate according to Eq. since the cost of computing (dF) "FFdY is relatively expensive.
Finally, we discuss the utilization of exponential moving averages to enhance the training process.

A new damping technique: Damping plays a crucial role in second-order optimization methods.
Large damping can weaken the effect of curvature matrix, while small damping may cause computa-
tional difficulty and inaccuracy since most eigenvalues of the Fisher information matrix are close
to zero and only a small number of eigenvalues take on large values. To make training stable, we
propose the following damping for the Ith layer: \; = min(max(tr(F;)/d;, v1), v2), where 14 and
Vo are two constants to constrain the minimum and maximum of damping, and d; is the number
of weight parameters. In our method, F; is approximated as the Kronecker product of two factors
®; and ¥, so we add the damping to each factors by 'in =&, + )\fp and \ill =v; + /\21’, where
AP = min(max(tr(®;)/n, v1), v2) and A = min(max(tr(¥;)/n,v1), va).

Compute the learning rate the faster: In order to compute the adaptive layer-wise learning rate
given in Eq. (I2Z) more quickly, we turn matrix computation into vector computation. Specifically,

(d)'Fidi =(d;)" E [D8DO/]dj = E [(d) DO,D, dy]
(z,y~p(x,y)) (z,y~p(z,y))
= E [((df)TDOz)Q]%i[((df)TDOz)Q] -
(@y~p (@) N ’

where Ff is the empirical Fisher information matrix and N is the number of samples. The empir-
ical version of Fisher information matrix with no need for sampling from the model’s prediction
distribution, making it more computationally efficient.

Exponential moving averages: In line with previous studies, we incorporate exponential moving
averages into our approach. This involves updating the estimate by combining the previous estimate,
weighted by €, with the estimate calculated from the new mini-batch, weighted by 1 — €. That is

Bl @M L (1 - €)®F and TIT  @FT 4 (1 - ) BF. (14)
In summary, our proposed algorithm is shown in AlgorithnI]

3.4 Convergence Analysis

In this subsection, we give the convergence analysis of LNGD. Following the model used in previous
works about analysing the gradient descent [31} |32} [33]] and NGD [34,[35]], we consider a two-layer
neural network activated by the ReL U function with m neurons in the hidden layer as follows:

where 61, 6-, . ..,0,, € R% are the weight vectors of the first layer, x € R? is the input, a,. € R is the
weight of unit 7 in the second layer and ¢ (-) is the ReLU activation function, i.e., ¢(x) = max{0,x}.
Letv = [f(0,a,x%;), f(0,a,%2),...,f(0,a,%,)]". In the following, we only give the result of
convergence of Algorithm (T} the specific proof, which uses some conclusions in [36} 37, 38, 39], is
given in the appendix.

Theorem 2. (Convergence rate of LNGD) Under the Assumption |l| and the assumption that
4 .8
rank(X) = d. If we set the number of hidden units m = (

" Fzx,

c e e e
el ) we i.i.d initialize

0, ~ N(0,v1), a, ~ unif[{—1,+1}| for any r € [m], and we set the step size o < %
Then with probability at least 1 — € over the random initialization, we have for k = 0,1,2, ...
; k
Iy = v¥[I3 < (1= a)" [ly = v°I13.
Proof. The proof is given in the appendix. O
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Algorithm 1 LNGD

Require: learning rate «, learning rate parameter ;, damping parameter A, damping constraints
v1,V2, momentum parameter 7, exponential moving average parameter e, Fisher information
matrix and its inverse update intervals Trry and Tiny .

1: k < 0, m « 0. Initialize &, and ¥, for any | € [L].

2: while convergence is not reached do

3:  Select a new mini-batch

4: foralll € [L] do

5 if £ = 0 (mod Tgryr) then

6: Update the factors &, and ¥, using Eq.

7: end if

8: if £ = 0 (mod Tnv) then R .

9: Compute the inverses of ®; and ¥;
10: end if
11: Compute Vg, h(0) using backpropagation
12: Compute the approximated natural gradient (®; ' @ ¥, 1)V, 7(6)
13: Compute the adaptive learning rate «; using Eq. (12)
14: ¢+ —aq(®;t @ U, 1)V, h(0)
15: m < 7m + ¢ (Update momentum)
16: 0, + 8; + m (Update parameters)
17:  end for

18: k+—k+1
19: end while
20: return @

4 Experiments

In order to verify the effectiveness of the proposed optimizer, we apply the optimizer to both image
classification and machine translation tasks. We first present the optimization performance of our
optimizer by comparing with several baselines. Then, we pay attention to the contribution of different
modules of our optimizer by conducting elaborate ablation analysis, which is given in the appendix.
Unless otherwise stated, the batch size for all experiments in the following is set to 256. The
initial learning rate hyperparameters for all optimizers are tuned using a grid search with values
a € {le—4,3e—4,...,1,3}. The damping parameter A in KFAC[14] are tuned using a grid search
with values A € {le — 6,1e — 4,3e — 4,1e — 3,...,1e — 1,3e — 1}. The minimum and maximum
of damping parameters v, and vy in LNGD are set to le — 5 and le — 2. The moving average
parameter and the momentum correlating with KFAC and LNGD are set to 0.95 and 0.9, respectively.
Furthermore, a weight decay of 0.004 is applied in all optimizers. All experiments run on a single
A100 GPU using TensorFlow. We average the results of 5 runs and the hyper-parameter settings for
these optimizers are the best values randomly searched for many times.

4.1 CIFAR-10 Training

We first report the optimizing performance on CIFAR-10 [40], which is a standard task used to
benchmark optimization methods [6} 41} 142} 43 44]]. Following these previous works, the changes of
testing accuracy and training loss versus time as well as epoch are reported in Fig. |2} and detailed
statistics are shown in Tablg6] From Fig. [2] it can be observed that LNGD exhibits the most rapid
decline in training loss during the initial epochs and seconds. This suggests that LNGD is effective in
quickly reducing the training loss and reaching convergence. All optimization methods convergent at
around 200 epochs. However, it is observed that second-order optimization methods, such as KFAC
and LNGD, achieve a lower training loss compared to first-order optimization methods like SGD
and Adam. In terms of testing accuracy, as depicted in Fig. [2](b) and (d), LNGD achieves a top-1
accuracy of 91% at the fastest rate. It only requires 36 epochs and 189.69 seconds to achieve this
accuracy level. In comparison, as presented in Tabld6] SGD and ADAM require at least 100% and
30% more epochs and time, respectively, to achieve similar accuracy. Relative to KFAC, LNGD
reduces the number of epochs and time by around 20% and 21%, respectively. Furthermore, as shown
in Tabld6] LNGD gets the highest final testing accuracy after convergence.
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Figure 2: Numerical performance on ResNet-18 with CIFAR-10.

Table 1: Detailed statistics on CIFAR-10 when top-1 testing accuracy achieves 91%.

Epoch Total Time Time Per Epoch Acceleration | Best Test Acc
SGD 79 268.67s 3.4s 29% 91.88%
ADAM 72 248.83s 3.77s 23% 92.62%
KFAC 45 241.86s 5.87s 21% 93.34%
LNGD 36 189.69s 5.08s 93.61%

MM
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Training Loss

L-- 79 |---759
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Figure 3: Numerical performance on ResNet-50 with ImageNet.

4.2 ImageNet Training

We extend our examination of optimizer efficacy to a larger image classification dataset, ImageNet-1K
[45]]. The changes of testing accuracy and training loss versus time and epoch are reported in Fig[3]
and Tableg2] The results show that the LNGD optimizer is highly efficient in training large image
datasets in terms of both speed and accuracy. LNGD, which requires only 36 epochs and 6.46
hours, is much faster in achieving the top-1 testing accuracy of 75.9% than other baselines. This is a
significant improvement over SGD, which takes 100% more epochs and 75% more time to reach the
same accuracy level. As for Adam, it exhibits a rapid decrease in loss during training and reaches
convergence at a fast rate. However, the best achieved testing accuracy is only 74.05%, indicating
that when training large-scale image tasks, a trade-off between efficiency and effectiveness needs
to be considered. Compared to KFAC, although LNGD is better for only 3 epochs, it leads to 19%
reduction in terms of the computing time. The training loss results further support the efficiency of
LNGD, as it maintains the fastest rate of decline during the initial stages of training and ultimately
yields the lowest training loss upon convergence. Overall, the results suggest that LNGD is a highly
efficient optimizer for large-scale image classification tasks, providing faster convergence and better
accuracy than other commonly used optimizers.

4.3 Transformer Training

In this experiment, we apply LNGD to the Transformer-Big model [46]] with 213.7M parameters.
The training datasets is WMT English-German machine translation corpus [46]. We use Bleu [47]] as
the evaluation metrics, which is frequently used in machine translation tasks. The setting of learning
rate updating strategy for SGD, Adam, KFAC and LNGD are the same as in ImageNet training.

In Fig[] and Tablg3] we present the comparative evaluation of the performance of LNGD against
SGD, Adam, and KFAC in terms of testing accuracy and training loss. ADAM demonstrates superior
performance over SGD, as evidenced by a more rapid decrease in training loss and a lower converged
loss value. This observation aligns with previous empirical findings that ADAM is highly effective
for transformer models. KFAC exhibits further enhancements in performance compared to Adam,

28468 https://doi.org/10.52202/079017-0893



Table 2: Detailed statistics on ImageNet when top-1 testing accuracy achieves 75.9%.

Epoch Total Time Time Per Epoch  Acceleration | Best Test Acc
SGD 78 11.28h 520.55s 43% 76.47%
ADAM - - - - 74.05%
KFAC 39 8.02h 739.93s 19% 76.58%
LNGD 36 6.46h 646.44s 76.73%

Treining Loss
Training Loss
5 Testing Bleu
. Testing Bleu

[——seD

[——ADAM
KFAC

[——LNGD

1 1 . . . N 2 . . . T 2
0 20000 40000 60000 80000 100000 O 10000 20000 30000 40000 50000 0O 20000 40000 60000 80000 100000 O
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10000 20000 30000 40000 50000
Time/Seconds.

Figure 4: Numerical performance on Transformer with WMT.

yet it does not surpass the efficacy of LNGD. LNGD outperforms its counterparts with the swiftest
reduction in training loss and the highest convergence rates. In terms of testing accuracy, measured
by the Bleu score, LNGD achieves a top-1 Bleu score of 32% with remarkable efficiency, which is
able to reduce the required steps by approximately 24% and computing time by 16% compared to
Adam. When compared to KFAC, LNGD still shows significant improvements, reducing the steps by
around 14% and computing time by 24%. As for SGD, it cannot reach the top-1 Bleu score of 32%
and the best testing accuracy is only 31.8%, which indicates that SGD is not a good choice for large
language processing tasks. In summary, the results provide strong evidences for the effectiveness of
LNGD as an optimization algorithm for transformer models and shed light for large practical NLP
tasks where time and computational resources are quite limited.

Table 3: Detailed statistics on WMT when Bleu achieves 32%.

Step Total Time Time Per IK  Acceleration | Best Test Bleu
SGD - - - - 31.87%
ADAM 25K 3.3%h 488.16s 16% 33.05%
KFAC 22K 3.75h 613.63s 24% 33.45%
LNGD 19K 2.85h 540s 33.55%

5 Conclusion

In summary, we propose a novel NGD optimizer named as LNGD for training DNNS, specifically
targeting the computational inefficiencies that impede the practical application of conventional natural
gradient techniques in large-scale neural networks. Our approach strategically computes Fisher
information matrices for each individual layers using sample approximation and dynamically adjusts
learning rates leveraging curvature information. This method facilitates a more refined representation
of the optimization landscape at the layer level. Besides, we provide convergence analysis of LNGD.
Experimental evaluations indicate its competitive performance relative to existing state-of-the-art
optimizers. This work hold significant potential for enhancing the efficiency and scalability of training
processes in deep learning frameworks.
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A Notations

In this paper, we denote [n] = {1,2,...,n}. For a matrix A, we use A;; to denote its (i, j)-th
entry, tr(A) to denote its trace, opin(A) and omax(A) to denote its smallest and largest singular
value, ||A||g to denote its Frobenius norm and ||A||2 to denote its spectral norm. If A is positive
semi-definite, Apin (A) and Apax(A) denote its smallest and largest eigenvalue, and define ko =
Amax(A)/Amin (A), respectively. The identity matrix is denoted as I. For a vector a, ||al|2 denotes
the Euclidean norm. We use NV (g, 32) to denote the Gaussian distribution with mean p and covariance
3. For two matrices

A= [ahag,...,an} ERqu7 B= [bl,bg,...,bn] GRPXQ,

we use o and ® to denote the Hadamard and Kronecker product, respectively. The column-wise
Khatri-Rao product * is defines as

A+«B=[a;®bj,a;®bs,...,a, @b,] € RF’*.

Similarly, we can define the row-wise Khatri-Rao product « and we have (AxB)T = (AT «BT).
Given an event E, I{ E'} denotes its indicator function, i.e.,

__J 1, if E happens,
HE} = { 0, otherwise.

B Comparisons and Explanations

B.1 Comparisons with Related Works

There have been some works to utilize the NGD or its approximations for training DNNs. One of
the primary computational challenges lie in the storage and computing the inverse of the Fisher
information matrix during NGD optimization. Recently, several studies have explored the adoption
of the efficient Kronecker-factored approximation to the Fisher information matrix to address this
computational challenge. The most related approaches to this work are the KFAC, EKFAC and
TKFAC][15]. These works and LNGD all start with a block-diagonal approximation of the Fisher
information matrix. The differences among them are the approximations of the block matrix F;. By
approximating the expectation of the Kronecker product as the Kronecker product of expectations,
KFAC approximates F; as the Kronecker product of A = E[(a;_;a;" ;)] and B = E[(g;8," )] with
g = —Vs, logp(y|x). By tracking the diagonal variance in the Kronecker-factored eigenbasis,
EKFAC performs eigenvalue decomposition of the Fisher information matrix and re-scales the
eigenvalues by S* to achieve a better approximation, where S* is a diagonal matrix defined by
Si, = E[(U5Veh(0)?);], and Ua, Ug are eigenvectors of A, B. TKFAC approximates F; as a
Kronecker product of two factors P and Q scaled by a coefficient § and keep the traces of each block
equal. In this paper, we propose the LNGD, which approximates F; as a Kronecker product of a
matrix ®; and a diagonal matrix W¥;, which is computed by sampling from each layer. We summarize
the above approximations of F; in Table 4]

Table 4: Summary of some NGD optimizers

Optimizer F,
KFAC A®B
EKFAC | (Ua ® Ug)S*(Ua ® Up)"
TKFAC SP®Q
LNGD LR

When these methods have the same update frequency, KFAC needs to compute two factor matrices A
and B, and then invert them. However, B can only be computed after completely performing back-
propagation. On the other hand, EKFAC modifies KFAC by incorporating eigenvalue decomposition
to scale the eigenvalue during the inversion process. TKFAC, another variant of KFAC, maintains
the equality of traces of matrices before and after approximation. Both EKFAC and TKFAC involve
increased computational requirements compared to KFAC. Our proposed LNGD also requires
computation and inversion of two factors ® and ¥. However, the advantage of LNGD is that the
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Figure 5: Comparison of the exact Fisher information matrix and the approximated Fisher information
matrix of KFAC and LNGD. On the left is the exact Fisher information matrix, in the middle is the
approximated Fisher information matrix, and on the right is the absolute error of these. The first row
shows the result of KFAC, and the second row shows the results of LNGD.
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matrix W is diagonal, and due to the use of hierarchical sampling, ¥ can be directly inverse during
the forward propagation phase, without the need to wait for the completion of the back-propagation
process. This feature significantly reduces computational time.

In addition, THOR proposed in [24] also provides an optimizer using NGD for training DNNs. THOR
mainly considers reducing the computational cost of NGD through two aspects. On the one hand,
THOR gradually increases the updating frequency of the inverse matrix of Fisher information matrix
and proposes a trace-based updating rule for the Fisher information matrix of each layer. On the other
hand, THOR approximates the approximated Fisher information matrix obtained by KFAC as some
smaller matrices by splitting matrix dimensions. Our proposed LNGD first gives a layer-wise sample
method to more efficiently compute each block matrix corresponding to each layer and proposes a
novel approximate scheme of the Fisher information matrix. Furthermore, LNGD also adopts an
adaptive layer-wise learning rate to speed up training. The contributions and ideas of our proposed
LNGD are different from THOR.

B.2 Comparisons Between KFAC and LNGD

Fig. E] shows the visualization results of KFAC and LNGD. From Fig. E] (b) and (e), we can see that
KFAC and LNGD can all emphasize the importance of the diagonal elements in the exact Fisher
information matrix. In addition, it can also be seen clearly that KFAC still retains some elements
near the main diagonal, while LNGD does not, which also reflects that LNGD provides an efficient
approximation of Fisher information matrix with less computational cost in comparison with KFAC.

B.3 Illustration of the Gaussian Distribution Assumption

In Subsection 3.1, we assume that the predictive distribution P, |a,_, (6;) follows Gaussian distri-
bution. To illustrate the validity of the Gaussian distribution assumption, we collect the output of
two layers of the ResNet-18 network on CIFAR-10 and show the results in Fig. @ Fig. |§| (a) and (b)
show the distributions of sample representation vectors’ values in some dimension. Since we use the
ReLU activation function, the obtained distributions are in accord with the Gaussian distribution in
the positive quadrant. Fig. |§| (c) and (d) show the distributions of values of sample representation
vectors’ Euclidean norm, from which we can see that the two distributions can also be approximated
as Gaussian distributions.
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Figure 6: Illustration of Gaussian distribution.

C Proof of Theorem 1

Proof. Since g(@) and gr,(6) are the approximate second Taylor expansions of h(6 — ad) and
h(6 — D&), we have

M=

91(6) — 9(6) = h(8) — a{d, Veh(8)) + Ja’d Hd — h(6) + 3 ai(dy, Vo, (6)

L L
(d/ Ve,h(6))* _ (d'Veh(6))?
- 2dHd, = -
Z g Hidi = <1_1 d/Hd, dTHd

N
Il
-

0.

IN

This completes the proof. O

D Convergence of LNGD

In this section, we give the convergence analysis of LNGD. Following the model used in previous
works about analysing the gradient descent [33]] and NGD [33]], we consider a two-layer
neural network activated by the ReLU function with m neurons in the hidden layer as follows:

f(8,a,x) = \FZaTQOG X)

where 8,,0-, . ..,0,, € R? are the weight vectors of the first layer, x € R? is the input, a, € R is the
weight of unit 7 in the second layer and ¢(+) is the ReLU activation function, i.e., ¢(z) = max{0, z}.
For convenience, we define 8 = [0],6],...,0]]7 € R™?. We first initialize the parameters
randomly by

0, ~ N(0,°T), a, ~unif[{—1,+1}], Vr€ [m],

where 0 < v < 1 controls the magnitude of initialization.

Given the training dataset S = {(x;,y;)}?_; containing (input, target) examples (x;, ;). Following
[33] [34]], we make the following assumption for the data.

Assumption 1. Foralli, ||x;||3 = 1 and |y;| = O(1). For any i # j, x; }f x;.

In this subsection, we mainly focus on the mean squared error loss (MSE) function

n

1
2n

f(0,a,%x;) — y;)?
1

> arp(0]x) — i)

r=1

|-
IR
B

Il
-

K2

Following [33] [34]], we fix the weights of second layer and only optimize the weights of first layer.
Then the update rule of NGD can be written as

6"+ = 6" — a(F*) "'V L(6").

https://doi.org/10.52202/079017-0893 28475



As shown in [18], if the network’s predictive distribution is in the exponential family, the Fisher
information matrix is equivalent to the generalized Gauss-Newton matrix, which is defined by

E(x; yesldi Hedi],

where H is the Hessian matrix of the loss function £(8) with respect to the prediction f(6, a,x;)
and J; is the Jacobian matrix of f (6, a,x;) with respect to the parameters 6. Under our setting that
L(0) is the MSE loss function, the Hessian matrix H is the identity matrix I. J; can be computed
by

J'L = (Vel f(ea a>xi)Ta ceey vamf(97aaxi)—r)-r 5
where

Vo, f(6,a,%;) = j%ﬂ{ejxi >0)x;, Vrelml. (15)
LetJ = (J1,J0,...,J ,L)T € R™*™d_then the Fisher information matrix can be written as

1
F =E, yyesl] Hedi] = B, yes[I] 3i] = gJTJ-

As discussed in [34], when m > n, the Fisher information matrix is singular. So in this case, we use
the generalized inverse given in [36]

Fl=nJ"(3J7)"1JI")"1J (16)
and the update rule of NGD can be written as
«
oF+1 — g% _ E(Fk)T(Jk:)T(Vk N }’),
where y = [Y1,92,---,Yn]" and v = [v1,v2, ..., v,] T =
[f(0,a,%;), f(0,a,%3),...,f(0,a,%,)]". Consider the two-layer neural network describe

in this subsection, since we fixed the weights in second layer, and the Fisher information matrix of
this model is approximated by

Fr®daWP.
For simplicity, we ignore the index of layer. Define
X = [x1,X2,...,%,] € R"¥4

and

G =[p (X601),p (X03),...,p (X0,,)] € R"*™,
where X is the input matrix formed by n input vectors and G is the pre-activation derivatives matrix
whose entry is given by

_ b
S Vm

J=Vef(0,a,%x;) = XxG e RV

Gir I{x/ 6, >0}, Vi€ n],rem. (17)

Then we have

and
1 1
F=-J'J=—-(XxG)"(X%G) g Rmd*xmd,
n n
The formulas of ® and W can be given as
P =X (GG o)X € R4, (18)
1 GT(XXToI)G
‘Il —— Rmxm' 1
R (XXT oT) 0 (GGT oT) © (19)

Under the Assumption we have (XX T);; = 1,i € [d]. Therefore, Eq. and Eq. can be
simplified to

G'G
P = ZX,Ga v = )
nn
where ) = tr((XXT 0I) o (GGT oI)) and Zx ¢ = X' (GG o I)X. Finally, the update rule of
LNGD can be given by

011 = 0% — aly(Zh ) @ ((GH)TG) 1) T (vF —y).

To analyze the global convergence of LNGD, we need the following two conditions as given in [34]].
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Condition 1. The matrix G°(G°) T is positive definite.

To verify this condition, we need the following two lemmas.

Lemma 1. Define K75 = Eg.zr(0,.21) [[{67x; > 0,0"x; > 0}], i,j € [n], then we have the
matrix K™ is strictly positive definite.

The result of this lemma has been given and discussed in [34]. We define Ax = Apin (K°°) > 0 and
matrix K whose entry is given by

1 m
Kij=— > {6 xi >0,6[x; >0} =(GGT);;, Vi,j € [n].
r=1

Then we can show Condition [T holds by the following lemma.

Lemma 2. I[fm = Q (ﬁ log g), we have with probability at least 1 — € that Ayin (K(0)) > %/\K.

Proof. Note that K(0) can be written as the sum of random symmetric matrices

m

1
K(0) =Y K(6,), Ki;(0,)=—I{6]x; >0,6]x; >0}.
r=1 m
Furthermore, we have K(0,.) are positive semi-definite and || K(6,)|» < tr(K(6,)) < >. Thus, by
the matrix Chernoff bound [37]], we can obtain
1 1 )\Km
P {/\min(K(O)) <(1- 4)/\K)} < mexp (42 " ) .
Lete = nexp (— 2 25™), we have m = ( (ﬁ log %) Proof complete. O

This proof is similar to the Lemma 6 in [34], the difference is the definition of K. For completeness
of the proof, we also give the detailed proof here. By this lemma, we have Api,(G(0)G(0)") =
Amin (K(0)) > %AK > 0, which implies that Conditionholds. Next, we give the other condition.

v .
Condition 2. For all parameters 6 that satisfy |0 — 6°||5 < anxvc, there exists 0 < ¢ < %

VAK/2

2¢ /A
1T —3°, < V2e Vx|
4 K‘ZX,G

such that

To show this condition holds, we need the following lemma.
Lemma 3. [34] For all weight vectors 0 that satisfy || — 6°||2 < R, we have probability at least
1 — € that

onR2/3
_ 0112 < _ 012 < _
19 =3 < 19 =Ile < 575573
641 nlly—vO I3/ * k32

> : : 3,1/3
v2/3£2/3m1/3 )1/

A

: _ 2ly—v°ll2
By taking R = N Kz

231y —vO 128
m = ( lleZX‘G), the Conditionholds. What’s more, we have probability at least 1 — &

we have ||J — JO||2 . Therefore, if we let

X,G?

2-2)\4
v2e? A

that |ly — v%||3 = O (), which has been given in [31]. Thus we can write the condition of m as
714’{/%)( c
m =8| Tz )

Before giving the main result, we first give some necessary lemmas.

4.8

K 0
2XG ),for all parameters 0 that satisfy |0 — 0°||2 < MKZXG,

TEEAL Vie/2

n

Lemmad. Ifm =) (
we have probability at least 1 — € that A\pin(K) > /A /2.
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Proof. Combine Eq. (15, Eq. and Assumption 1] we have |G — G(0)||% < [|J — J°||3. Let

niny 2lly ]| ”
m=Q o ) and R = Y124, by Condition [2{and Lemma |3| we have

v2e3Ng /)\K/2 X,G?
IG - G(0)5 <[IG =G0z < T -I°I%
<< K k.

8 Ky o 8
Therefore,
Umin(G) Z UIIliIl(G(O)) - HG - G<O)||2

e N e N

Note that the large m is, the smaller c is. Therefore, we can choose a slight larger m satisfying this

inequality. So we have
A
Aumin (K) = Amin(GG 1) 2 1/ 5.

Proof complete. O
Lemma 5. [38|] Let A and B be two positive define matrices, we have
)\max (A o B) S (max Au) /\max(B)v

Amin(A 0 B) > (miin Aii) Amin(B).

Lemma 6. [59] Let ® denote the Kronecker product and x denote the column-wise Khatri-Rao
product, we have
(A®B)(C+xD)=ACx*BD,

(A+xB)"(A+*xB)=ATAoB'B.
Now, we give the convergence analysis of LNGD.
Theorem 3. (Convergence rate of LNGD) Under the Assumption |l| and the assumption that
4 .8

rank(X) = d. If we set the number of hidden units m = (Z:;’;f . we i.i.d initialize
0, ~ N(0,v]), a, ~ unif[{—1,+1}] for any r € [m], and we set the step size o < gﬁfg
Then with probability at least 1 — € over the random initialization, we have for k = 0,1,2, ...
k
ly = v*I3 < (1= )" [ly = v°[I5.
Proof. Consider the predictive error at the (k + 1)-th iteration, we have
k412 _ E E k412
-V = A o A
ly 12 =1y 112 (20)

=[ly = v¥[I3 = 2(y = v*) T (vFT = vF) + [VFF =V,
Next, we need to estimate the bound of prediction
Vk—i—l _ Vk _ V(@k _ a(Fk)—l(Jk)T(vk _ Y)) _ vk

=—Alaﬁwh*uhww—yﬁ

=0 :

== /: ad (F) LI T(VF —y)g

=0 :
+/1 a(IF = I (FF)HIH) TV —y)e
£=0 ’
= —ad'(FH) 1IN (v —y)

+a (/; I+ - J%) (FH) 1IN T (vF —y),

=0

Term 2
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where J¢ = 200 and 9¢ = 0% + (1 — £)0"+! = % — ca(FF) =1 (IF) T (vF — y),

We first analyse Term 1. We omit the index k in J, G and F for simplicity.
Term 1 = —aJF 1T (vF —y)
=a(X*G)Zx,c ® (G'G) (X" «GT)(y - v")
=a(nXZx'cX 0 G(G'G)T'G ) (y — V")
=a(nXZx X' o I)(y - v"),

The second equation follows the update rule of LNGD. The third equation is obtained according to
the properties of Kronecker, Hadamard and Khatri-Rao products given in Lemma(f] The last equation
uses the definition of generalized inverse as given by Eq. (I6). By Lemma[5] we have

Amax(XZx o X" oT) < max(XZx ' X" )ii Amax(I)

1 (21)
< Mmax(Zx o) max(XX ")y = —————
> Amax X,G H 1% Amin(ZX,G).
Therefore, we can bound Term 1 by
[Terms || = [la(nXZx X o I)(y — v*)ll2
_ o (22)
< anf| X2y X o Tally = V¥ < 57—y = V",

Based on the Condition 2} we have the following inequality

T

< / |3 — 3Ea < J3FH - 34
2 £=0

<[ I =30 + ||J’“ -3z (23)
2¢ /
S fc AK < ¢ AInin((;"'(;’—r)-

2 RZx o - RZx o
Next, we bound Term 2. By Eq. (23), we have

1
[Term 2[jz = la </ (I* - Jﬁ)é) (F) (3T (vF —y)
§=0 : ,
o T kN—=1/7k\T k
< )\min(GG )”(F ) (J ) ||2Hy_V ||2
KzZx,a
:nzm Aoin( GGT) [ (n2x/ ® (GTG))(XT G T)lsly — v¥|l
X, G

\/ min ( GGT ||77Z ! XT GTG>_1GT”2HY_V’§”2
K:ZXG

VAmin(GGT)|InZx'c X" *GT(GGT) (GG ) 'GG T |afly — v¥|2
K:ZXG
cam

= Anin(GGT)[|Zx ¢ X * GT(GGT) T |2]ly — v¥f2. (24)

KZx.a

Define A = Z3'o X" * GT (GG ")~ , then we have

1Az = Omax(A) = \/Amax(ATA)

(25)
= Ve (XZ g Zx o XT 0 (GGT)1).
Similar to Eq. (Z1I), by Lemma (5 we can prove
1 1
1Al < (26)

mm(ZX ) )\min(GGT) '
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Combine Eq. (24) and Eq. (26), we have
can 1

1
Termy||s < Amin(GGT vk
I 2ll2 < KZx ( ))\min(ZX,G) Amin(GGT) Iy 2
27
= Iy = V¥
)\max<ZX,G)
Combine Eq. (20), Eq. and Eq. (22), we can obtain
ly = v¥FHE =lly = vFIIE = 2@y = vF) T (VP = vF) 4 VR = VRS
=lly = v¥|I3 = 2a(y = v*)TIFEN I Ty - vF)
1
raly =7 ([ @ 39¢) 1@ Ty v
£=0 '
v —vE
2 2 1)
< (1 B an can o a’n
)\max(ZX,G) )\max(ZX G) Amin(ZX,G)
2¢a2n? 2a2n?
+ ! * e ) Iy = VI
)\max(ZX,G)Amin(ZX,G) Amax(ZX’G)
In the last second inequality, we use the fact that Ay (XZx X T o T) > m Let
_ an 2cam a’n?
Arnax(ZX,G‘r) Amax(ZX,G) )\?mn(ZX,G)
. 2can? . Ea2n? o
Amax(ZX,G))\min(ZX,G) )‘max(ZX7G)
we have \ z
o< (1 —2¢)Amax(Zx.c) < (1- 2(:)’
(1+0¢)%n (1+0¢)?
and .
ly = vFII3 < (1 = a)¥lly —v°|3-
This completes the proof. O

So far, we have already proved Theorem [3under the an assumption that the parameters stay close to
the initialization point. We now verify this assumption by the following lemma.

Lemma 7. IfConditionsandhold, then as long as Apin (GG ") > %/\K, we have
2y~

Hek-‘rl _ 90||2 <
Ak /2

Zx,c*

Proof. By the update rule of LNGD, we have
k

a(F) I Ty = v
t=0

6"+t — 60> =

2
k
<Y IZKeX T (GY (GG ) ally - V']
t=0
k 1 1
<a

<oy T =l Ve
=0 Hlll‘l( X,G) )\K/2

zk: 2/>\K (1 _ « )t/Q || _VOH
/\max(ZX,G) Y ?

=0 mln ZX G)

2 2y = VOll2 Amax(Zx.6) _ 2y —vOl2

- \/AK/Z )\min<ZX,G) N \/)\K/Q Zx.e

This completes the proof. O
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E Experiments

E.1 Setup of CIFAR-10

The training of ResNet-18 [44] on the CIFAR-10 [40] dataset serves as a fundamental experiment
in the field of image classification. In this subsection, we present a comparison of LNGD with
several established baselines including SGD with momentum (referred to as SGD), ADAM [6], and
KFAC. We follow the standard experimental settings and employ a commonly used data augmentation
scheme involving random crop and horizontal flip. The initial learning rate is multiplied by 0.1 every
40 epochs. The update intervals for the curvature matrix and inverse matrix correlating with KFAC
and LNGD are set to be 100. All experimental runs are conducted over a duration of 200 epochs.

E.2 Setup of ImageNet

The implementation of ResNet50 [44] follows the TensorFlow version which can be found in the
Website We use the linear warmup strategy [41] in the first 5 epochs for SGD, ADAM and KFAC.
The update intervals for the curvature matrix and inverse matrix correlating with KFAC and LNGD
are set to be 500. For SGD and Adam, the max epoch is set to be 80, while for KFAC and LNGD,
the max epoch is set to be 50. SGD uses the cosine learning rate updating strategy and is set to be
a; = 0.001 + 0.5 % (ag — 0.001) * (1 + cos(2 * 0.47 * 7 x t/max_epoch)), where t is the number
of epochs. For Adam, KFAC and LNGD, the learning rate uses the exponential updating strategy
ay = ag * (1 — t/max_epoch)E, where E is decay rate € {2,3,4,5,6}. ag is the initial learning
rate tuned using a grid search with values « € {le —4,1e — 3,...,1

E.3 Ablation Analysis
E.3.1 Setup

In this subsection, to further elucidate the contributions of distinct components within the LNGD,
a series of ablation studies are performed. The ablation experiments aim to isolate the effects of
adaptive learning rate and sampling optimization on the LNGD’s performance. The variant denoted
as LNGD-Ir corresponds to the iteration of the algorithm that employs an adaptive learning rate, but
does not incorporate sampling optimization. Conversely, LNGD-sample represents the iteration that
utilizes sampling optimization, but does not implement an adaptive learning rate. These ablation
studies are executed on the ImageNet-1K dataset, All hyperparameters are maintained consistent with
those outlined in the ImageNet training section.

E.3.2 Results

The results of the ablation experiments, as shown in Fig[7]and Tabld5] reveal some interesting findings.
Specifically, analyzing the training loss and testing accuracy versus epoch, we observe that LNGD-Ir
achieves the fastest decrease in training loss and the most rapid initial increase in testing accuracy
within the initial few epochs. This can be attributed to the fact that LNGD-Ir computes the exact Fisher
information matrix at each epoch without using any approximation sampling strategy. However, this
advantage comes at the cost of increased computational complexity, leading to a 15% increase in the
time required to reach a top-1 testing accuracy of 75.9% compared to LNGD, which employs both
the sampling approximation strategy and the adaptive learning rate strategy at each layer. Moreover,
LNGD-Ir also takes 5% more time compared to LNGD-sample, which only utilizes the sampling
approximation strategy. Notably, LNGD-sample exhibits the slowest decrease in training loss and
increase in testing accuracy during the initial epochs due to its approximation sampling of the Fisher
information matrix at each step. Nevertheless, when considering the time dimension, LNGD-sample
still achieves a faster speed compared with LNGD-Ir in reaching a final testing accuracy of 75.9%
due to the significant reduction in the computation of the exact Fisher information matrix. In contrast
to LNGD, LNGD-sample takes 9% more time to reach testing accuracy of 75.9% due to the absence
of automatic scaling learning rate. In conclusion, considering the constraints of limited computational
resources and time, LNGD demonstrates superior optimizing performance.

3https://github.com/google-deepmind/dm-haiku/tree/main/examples/imagenet
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Table 5: Detailed statistics of abalation study when top-1 testing accuracy achieves 75.9%.

Epoch Total Time Time Per Epoch Acceleration | Best Test Acc
LNGD-Ir 35 7.43h 764.39s 13% 76.50%
LNGD-sample 41 7.06h 619.86s 9% 76.57%
LNGD 36 6.46h 646.44s 76.73%
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8 35} geo
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Figure 7: The optimization performance of variants of LNGD.

E.4 Results of More Comparisons

Table 6: Detailed statistics on CIFAR-10 when top-1 testing accuracy achieves 91%.
Epoch Total Time Time Per Epoch  Acceleration

SGD 79 268.67s 3.4s 29%
ADAM 72 248.83s 3.77s 23%
KFAC 45 241.86s 5.87s 21%
EKFAC 41 247.64s 6.04s 23%
TKFAC 39 239.20s 5.98s 20%
NG+ 40 204.45s 5.11s 7%

LNGD 36 189.69s 5.08s

In order to further validate the effectiveness of LNGD, we conduct additional experiments on the
CIFAR-10 dataset, in which three methods including EKFAC [22], TKFAC [15], and NG+ [[17] are
added for comparison. The detailed statistics are presented in Table[6] From this table, we observe
that LNGD achieves a testing accuracy of 91% with the fewest epochs and the shortest total time.
Furthermore, LNGD exhibits the smallest computational time per epoch. Additionally, due to the
efficient Fisher information matrix approximation strategy adopted by NG+, it can significantly
reduce the computational time compared to EKFAC and TKFAC.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: Due to space constraints in the main text, we have not created a separate
"Limitations" section. However, for each theory presented, we explicitly outline any strong
assumptions and provide justification for the validity of these theories. Additionally, a
thorough comparison with related work is furnished in the appendix.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs
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Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]

Justification: For each theoretical result, we provide the full set of assumptions and a
complete (and correct) proof.

Guidelines:

* The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.

. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: We provide every detail of the the methodology and experimental setup to
ensure the reproducibility of the main experimental results presented in the paper.

Guidelines:

» The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.
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5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer:

Justification: Due to the involvement of proprietary code resources, the disclosure of such
materials must adhere to the company’s relevant disclosure processes. If necessary, data and
code can be made available upon request.

Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]
Justification: We specify all the training and test details necessary to understand the results.
Guidelines:

» The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: For each experiment, we average the results of 5 runs and the hyper-parameter
settings are the best values randomly searched for many times.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.
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8.

10.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

¢ It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

o If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]

Justification: We provide sufficient information on the computer resources needed to repro-
duce the experiments.

Guidelines:

* The answer NA means that the paper does not include experiments.

 The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]

Justification: The research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics.

Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]
Justification: There is no societal impact of the work performed.
Guidelines:

* The answer NA means that there is no societal impact of the work performed.
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* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

 The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: The paper poses no such risks.
Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]

Justification: For each relevant work, whether it be code or data, we have provided appropri-
ate citations.

Guidelines:
» The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.
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* If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
13. New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]

Justification: We present an optimization method, which does not involve the release of new
assets.

Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.
14. Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

15. Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.
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* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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