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Abstract

Simple random sampling has been widely used in traditional stochastic optimization algo-
rithms. Although the gradient sampled by simple random sampling is a descent direction in
expectation, it may have a relatively high variance which will cause the descent curve wig-
gling and slow down the optimization process. In this paper, we propose a novel stochastic
optimization method called grafting gradient descent (GGD), which combines the strength
from minibatching and importance sampling, and provide the convergence results of GGD.
We show that the grafting gradient possesses a doubly robust property which ensures
that the performance of GGD method is superior to the worse one of SGD with impor-
tance sampling method and mini-batch SGD method. Combined with advanced variance
reduction techniques such as stochastic variance reduced gradient and adaptive stepsize
methods such as Adam, these composite GGD-based methods and their theoretical bounds
are provided. The real data studies also show that GGD achieves an intermediate per-
formance among SGD with importance sampling and mini-batch SGD, and outperforms
original SGD method. Then the proposed GGD is a better and more robust stochastic
optimization framework in practice.

Keywords: stochastic optimization, importance sampling, minibatching, variance reduc-
tion, adaptive stepsize method

1 Introduction

One fundamental problem studied in machine learning is how to fit the model to large data
set. The most popular approach is via the empirical risk minimization (ERM), that is,

min {10 = 13-t}

where z is the d parameters in a pre-defined model, and f;(z) is the loss function of the
sample i, i = 1,2,...,n, such as the square error loss or hinge error loss. Optimizing the
objective function f is of paramount importance. The most well-known method is via the
stochastic gradient descent, whose update rule for the model parameters x can be written

(©2024 Yanjing Feng and Yongdao Zhou.

License: CC-BY 4.0, see https://creativecommons.org/licenses/by/4.0/. Attribution requirements are provided
at http://jmlr.org/papers/v25/22-1236.html.


https://creativecommons.org/licenses/by/4.0/
http://jmlr.org/papers/v25/22-1236.html

FENG AND ZHOU

as

et = 2k — 4V i, (ab),

where 4y is sampled from [n] = {1,2,...n} uniformly, v is a suitable stepsize, V f;, (z¥) =

<%f7if(xk), ey %(xk)f—. SGD has played a central role in large-scale machine learn-
ing (Robbins and Monro, 1951; Shalev-Shwartz et al., 2011; Hardt et al., 2016; Bottou
et al., 2018; Gorbunov et al., 2020), since it tremendously reduces the computational cost
compared with the gradient descent (GD). Unfortunately, SGD suffers from the variance
brought by the sample gradient V f;, (z). In terms of practice, main problem with SGD is
countering its variance to accelerate the training process.

1.1 Direct Approaches

Some techniques can be used to directly tackle the problem of variance. They mainly fall
into three categories.

Minibatching. Minibatching can reduce the variance by a constant factor. Using this
strategy does not result in an improvement of convergence rate (Shalev-Shwartz et al., 2011;
Bottou et al., 2018), but can lead to acceleration. Minibatching is commonly used in modern
deep learning settings since it can be running in a parallel fashion which is computational
friendly for implementation.

Importance sampling. Importance sampling refers to the technique of assigning
carefully designed non-uniform probabilities to data samples and using these probabilities
to select the data point during the iterative training process (Needell et al., 2014; Zhao and
Zhang, 2015; El Hanchi and Stephens, 2020). Although effective, it often requires more
computational resources to set up the sampling mechanism. With the help of importance
sampling, the variance of stochastic gradient can be reduced by a factor as well.

Variance reduction methods Although above two primitive techniques can be imple-
mented easily and reduce the variance to some extent, they can not eliminate the variance
completely. To improve the convergence rate of stochastic optimization methods with fixed
stepsize, lots of advanced algorithms concerning the variance reduction have been proposed
in recent years (Gower et al., 2020), such as stochastic average gradient (SAG, Le Roux
et al., 2012; Schmidt et al., 2017), SAGA (Defazio et al., 2014), stochastic variance re-
duced gradient (SVRG, Johnson and Zhang, 2013), stochastic recursive gradient algorithm
(SARAH, Nguyen et al., 2017), Katyusha (Allen-Zhu, 2017), variance reduced stochastic
gradient descent (VR-SGD, Shang et al., 2018), and the simple stochastic variance reduced
algorithm (MiG, Zhou et al., 2018). All of those methods have modified the original stochas-
tic sample gradient V f;, (x) in each step to progressively reduce its variance as an estimator
of the full gradient. Among them, SVRG first introduces the bi-loop structure where the
parameters are updated in the inner loop and the reference point and the full gradient
are updated in the outer loop. Compared with the concurrently proposed methods SAG
and SAGA, SVRG does not require storing a Jacobian matrix in the training process and
produces an unbiased estimator of the full gradient in each step. It is worth noting that an-
other weakness of variance reduction methods is that they are inefficient and the reduction
in variance is insignificant for deep learning (Defazio and Bottou, 2019).
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Minibatching, importance sampling and advanced variance reduction methods are often
combined to be used for achieving an amplification effect. Thought of combining these
techniques is by no means new. We list some examples as follows.

Minibatching and importance sampling. The most natural way is to predefine
a sampling probability of each data sample and uses a mini batch of sampled gradients
(averaging multiple sampled gradients) to update the model parameters (Zhao and Zhang,
2015; Qian et al., 2019). Csiba and Richtéarik (2018) propose importance sampling for
mini-batches, which gives the answer to the problem which subset should we choose in
every iteration. A key characteristic of those proposed methods is that they will define a
sampling probability on the entire data set and then do the sampling step to accelerate the
training process.

Minibatching and variance reduction. Reddi et al. (2016) give the experiment
and convergence results for mini-batch nonconvex SVRG, and concurrently Allen-Zhu and
Hazan (2016) provide the convergence results for non-convex SVRG and claim that their
convergence results can be extended to the mini-batch setting. Yang et al. (2021) study
the mini-batch SARAH with random Barzilai-Borwein method. Gazagnadou et al. (2019)
study the optimal mini-batch size for SAGA. mS2GD proposed by Koneény et al. (2015) is
another example of this kind of hybrid.

Minibatching, importance sampling and variance reduction. Horvath and
Richtarik (2019) pioneer the study of variance reduction method with minibatching and
importance sampling in the nonconvex problem.

1.2 Indirect Approaches

Different from the methods which directly reduce the variance of stochastic gradient. An-
other way to accelerate the training process is tunning the stepsize. Diminishing stepsize
sequences and adaptive stepsize methods are two representative examples of this kind. They
are introduced as follows.

Diminishing stepsize sequences. Although using a diminishing stepsize sequence
(Cotter et al., 2011) can eliminate the variance gradually through iterations, it also slows
down the convergence rate of an algorithm as what we illustrate in Section 4. Moreover,
the performance of SGD algorithm can be deteriorated by a wrongly hand-picked sequence.
A suitable stepsize sequence can not be obtained without the trial and error.

Adaptive stepsize methods. Unlike the diminishing stepsize sequences which put
the same stepsize on each dimension of the model parameters. Adaptive stepsize methods
assign different stepsizes for each dimension of the model parameters and update them
separately. Many stochastic first-order optimization methods with adaptive stepsize and
momentum has been proven both theoretically and empirically that they can accelerate
the training process such as SGD with momentum (Liu et al., 2020), RMSprop (Tieleman
et al., 2012; Zou et al., 2019), Adadelta (Zeiler, 2012), Adagrad (Duchi et al., 2011; Ward
et al., 2020), Adam (Kingma and Ba, 2014) and AMSgrad (Reddi et al., 2019; Tran et al.,
2019). Among them, Kingma and Ba (2014) decide to use exponential moving average to
cumulate the past gradients with heavy-ball style momentum which is used to determine
the direction and the original magnitude of the update, and as well cumulate their element-
wise square with the corrective terms to modify the original magnitude of the update so
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that the element-wise second moment of the update can be regularized to approximate 1.
The proposed Adam is now one of the most popular adaptive stepsize method used in deep
learning community.

1.3 Our Contributions

Motivated by these composite methods, we propose a novel stochastic optimization method,
grafting gradient descent (GGD), which borrows the strength from minibatching and im-
portance sampling. Since stochastic sample gradient has intrinsic high variance, we replace
the stochastic gradient with a brand new grafting gradient to update the model parame-
ters, and integrate the grafting gradient with the high-level variance reduction methods and
adaptive stepsize methods respectively. Our contributions of this work are as follows:

e Grafting gradient has a smaller noise variance compared with the stochastic sample
gradient and can be calculated in a parallel fashion to speed up the training process.

e Two types of GGD methods are proposed, GGD using sampling with replacement
and GGD using sampling without replacement. For the former one, we prove that the
noise variance of grafting gradient can be written as the weighted sum of the noise
variance of SGD with importance sampling and the noise variance of mini-batch SGD
which guarantees grafting gradient a doubly robust estimator with respect to the full
gradient.

e For the latter one, we show that vanilla SGD, SGD with importance sampling, mini-
batch SGD can all be regarded as the special cases of GGD using sampling without
replacement. A unified bound is obtained through the convergence analysis of GGD
using sampling without replacement.

e Two types of GGD methods both have a sublinear rate of convergence under strongly-
convex assumption when using a diminishing stepsize sequence and a linear conver-
gence rate up to some noise level with the fixed stepsize. We also provide the conver-
gence analysis for GGD in the general convex and non-convex cases.

e Grafting gradient is also compatible with advanced variance reduction method and
adaptive stepsize method respectively. The convergence analysis of GGD-based vari-
ance reduction method and GGD-based adaptive stepsize method are provided and we
show that these methods converge much faster than the original GGD-based methods.

The rest of this paper is organized as follows. Section 2 presents some definitions and
notations for further convergence analysis. Section 3 introduces the grafting gradient and
the detail of two type GGD algorithms. Section 4 gives the convergence results of GGD
for strongly-convex, convex and non-convex objective function respectively. In Section 5,
we hybridize SVRG and Adam with the grafting gradient using sampling with replacement
(WR), introduce GGD-WR-~-SVRG and GGD-WR-Adam methods, and provide their theo-
retical properties. Section 6 gives the experimental results. Section 7 gives some conclusions
and discussions for the future research. All the proofs are listed in the Appendix. All the
codes are available at https://github.com/oo0mmmm/GGD.
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2 Background and Problem Setup
We first introduce some notations which are repeatedly used in the rest of this paper. Let

1 1 1
fs(@) = 5] > filz), Ls = 5] > Lis and fomin = mei,mm,

€S €S i€S

where S is a subset of training set, L; is the smoothness constant and f; ;. is a lower bound
of fi(x). To proceed with the convergence analysis, we also presents some basic definitions
which are widely used in stochastic optimization as follows.

Definition 1 (L-smoothness) Function f: RY — R, is L-smooth if it is continuously
differentiable and the gradient function of f, namely, Vf : R* — R?, is Lipschitz continuous
with Lipschitz constant L > 0, i.e.,

IV fi(x) = V fi(@)|l2 < Lz — 22, for all (x,7) € RY x R%.

Intuitively, Definition 1 says that the gradient of function f does not change arbitrarily
quickly with respect to the parameters. Smoothness assumption is essential for the con-
vergence analysis of the most gradient-based methods. For simplicity, we will use || - || to
represent the Lo-norm throughout this paper.

Definition 2 (p-strongly convex) Function f : R? — R, is p-strongly convex if there
exists a constant p > 0 such that

£(@) > fla) + V@) (@ —2) + %H:ﬁ — 2|)?, for all (z,z) € RY x RY.

Definition 3 (convex) Function f:R% — R, is convez if
(&) > f(x)+ V(@) (z — ), for all (z,z) € R? x R%.

The convexity assumptions are also essential for the most of convergence analysis in this
paper. Note that p-strongly convexity implies convexity but not vice versa. Throughout
the rest of this paper, we assume that under strongly-convex or convex assumptions, there
exists an optimal solution z* such that

¥ = arg min f(x).
g min f(x)

3 Grafting Gradient Descent Algorithm

The key insight of our work is that minibatching and importance sampling can collaborate
in a different way. This new technique is called importance resampling which successively
employs importance sampling on batch of the subsampled sets. Let D,, = {Sy, | Sm C
{1,2,...,n},|Sm| = m}. Technically importance resampling consists of three steps:

e First sample a batch of sets S,,. € D,,. Denote this batch of subsets by Sf’n =
{SmisSmas s Smy }-
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Algorithm 1: Grafting Gradient Descent
Input: The batch size b, subsampled set size m and the learning rate ~.
Initialize: 2°
for k=0,1,2,....T —1do
Option (a): Sample S% = {Sp.,, ..., Sm, } With replacement from D,,.
Option (b): Sample S2, = {Sp,, ..., Sm, } without replacement from D,y,.

(fsmi (@*)=Fsm,; min
s (Fm, @) =Fsi min)
Denote P = (Ps,, , ..., Ps,, )"

Resample {Sp,,, ..., S, } from S? based on the resampling distribution P.
Compute the grafting gradient as

1 (1 fi ( k
DPo (E 2 i€Sm,, By (© ))

fori=1,2,...,b.

Compute Ps,, =

gm,b(xk) =

1 1 Ofi (..k
bPSde (E ZiESmrd Oxg (x ))

Update:

o = b g (o)

end

e Put a probability measure P on each element of set S?, based on some values.

e Use this probability measure P to resample d (equals to the dimension of model
parameters x) examples from set S5, .

The resampling result actually indicates which subset we should use when calculating the
partial derivatives in each dimension. As an illustration, assuming that the resampling
result is {Spm,. , Smy.,, s Smrd} which means that for all K = 1,2, ...,d, we need to calculate
the k-th component of the sample average gradient with respect to the subset S’mrk, that
is, 0 merk /Oxy. Combining these total d average partial derivatives, we now construct a
grafting gradient which can be used to update the model parameters. The word grafting
means that this gradient is synthesis and the components of this gradient are determined
in a particular way for the purpose of variance reduction. If set S, is sampled from D,,
without replacement, then the corresponding algorithm is called grafting gradient descent
using sampling without replacement (GGD-WoR). Its counterpart is called grafting gradi-
ent descent using sampling with replacement (GGD-WR) when S,,, is sampled from D,,
independently. The detailed procedure of GGD is shown in Algorithm 1.

From Algorithm 1, intuitively we can get some insights on why GGD may outperform
mini-batch SGD and SGD with importance sampling. For the one hand, mini-batch SGD
only select one batch of data samples whereas GGD uses important subsets from candidate
set S® , which may provide more useful estimations of the full gradient. On the other hand,
importance resampling injects additional randomness into GGD compared with SGD with
importance sampling, and promotes the diversity of selected data samples, which may profit
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Figure 1: Toy example illustrates the effectiveness of importance resampling

the estimation of the full gradient as well. To get a comprehensive view of GGD method,
let us set aside the discussion and focus on a toy example where we have a set of univariate
functions Fy = {fi(x), ..., fo2(x)} which are defined as

fi(z) = (0.15+0.1(i — 1))2? , for i = 1,...,20 and f;(z) = —11z , for i = 21,22,

and our goal is to minimize the average of these functions which is depicted in Figures 1(a)
and 1(b) by black quadratic curves, that is,

L 22
flz) = 52]2(@ =2 — 7.
=1

Suppose that the initial starting point is x = 1/4 and the learning rate is v = 1/2. The
best approach that we can take is gradient descent which calculate the full gradient V f(x)
at © = 1/4 and update z by z <~ 2 —yV f(z) = 1/44(1/2)%(1/2) = 1/2 as shown by violet
solid line with arrow in Figure 1(a). It is obvious that after one gradient step, we easily
find the global minimum of f(z) with the proper learning rate as indicated by the violet
dash line in Figure 1(b). Except for gradient descent, we can achieve this goal by other
approaches such as mini-batch SGD, mini-batch SGD with important sampling and GGD
at a lower computational cost. Now let us dive a little deeper to see how these method will
perform in this toy example.

Suppose that for these three methods, we are only allowed to use a size 2 subset of
function set Fs. Then for mini-batch SGD, by sampling without replacement, we are likely
obtaining a mini batch without fo;(x) and foa(x) such like Sy = {fa(x), fi7(z)}. Based on
that, mini-batch SGD calculate the gradient with respect to Sy at * = 1/4 and update x
by x +— x — YV fs,(z) = 1/4 — 11/40 = —1/40 as shown by green solid line with arrow
in Figure 1(a). It moves z in the opposite way of the descent direction and increases the
objective function value as indicated by green dash line in Figure 1(b).

For mini-batch SGD with importance sampling, supposing that fo;(z) and fao(z) are
of great importance so that for a randomly selected index i, € {1,...,22}, Py; = P(i, =



FENG AND ZHOU

21) = 0.45, Pyy = P(i, = 22) = 0.45 and P; = P(i, = j) = 0.005 for j = 1, ..., 20. Based on
that, through importance sampling we are likely obtaining {f21(x), fo2(x)} and as shown
by cyan solid line with arrow in Figure 1(a), SGD with importance sampling may update
x following

1 1 1 1 11 29
TeroTg (mlvfﬂ(x) * mvf”(m)) 1T %01 3%
Although SGD with importance sampling moves = along the descent direction, it takes a
giant step so that x arrives at 29/36 which is even more far from the optimum point = = 1/2
as indicated by cyan dash line in Figure 1(b).

The reason why these two methods fail to minimize the objective function in one step is
that sampling without replacement used by mini-batch SGD ignores the valuable informa-
tion contained by important compenents such as fo1(z) and faa(z) which determines the
descent direction, and importance sampling lacks the randomness to some extent so that the
selected components are individually very informative but not necessarily so jointly. Using
importance sampling may form a batch of important but redundant components which lacks
diversity and may negatively impact the performance of mini-batch SGD with importance
sampling.

For GGD, if we implement importance resampling which only resamples one subset out
of b = 10 randomly selected subsets {Spm,, ..., Sm,, } in our toy example, then 10 randomly
selected subsets may contain only one subset such like Sy, = {f11(2), f21(x)} with impor-
tant component fo1(z) since the probability of 10 randomly selected subsets containing at
least one important component is

C2 10
P (EISmj € {Smy» s Smio ) 8-t. fa1(x) € S, or faz(z) € Sm].) =1- <§0)
~ 0.8582,

where CF = n!/(k!(n — k)!) is the number of k-combinations from a given set of n elements.
Then through the resampling procedure, this subset {fii(x), fa1(z)} is likely to be the
chosen one which is used to calculate the grafting gradient, and as shown by red solid line
with arrow in Figure 1(a) GGD may update x following

T4 T — 710;57”3 (;an(x) + ;szl(lt)) ~ 0.5629.

Although GGD fails to find the global minimizer in one gradient step, it moves x quite near
to the optimum point and decreases the objective function value most compared with mini-
batch SGD and SGD with important sampling as indicated by red dash line in Figure 1(b).
Importance resampling can guarantee us a subset which contains important and diverse
components with high probability, and consequently GGD can provide more informative and
accurate estimation of the full gradient. The relationship among mini-batch SGD, SGD with
importance sampling and GGD reminds us of the notion of exploration vs exploitation in
many other domains. From this perspective, GGD can be regarded as the trade off between
the “exploitation” and “exploration”, and we hope that GGD could achieve comparable
results when applying to more complex and high-dimensional problems.
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Now let us get back to technical work and put some remarks on the resampling distribu-
tion. In the GGD method, the noise variance comes from E||g,, (x*)||? which is equivelant

to ~ ) )
d 8f
1 1 S
E m ky (12 —EIE|= § J b
- J

L 1 [0fs 2
- X2 (o)

P,
j=1 =1 = Omi

(3

i b
_p|ly L By 2

i

Given z¥ and S% = {Sin,, ..., Sm, }, denoting that A’ is the b-dimensional simplex, we know

that the solution of ,

. 1 k(2
min — ||V T 1
iy 35 5 1975, () (1)

is
Popt _ vasml (zk)H
Sm; — b IR
> [V s @)
The optimal resampling distribution defined in (2) minimizes the noise variance of grafting

gradient. However, deriving this optimal resampling distribution requires evaluations of
bmd partial derivatives. In analogy with Zhao and Zhang (2015), if we assume that the

=1,2,...,b. (2)

individual loss function f; is L;-smooth, bounded below by fi min, then ||V mei (2%)||? can
be bounded by

vasmi (xk)”Q < 2L5mi (mei (xk) - mei,min> < 2Lnmax (mei (xk) - mei,min> )
where Loz = maxie[n]{Li}. me,L-,min can be easily estimated if we know a uniform

lower bound for f;(«*) and fortunately if loss function f; is non-negative, then we can
let fs,, min = 0 although it may rather be pessimistic. Noting that ||V fs,,. (z*)|? can be
bounded by 2L;,qz ( fSom, (zF) — mei,min>> then we can relax the optimization problem (1)
following the analysis provided by Zhao and Zhang (2015) as

b

b
. 1 k2 . 2Lmax
min — |V T < min
PeAb P PSmi H mei( )H = peab pa PSmi

(f5, (&) = S min)

Since Lnq. is independent of timestep and subset selection, the optimal resampling proba-
1/2
bility can be approximated by Pgm x ( fSm, (zF) — mei,min) . To simplify our analysis,
we use a resampling probability in “square” form instead, that is,
(£, @) = fis amin)

o= > (fsmj (x%) — mej,min)'

3)

9
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It is clear that in one iteration, Algorithm 1 only requires evaluations of mb loss function val-
ues and md partial derivatives which is computationally cheaper than deriving the optimal
resampling probability. We do not adopt the one-shot resampling probability such as Zhao
and Zhang (2015) where Ps,, o Lg,, because one drawback of the one-shot resampling
probability, which is defined in terms of the L-smoothness constants, is that it may not be
applicable in neural network setting where the individual L-smoothness constant does not
has a closed form and requires additional techniques to estimate. On the contrary, since the
individual loss function value can be explicitly obtained through the forward-propagtion of
neural network, the resampling probability Pg,, redresses the flaw of one-shot resampling
probability albeit at a higher computational cost.

For numerical stability, without loss of generality, we assume that Ps,, > 0 for ¢ =
1,...,b. If there exist some Sy,, € {Sm,,-.., Sm,} such that fgmp (zF) — fsmp,mm = 0, then
the corresponding sample will not show up in the grafting gradient. When such a situation
happens, we should remove this sample and add a new one until we put non-zero mass
on every element in the set S%. Furthermore, if there is no set S’ which satisfies this
constraint, we just put equal mass on every sample and resample them to construct the
grafting gradient. We also notice that the components of the grafting gradient in Algorithm
1 are reweighted by the batch size and corresponding probabilities to ensure the unbiasedness
of grafting gradient with respect to the full gradient.

4 Convergence Results for GGD

Now we can present the convergence results for Algorithm 1 under different assumptions.
Convergence results for GGD-WR and GGD-WoR are presented in tandem.

4.1 Convergence Result for GGD-WR under Strongly-convex Assumption

Under the assumptions of strong convexity and L-smoothness, a theoretical bound can be
obtained as follows.

Theorem 4 Suppose that the objective function f is L-smooth, the individual loss function
fi is p-strongly convex, L;-smooth, bounded below by fi min for alli € [n]. When Algorithm
1 is run with the fived stepsize where v < min{2/p,2b/ (C +2L(b— 1))} and option (a),
the iterates generated by Algorithm 1 satisfy

2vR

L2 w2
B[l - o] < 0= ) o0 o+ 222

where L = (1/n) Y71 Li, R = f(x*) = fmins fmin = (1/0) 311 fimin,

o= <2Lmaz(n ;lrzzirf;z(m — 1)L> wnd D — (W

+(b— 1)L>_1,

are constants which are independent of iteration number T .

From Theorem 4, we know that the iterates generated by GGD-WR with the fixed
stepsize converge at a linear rate up to some noise level. Let us take a deep look at the
noise level 2yR/ubD. It seems that some constants may explode such as C' and D since they

10
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show dependence on the size of training set n, but actually not for any reasonable values
of m and b. For fixed n, C is monotonically decreasing with respect to the subsampled set
size m, thus C' can be bounded by 2L,,q,. As for D, since (n —m)/m is decreasing with
respect to m, then 1/bD can be bounded by Lyqz + L, which proves that 2yR/ubD does
not explode for any possible values of m and b. To see the superiority and robustness of
GGD-WR method, we derive the theoretical bounds for vanilla SGD, mini-batch SGD and
SGD with importance sampling under the same assumptions. For the iterates generated by
SGD, they satisfy

2vL R
Elakep —a*|? < (1 — py)TBl[20 — 2*||> 4 2=mar

(4)
The derivation for equation (4) can be found in Appendix A.2. After some straightforward
calculations, we know that 2R/bD < 2L, R holds for any b and m € N, which implies that
by importance resampling, variance brought by the grafting gradient is always less than the
variance brought by the stochastic gradient in every iteration. Hence the training process
can be boosted when replacing stochastic gradient with grafting gradient in each step.
Although GGD-WR has the same convergence rate as SGD, it reduces the noise variance to
some extent. In other words, the solution path found by the GGD-WR algorithm fluctuates
in a smaller neighborhood of the optimum value compared with the vanilla SGD method.
Batch size b and the size of subsampled sets m influences the radius of this neighborhood.
The larger m is, the smaller the radius is. The effect brought by b depends on the relationship
between Lyap(n — m)/m(n — 1) and L. That is, if L > Lyez(n — m)/m(n — 1), then
increasing b will enlarge the radius of this neighborhood, otherwise, increasing b leads to
narrowing the radius of this neighborhood. We also derive the bounds for mini-batch SGD
and SGD with importance sampling. For the latter one, the sampling probability is given
by P; = L;/ Y ;_, L; for all i € [n]. Under the same assumptions, their convergence bounds
are given as follows.

e For mini-batch SGD, the iterates satisfy

2vYRLygz(n —m)
m(n—1p

Elzlsap — 2% < (1 — py) E|j2° — 2*|* +

e For SGD with importance sampling, the iterates satisfy

2vLR
ElzTssap — 2*|* < (1 — py) E[|2° — 2*|2 + .

(6)

From (5), (6) and Theorem 4, we can see that the noise variance variance of GGD-WR is
the weighted sum of the noise variance of mini-batch SGD and the noise variance of SGD
with importance sampling with weights (1/b, (b — 1)/b). This result implies two properties
of GGD-WR.

e Robustness: 2R/bD is not greater than max{2L,u. R(n —m)/m(n — 1),2LR}.

e Tendency: Batch size b controls the weights. The larger b is, the closer the noise
variance of GGD approaches to the noise variance of SGD with importance sampling.

11
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For the former one, we say that grafting gradient is a doubly robust estimator with
respect to the full gradient in sense that its theoretical bound is superior to the worse one
of mini-batch SGD and SGD with importance sampling. Doubly robust property may be of
great help when we do not know whether mini-batch SGD or SGD with importance sampling
will surpass for real problems. In section 6, we empirically compare these four method
(vanilla SGD, GGD, mini-batch SGD and SGD with importance sampling) and bring out
more discussions about their superiorities and applicabilities. For the latter one, Although
in GGD-WR algorithm b can be arbitrarily large so that the tremendous computational
cost brought by loss function evaluation may be unaffordable, the tendency property of
GGD suggests that GGD does not benefit and even can be harmed from blindly increasing
batch size b when the noise variance of mini-batch SGD is smaller than the noise variance
of SGD with importance sampling. Thus for the rest of our paper, unless specifying, batch
size b is assigned by default a relatively small value such like b € {2,3,4} which balances
the trade off between the computational cost and the performance, and moreover implies
that the computational cost of loss function evaluations is insignificant compared with the
computational cost of partial derivatives evaluations.

The convergence analysis would be incomplete without considering how theoretical re-
sults impact on the computational workload when the stochastic optimization methods
are applied for the real problems. Complexity results give the bound for the total num-
ber of partial derivatives evaluations as the main computational complexity to achieve the
e-optimality in expectation. The e-optimality in expectation is defined as a point x satisfies

E|Vf(2)|* < ¢ or Ellz —a*|* < ¢ or E[f(z) - f(z")] <,

where z* is assumed to be the global minimizer of f. Unless specifying, convergence and
complexity results will be provided in tandem for the rest of this paper.

Corollary 5 If we choose stepsize v = min{2/p,2b/ (C + 2L(b— 1)) ,eubD/AR}, then to
achieve e-optimality, the total iteration number T should satisfy

1 (C+(b-1)20) 4R }ln<2EWW>.

T > -
= Hhax { 2’ 2by " eu2bD €

Hence the total complexity to achieve e-optimality is

1 (C+(b—-1)2L) 4R 2E |20 — z*|?
d- - In | —— ).
- max { 2’ 2by " ep2bD . €

Suppose that m < n, then the iteration complexity result will be O (d/eln(1/¢€)). Com-
bining this result with Theorem 4, we know that compared with vanilla SGD method, the
noise variance of GGD-WR method shrinks by a constant factor so that GGD-WR improves
a non-dominant term in complexity. A diminishing stepsize sequence is another choice to
reduce the noise variance. Its convergence result is shown as follows.

Theorem 6 Suppose that the objective function f is L-smooth, the individual loss function
fi is p-strongly convex and L;-smooth, bounded below by f;min for all i € [n]. When

12
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Algorithm 1 is run with option (a) and a stepsize sequence which satisfies for all k =
0,1,2,...,

D 1 P 2b
= —— for some > —  and >0 such that = < —.
+k 7 P>y L ¢ S @+20-DL)

Vi

Then for each k, the expected optimality gap satisfies

v
q+k

Ela* —a*|* <

where v = max{2p*R/(pp — 1)bD, pE [||2° — z*||*]}.

Since 1/bD can be bounded for any possible values of m and b, v will not explode and the
expected optimality gap can be controlled with large enough iteration number 7. Theorem 6
shows that when using a diminishing stepsize sequence, the iterates generated by Algorithm
1 with option (a) can converge to the optimum point z* at a sublinear rate. Although
the convergence rate is much slower than we have obtained in Theorem 4, it eliminates
the variance brought by grafting gradient and reduces the training time. Theorem 6 also
indicates that the total iteration number 7' should satisfy 7" > (v/e) — ¢ to achieve e-
optimality.

Corollary 7 Ve > 0, the total complexity to achieve e-optimality is

(23

Again if m < n, then the complexity result will be O(d/e) which indicates that using the
grafting gradient only improves a non-dominant term in complexity. Although the con-
vergence rate is sublinear, the complexity bound improves from O ((d/e)In1/e) to O (d/e),
which means that GGD-WR with the diminishing stepsize sequence requires less iterations
to achieve the same level e-optimality. The cause behind this counterintuitive phenomenon
is that to achieve e-optimality, the fixed stepsize should keep the same order as €, while for
the diminishing stepsize sequence, it begins with p/q and gradually decreases.

4.2 Convergence Result for GGD-WR under Convex Assumption

In this section, we study the convergence property of the GGD-WR method for the general
convex individual loss function. For simplicity, we do not compare the theoretical bounds
of GGD-WR, SGD, mini-batch SGD and SGD with importance sampling under convex or
non-convex assumptions.

Theorem 8 Suppose that the objective function f is L-smooth, the individual loss function
fi is Li-smooth and convez, bounded below by f; min for alli € [n]. When Algorithm 1 is run
with v < 3b/2 (C + 2L(b — 1)) and option (a), denoting & = %Zz;ol x¥, then it satisfies

0 _ .%(|2
< 2E||z” — x| n 4'yR.

E[f(@) - fo")] < = - (7)

13
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We notice that when strongly-convex assumption does not hold, the expected difference in
objective function value between any iterate and the optimum point z*, E [f(a:k) — f(:c*)],
does not have a quadratic lower bound, that is, can not be bounded below by O (E|z* — z*||?).
The non-existence of a quadratic lower bound influences the convergence property of GGD-
WR method. As derived in Theorem 8, when a fixed stepsize is used, the GGD-WR method
only converges at a sublinear rate up to some noise level for general convex objective func-
tion. Consequently, we have the complexity result in the general convex case.

Corollary 9 If we take the stepsize which satisfies
v = min{3b/2(C + (b — 1)2L), ebD/8R},
to achieve e-optimality, then total iteration number T should satisfy

4E||z° — z*||?
~ emin{3b/2(C + (b—1)2L),ebD/8R}’

Thus the total complexity is

AR |20 — 2*||?
emin{3b/2(C + (b —1)2L),ebD/SR}’

From Corollary 5 and 9, we see how the convergence results impact on the complexity
results. Since the GGD method does not possess a linear convergence rate under general
convex assumption, for m < n, the complexity is O(d/e?) which is far larger than O(d/e).

4.3 Convergence Result for GGD-WR under Non-convex Assumption

Following the analysis provided by Khaled and Richtarik (2020), we can take a step towards
the theoretical bound for GGD-WR method without any additional assumption at all and
provide the following convergence results.

Theorem 10 Suppose that objective function f is L-smooth, the individual loss function f;

is L;-smooth, bounded below by fi min for all i € [n]. When Algorithm 1 is run with option

(a) and fized stepsize v < (2b — 1)/L, then the iterates generated by Algorithm 1 satisfy
2vL

bD
in E MIz< 2 (1y 22 )6
pooin, EIVIEOIT = 75 < +fy2LT) 0

where 0g = E [f(mo)] — fmin 1S a constant.

Non-convex GGD-WR shows a sublinear convergence rate up to some noise level as well.
Difference between convex GGD-WR and non-convex GGD-WR is that the theoretical
bound of non-convex GGD-WR shows possible divergence since 1/D is monotonically in-
creasing with respect to b. However, the minimum of expected gradient norm can be
controlled arbitrarily small by manually assigning b a small value and using a designated
stepsize. This bound is in fact optimal for GGD-WR without additional assumptions on
second-order smoothness such like Polyak-Lojasiewicz condition since the convergence rate
of non-convex GGD-WR can not exceed the convergence rate of convex GGD-WR. The
following corollary states the complexity results to attain the e-stationary point.

14
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Corollary 11 With the stepsize

. 2b—1 €D
= min _—
i L ' 4Lo, [

Algorithm 1 with option (a) can still achieve e-optimality as long as the iteration number T

satisfies
460b L 4L§
T> 0% max { 0 } .

€ 2b—1" €D
Hence to achieve e-optimality, the total complexity s

460b { L 4L60}
. max .

md - — W—1" €D

When the strongly convex assumption does not hold, for m < n, the complexity bound
degrades from O(d/e) to O(d/e?). In other words, it takes more time to achieve the same
level e-optimality for general convex or non-convex functions. Although the complexity
bounds of convex GGD-WR and non-convex GGD-WR are identical for m < n, the average
objective function value can be bounded under convex assumption, while we can only control
the minimum expected gradient norm for non-convex objective function.

4.4 Convergence Result for GGD-WoR under Strongly-convex Assumption

In the rest of Section 4, we mainly focus on the convergence results of GGD-WoR under
different assumptions. Through the analysis of GGD-WoR, we find that while the doubly
robust property does not hold anymore, GGD-WoR can be considered as a more general
framework since it can include vanilla SGD, mini-batch SGD and SGD with importance
sampling as special cases. We first derive the unified theoretical bound under strongly-
convex assumption and show how GGD-WoR connects those classic stochastic optimization
methods.

Theorem 12 Suppose that the objective function f is L-smooth, the individual loss function
fi is p-strongly convex, L;-smooth, bounded below by fi min for alli € [n]. When Algorithm
1 is run with the fived stepsize where v < min {2/p,b*m? /M } and option (b), the iterates
generated by Algorithm 1 satisfy

T |2 T 12 2yRM
E [Hx - } <1 =) [la® =[] + ub2m?’ (8)
where M = <n2 My L+ n(My — M) - l~}>,
pp b mHCES D=1 mb(b 1O mbln — )(CE — )
n n(Cm —1) n(Cm —1) n(n—1)(Cm —1)

L = ]I{Mlez} - Loz + ]I{M1<M2} - Lpin and Lpin = minie[n} L; are constants which are
independent of iteration number T'.
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Theorem 12 suggests that the iterates generated by GGD-WoR converge at a linear rate
up to some noise level similar to that of GGD-WR algorithm. To see whether M /b?*m? will
explode for any reasonable values of m, b and n, we first study two quantities My and Mo.
M; = O(m?b?/n?) and My = O(m?b?/n?) implies that M/b?>m? = O (1 + 1/n), thus the
noise variance does not explode under any circumstances. It is also clear that since the noise
variance of GGD-WOoR is related to the minimum of the individual smoothness constants,
doubly robust property does not hold for an arbitrary choice of m € N, b € [C"]. Luckily,
we find that for certain configurations of b and m, the procedures of GGD-WoR are identical
to that of vanilla SGD, mini-batch SGD and the theoretical bound of GGD-WoR is identical
to that of SGD with importance sampling in expectation. We first verify the case for vanilla
SGD.

Proposition 13 If m =1 and b =1, then the bound given by Theorem 12 is equivalent to
(4)-

When m = 1 and b = 1, intuitively, this configuration indicates that there is no resampling
at all and only one stochastic sampled gradient can be used, which is exactly how vanilla
SGD works in practice. By some straightforward calculations, we can also obtain that

M; = 1/n and My = 0, then the theoretical upper bound for the noise variance of GGD-
WoR is 2yR Lz /1, the same as the result derived in (4).

Proposition 14 If m € N and b = 1, then the bound given by Theorem 12 is an upper
bound of (5).

We use N to represent the positive natural numbers. Likewise, for any m € N and
b = 1, the procedure of GGD-WoR algorithm is identical to the procedure of mini-batch
SGD with size m. As for the theoretical bounds, they are not identical since if we substitute
My =m/n, Ms = m(m —1)/n(n — 1) into (8), then we have

E [HxT . x*HQ} < (1 . /VY)T on _ m*HQ 4 2vR (nm(m — 1)E N m(n —m)

pm?

n—1 n—1 Lmaz) (9)
Apparently, the right side of (9) is an upper bound for the right side of (5). From Lemma
32 in Appendix, we know that if we further bound ||V f(z*)||? by 2L (f(z*) — fmin), then
we can derive the same bound as (9). Under this configuration, (8) gives the sub-optimal
upper bound for the expected optimality gap, this bound can be greatly improved by some
technical tricks as provided by proof of Theorem 4 in Appendix.

Proposition 15 If m =1 and b = n, then the bound given by Theorem 12 is equivalent to
(6).

Although the sampling probability given in Algorithm 1 and even the procedure of GGD-
WoR are different from that of SGD with importance sampling, the theoretical bound
given by (8) and (6) are identical since M; = My = 1. In that sense, GGD-WoR with
m = 1 and b = n is identical to SGD with importance sampling in expectation. These
three special cases prove that GGD-WoR can be regarded as a more general stochastic
optimization framework. The following statement gives the complexity result for GGD-
WoR under strongly-convex assumption.
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Corollary 16 If we choose stepsize

. 2 b2m?2 eumez
=min{ —, ———, ———
’y M? M ) 4RM )

then to achieve e-optimality, the total iteration number T should satisfy

1 M 4RM 2E |20 — z*|)?
T > max {2, 2m2n ep2bim? } In < .

€

Hence the total complexity to achieve e-optimality is

J 1 M 4RM 1, 2E||z0 — z*||?
md - max { = n .
27 02m2p’ ep2b2m?2 €

The unified complexity result also include vanilla SGD, mini-batch SGD and SGD with
importance sampling as special cases. For example, if m = 1, b = 1, then the complexity
result will be O ((d/¢)In(1/¢€)) which is identical to that of vanilla SGD in other literatures
(Gower et al., 2019). It is worth noting that although Corollary 16 give the right complexity
of SGD with importance sampling, it does not give the proper complexity for GGD-WoR
itself. In contrast with one-shot sampling probability given by Zhao and Zhang (2015), the
resampling probability Pg,, o ( fSom, (xF) — fsm“min), which is iterate-dependent, needs to
be calculated in every iteration. Hence when m = 1, b = n, the computational cost for
evaluating n loss function values in one iteration can not be ignored and thus for extremely
large b, the complexity results of GGD should be the bound for partial derivatives and loss
function evaluations. Under this definition, the complexity results of GGD with b = n and

m = 1 should be
1 L 4RL 2E||2° — x*||?
(n-f—d)-max{,, 2}111(“9333”)7
2 eu €

which is far larger than the bound obtained by Corollary 16. In analogy with GGD-WR, the
noise variance can be further reduced by a diminishing stepsize sequence. For simplicity, we
do not present the convergence and complexity results for GGD-WoR using a diminishing
stepsize sequence. Similar result can be obtained following the analysis provided in Theorem
6.

4.5 Convergence Result for GGD-WoR under Convex Assumption

In analogy with Theorem 12, we can obtain a unified theoretical bound for GGD-WoR
under convex assumption.

Theorem 17 Suppose that the objective function f is L-smooth, the individual loss function
fi is Li-smooth and convex, bounded below by fi min for all i € [n]. When Algorithm 1 is
run with v < b*m?/2M and option (b), denoting & = % Z;{:—S x¥, then it satisfies

Elz" — 2*||?  2yRM
< + .
- T b2m?2

E[f(#) = f(z%)]
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Theorem 17 shows that under convex assumption, GGD-WoR can converge at a sublinear
rate up to some noise level. Likewise from Theorem 17, we can also obtain the convergence
resuls for vanilla SGD, mini-batch SGD and SGD with importance sampling under convex
assumption. For simplicity, we do not illustrate these results in detail. The corresponding
complexity result for GGD-WoR method is given as follows.

Corollary 18 If we take the stepsize which satisfies

€
- in {1, 1,
7T oM mm{ 2R
to achieve e-optimality, then the total iteration number T should satisfy

AME||z® — z*||?

T> .
~ eb®>m?min{1,¢/2R}

Thus the total complexity is
AME|2° — z*||?
eb>’mmin{l,e/2R}’

Corollary 18 shows that for m < n, the complexity result for GGD-WoR will be O(d/e?)
which is same as that of vanilla SGD, mini-batch SGD with same mini batch size m and SGD
with importance sampling since these improved methods all shrink the noise variance of the
stochastic sampled gradient by some constant factors and only improve some non-dominant
terms in complexity.

4.6 Convergence Result for GGD-WoR under Non-convex Assumption

Finally, we can formally give the convergence result for GGD-WoR under non-convex as-
sumption.

Theorem 19 Suppose that objective function f is L-smooth, the individual loss function
fi is Li-smooth, bounded below by fimin for all i € [n]. When Algorithm 1 is run with
option (b) and fived stepsize v < eb>m?/2LM 5 where € > 0, then the iterates generated by
Algorithm 1 satisfy

do

min,  E[V/ () < 5+ 7

€
k=0,1,...,.T—1 2

where 0g = E [f(xo)] — fmin 1S a constant.

Theorem 19 shows that with a hand-picked stepsize, GGD-WoR can still converge at a
sublinear rate up to an arbitrary small noise level, which indicates that the minimum
expected gradient norm can be effectively controlled by increasing iteration number 7. The
complexity results for GGD-WoR can be directly derived from the above theoretical bound.

Corollary 20 With the stepsize

B eb?m?
T 9LMsy
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Algorithm 1 with option (b) can still achieve e-optimality as long as the iteration number T
satisfies

4LMS3
T= e2b2m?’

Hence to achieve e-optimality, the total complexity is

4L M2

d- .
€2b2m

For m < n, the complexity result of GGD-WoR will be O(d/e?), which indicates that it is
much slower for GGD-WoR method to reach the e-optimality without convexity and any
extra asuumption on smoothness. Combining all the theorems and corollaries provided in
Section 4, we find that although GGD-WR and GGD-WoR have idiosyncratic noise levels
with the fixed stepsize, their convergence rates and corresponding complexity results are
identical under same assumptions: O((d/e)In(1/€)) for strongly-convex objective function
and O(d/€*) for convex or non-convex objective function. These results suggest that the
performances of GGD-WR and GGD-WoR methods may be quite indistinguishable for
identical m and b when solving the real problems.

5 Variance Reduction Method and Adaptive Stepsize Method

In Section 4, we know that to achieve e-optimality, GGD-WR and GGD-WoR methods
rely on a small stepsize or diminishing stepsize sequence which results in a pretty slow
convergence in practice. If we insist on using the fixed stepsize, then a better technique
that reduces the variance with a fixed stepsize is required. Recalling that based on the
SGD framework, lots of advanced variance reduction methods like SVRG can significantly
improve the performance compared with the vanilla SGD method. In the first part of
this section, we give one example to show the compatibility of variance reduction method
and grafting gradient, and illustrate the convergence results of this composite method. If
the fixed stepsize is abnegated, another way to accelerate the training process is through
adaptive stepsize methods like Adam. We hybridize GGD-WR with Adam, propose GGD-
WR-Adam method and provide its convergence results with additional assumptions in the
other part of this section.

5.1 GGD-WR-SVRG Method

The key idea of SVRG adopts from a variance reduction technique which is commonly used
in sampling theory called control variates. In the SVRG method, control variates is used
to modify the stochastic sample gradient so that SVRG method shows a linear convergence
rate. Since the grafting gradient can play the same role as stochastic gradient, we can
bring out a modified grafting gradient to update the parameters as well. The proposed
GGD-WR-SVRG is shown in Algorithm 2. Option (a) was first proposed in Free-SVRG
(Sebbouh et al., 2019) and pg, k € {0, ...,q — 1} are defined as follows.

-1
Vo= (1= " and py =
0

L=}

(L= t*

v, , for k=0,...,q—1, (10)

£
I
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Algorithm 2: GGD-WR-SVRG method
Input: Batch size b, subsampled set size m, learning rate v and update period q.
Initialize: z¢ and set Zp = 2, 29 = z
for s=1,2,...,7T do
T = Ts—1
Compute 1 = V()
for k=0,...,g—1do
Sample S%, = {Syn,, ..., Sm, } With replacement from D,y,
IV £, (@)=Y f5pm, (@) ,
P ||szsmj (xl;)_vflsmj @ for i = 1,2,...b. Denote
P=(P,...P,)"
Resample {Sp,,, ;... S, } from S? based on the resampling distribution P
Compute the grafting gradient as

1 1 dfi
o (i iesn,, (@)

Compute Pg,, =

Im,b ((L‘) =

1 1 Ofs
5Pspmy, (E Ziesmrd drq (x))

Update:
x§+1 = xlg - <gm,b(x];) - gm,b(i') + ﬂ) = 1‘]; - 7.6];1&
end
Option (a): Set 75 = >7_} ppa® and set 20, = 2
Option (b): Set #, = 2% for randomly chosen k € {0, ...,q — 1} and set
‘T(s)+1 = 3
Option (c): Set T, = z¥ and set 332+1 =z

end

where 7 is the fixed learning rate and p is the strong convexity constant. Among these three
options, we prefer option (c) at the end of the inner loop since it is easier to implement
and more intuitive for practitioners applying to real problems. These three options are all
indispensable for the convergence analysis of the GGD-WR-SVRG method.

Similar to SVRG, the bi-loop (inner loop and outer loop) structure and the modified
grafting gradient gﬁhb are the key ingredients of variance reduction property. Without
the outer loop, the noise variance of the modified grafting gradient EHgﬁl’bHZ deems to
diverge. If Pg,, = 1/bfor Sy, € SP then the noise variance of modified grafting gradient
E|| g{j%bH? equals to the noise variance of mini-batch stochastic variance reduced gradient
E||Vfs,., (z%) — Vs, (Z)+ l|* proposed by Johnson and Zhang (2013). This result
suggests that since thelresampling distribution P provided in Algorithm 2 is optimal in
sense of minimizing E||gF ,||?, the noise variance of the modified grafting gradient is further
reduced compared with the original mini-batch stochastic variance reduced gradient. It is
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also worth noting that using resampling probability given in Algorithm 2 results in a heavier
computational burden as we have to calculate bmd partial derivatives in one iteration.

As always, the convergence result of GGD-WR-SVRG under strongly-convex assumption
is provided at the first place following the analysis provided by Sebbouh et al. (2019).

Theorem 21 Suppose that the objective function f and the individual loss function f; are
L-smooth and f; is p-strongly convex for all i € [n]. When Algorithm 2 is run with option
(a), the fized stepsize v < 1/16L and the update period q, then the iterates generated by the
outer loop satisfy

Ella? — 2|2 < p°(1 + 12L42V,)E[[a — 27|,

where

pzmaX{(l—w)q,;}-

Theorem 21 indicates that the iterates generated by GGD-WR-SVRG converge to the op-
timal point z* at a linear rate since p < 1/2. The bound we obtained here is comparable
to those in Johnson and Zhang (2013) and Sebbouh et al. (2019). Denote by x = L/u the
conditional number of objective function f. We next give the total complexity result of
GGD-WR-SVRG method.

Corollary 22 If we set the stepsize v = 1/16L and the update period ¢ = n. Then to
achieve e-optimality, the iteration number for the outer loop T should satisfy

q L .x|2
T2max{l&f’g}ln((ﬁuqu)muo | >
n 64e

thus the total complexity is

) * |2

2(1 + bm)d - max {8k, n}In <(64 + 3Vo)Ellzy = 27 > .
64e

From Theorem 21 and Corollary 22, we can see that GGD-WR-~-SVRG method can achieve
e-optimality with a pretty large fixed stepsize 1/16L compared with the stepsize used in
Corollary 5. But this improvement comes with a price which is that we have to evaluate
the full gradient V f(x) once at the begining of the outer loop. This evaluation influences
the complexity which is now related to the training set size n. In other words, when using
a large data set, GGD-WR-~-SVRG algorithm may take longer time to achieve e-optimality.
Supposing that m < ¢ and b < ¢, then the complexity will be O ((n + k)d1n(1/€)) which
is same as the complexity of the original SVRG method. The convergence results can also

be obtained in the general convex case.

Theorem 23 Suppose that the objective function f and the individual loss function f; are
L-smooth. When Algorithm 2 is run with option (b) and the fized stepsize v < 1/10L.
Denoting & = qiT ZST:1 Z;é x’s““, then it satisfies

PO
<
~ 2¢T~(1 —10L~)

E[f(2) = f(z")]
where P° = E||zg — x*||? + 12L72qE [f(Zo) — f(z*)].
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The GGD-WR-SVRG algorithm has a sublinear convergence rate in the general convex
case with the fixed stepsize. We can also find that if the outer loop did not exist, then
the convex GGD-WR-SVRG would converge at sublinear rate up to some noise level like
the convergence results of original GGD methods. This result suggests that the bi-loop
structure is responsible for the variance reduction property. From Theorem 23, we can give
the total complexity as follows.

Corollary 24 If we set the stepsize v = 0.05/L and the update period q = n, the iteration
number of the outer loop T to achieve e-optimality should satisfy

T> max{40LEII:co —2*||? 1.2E[f(Zo) — f(z%)] } |

9
ne €

then the complexity is

.+ ) {0220 = A2E110) 7
ne €

If the conditional number x is not ill-conditioned, b < n and m < n, then the complexity
result is O(nd1n 1/¢) for strongly convex functions and O(nd/e) for general convex functions
with relatively large stepsize v = 0.05/L. It is also worth noting that if we set the fixed
stepsize v = 1 /nl/ 2 and the update period ¢ = n, then from Theorem 23, we can derive
an improved bound for the complexity, that is, O(n'/2d/e) for m < n, b < n. Recall the
complexity results for the GGD method with small fixed stepsize which is dependent on e:
O((d/€)In1/e) for strongly convex functions and O(d/e?) for general convex functions. We
can see that if the training set size n is not extremely large, GGD-WR-SVRG may require
less iterations to achieve e-optimality with fixed stepsize. Finally we state the convergence
result for non-convex GGD-WR-SVRG.

Theorem 25 Suppose that the objective function f and the individual loss function f; are
L-smooth, the objective function f is also bounded below by fmin. Define a decreasing

sequence {nk}zzo,
M = 377 L° 4+ i1 (697 L% + 1+ 1), with ng = 0, (11)

where fized stepsize v and constant T > 0 satisfying

70
> .
1 —=2yL —4vyno

T

When Algorithm 2 is run with option (c) and fized stepsize, then the iterates generated by
Algorithm 2 satisfy

E [f(29) — fmin]
qT~(1 —2yL — 4yno — o /7))

: k\|12

pomin _ E[VF(z)I <
5=1,2,...,T

Theorem 25 indicates that as ¢7' increasing, the minimum expected square Ls-norm of

the full gradient can not stay bounded away from zero, which implies that the non-convex

GGD-WR-SVRG has a sublinear convergence rate. With proper choice of v and 7, we can

derive the complexity result for non-convex GGD-WR-SVRG.
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Corollary 26 If we set the stepsize v = 1 /(Ln?/3), constant 7 = L/n'/® and update period
q = [n/TY], where v is a constant satisfying

, 1 1/ 2 12e-1)\"
wgmm{12(e—l)’4(n2/3+ n ) }’

then to achieve e-optimality, the iteration number of outer loop T should satisfy

> 14LE [f(jO) - fmzn]
- enl/3

T

Thus the total complexity is

enl/3

d(n+ [n/TY]mb) - .
From Corollary 26, we can see that non-convex GGD-WR-SVRG can still achieve e-optimality
with a stepsize v = 1/(Ln*/?) which is related to the training set size n. The complexity
will be O(dn?/?/e) for m < n, b < n. Comparing Corollary 26 with Corollary 24, we
can find that when convex assumption does not hold, the complexity will degrade from
O(dn'/? /€) to O(dn?/? /€) which is still better than O(dn/e), the complexity result for con-
vex GGD-WR-SVRG with fixed stepsize that is independent of n. This result suggests
that a stepsize which is dependent on n may be more proper to use in GGD-WR-SVRG
algorithm for convex or non-convex cases.

5.2 GGD-WR-Adam Method

Although variance reduced GGD-based method can achieve a linear convergence rate under
strongly-convex assumption, it is potentially burdened by the expensive computational cost
and the inadequacy that the iterates generated by variance reduction methods are prone to
be stuck in the local minima. As mentioned before, adaptive stepsize methods can accelerate
the training process and empirically outperform the original SGD method. Luckily, GGD
is also compatible with adaptive stepsize methods. In the rest of this section, we propose
GGD-WR~Adam which builds upon Adam and replace the stochastic sample gradient with
grafting gradient using sampling with replacement. Before diving into the detail of GGD-
WR-Adam algorithm, we first give one additional assumption.

Assumption 27 The Lo,-norm of the grafting gradients is uniformly almost sure bounded,
i.e., there is a constant R > o so that

gms(2) |0 < R — /7, for allz € R? a.s..

This assumption is essential to the convergence analysis of GGD-WR-Adam. /o is used to
simplify the final bound as remarked in Défossez et al. (2020).

In Algorithm 3, g,% = gr ® gr indicates the element-wise square, and for a sequence of
vectors {vy}, we denote v}, (; the i-th component of k-th vector in this sequence. We also
assume that we have an access to the oracle GGD,, 3, i.e., the first few steps in GGD-WR
algorithm, which can provide ii.d grafting gradient samples given m, b, and z*. Good
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Algorithm 3: GGD-WR-Adam method
Input: Batch size b, subsampled set size m, learning rate 7, an orcale GGD,, ,
exponential decay rate for the first moment estimates (31, exponential
decay rate for the second moment estimates 8 and o.
Initialize: 2° =0, hy = 0 and vy = 0.
for k=1,2,...,T do
gk = GGDm7b(xk_1)
hg = Brhg—1 + gk
vk = Bovk—1 + g3

. 1-8 (l_ﬁk)l/Q
T =T (1—52)11/2 ‘ 1*?35

fori=1,2,...,d do
Update: x](“i) = x’(‘?,_l _ fyk(hk%(i)

7

end
end

default settings for the hyperparameters are b = 2, m = 2F for k € N, v = 0.001,
B = 0.9, B = 0.999 and o = 10~® which is used for numerical stability. Following the
analysis provided by (Défossez et al., 2020), we only present the theoretical bound and
complexity result for non-convex GGD-WR-~Adam method.

Theorem 28 Suppose that Assumption 27 holds, the objective function f and the individual
loss function f; are L-smooth, the objective function f is bounded below by fpin. When
Algorithm 5 is run with the fived stepsize v > 0, 0 < B2 < 1, 0 < B < B2, then for any
T € Nt such that T > B1/(1 — B1), the iterates generated by Algorithm 3 satisfy

WA 112 2RE (f($0) - fmzn) i R2 _
e s G G e EE ) )

where T =T — Bi/(1—B1),

g ~ydRL n y2dL?
(=B =B) (1= Bi/B2)  2(1 — B2)3/2(1 — B1)5/2(1 — B1/Ba)
N 6dR?

(1= B1)32(1 = B2)VV2(1 = B1/B2)%’

and w is a random index taking values from {0,1,...,T — 1} with probability
VEeN, k<T, Plw=k)o1—pl*

The bound derived in Theorem 28 is different from the bound given by Défossez et al.
(2020) since we do not leave the corrective term for the first moment estimates as the
original Adam algorithm. This theoretical bound seems too complicated to acknowledge
that GGD-WR-Adam can converge with careful choice of hyperparameters. So we first give
the complexity result and then bring out some discussions about these results. If we set
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v = 4/VT, B2 = 1 —1/T, and assuming that 8;/(1 — 81) < T and f1/B2 ~ By (These
two assumptions can easily hold when iteration number 7' is extremely large), then the
theoretical bound given in Theorem 28 can be approximated by

E[f (2°) = fmin]
WT

+ i < YdRL . ,-N}/?dLZ N 6dR2 > <1n <1 . W) . 1)
VT \(1=51)2 201 —p6)72 (1 pp)%2 5 .

E[IVf@)P| S 2R

Denoting

( AdRL 52412 6dR?2
k= <(1 — p1)? " 2(1— )72 " (1- 51)9/2> ’

then we can obtain

EIVf (@)?] < 2r! (:03/% Join] | \2 <ln (1 + TO_R2> + 1) . (12)

Corollary 29 To achieve e-optimality of non-conver GGD-WR-Adam method, for some
constant ¢ € (0,1/2), the iteration number T should satisfy

36R? [Ef(2°) = fmin]” 3K\ T R\ T
TZmaX{ [ 22 } 7% <¢€G> .<1—|—0> -1 .

Then the total complexity is

36R2 [Ef (2°) = fmin)” 3K\ T R\ T
md-max{ [ o ] ,% (qﬁee) .<1+0> -1 )

Now we put some remarks on the theoretical results derived in Theorem 28 and Corollary 29.
For m < n, non-convex GGD-WR-~Adam achieves e-optimality albeit with the complexity
of O(d'*2/(1=2¢) /¢2/(1-20) which is larger than the complexity of non-convex GGD since
non-convex GGD-WR-Adam has a slower convergence rate O(In(T)/v/T). Recalling that we
assume that there is a uniform almost sure bound for the L,,-norm of grafting gradients and
apply anisotropic stepsizes to each dimension of model parameters, parameter dimension d
is introduced into theoretical bounds and the complexity result is dependent of di+2/(1-2¢)
as dR? is a natural bound for the Lo-norm of grafting gradient. It is also noteworthy that
B1 does not play an important role in the theoretical bounds as it is regarded as a constant
that can be absorbed by the increasing iteration number T'. However, (31 serves the purpose
of deciding random index w crucially. For one hand, 81 > 0 implies that Algorithm 3 is
run with heavy-ball style momentum. The closer 51 approaches 1, the less momentum hy
changes in one iteration, that is, the last few grafting gradients barely influence the direction
of the momentum. So the first few iterations are more likely to be selected since they are
cumulated through time and are more important in deciding the direction of momentum for
B1 — 1. On the other hand, §; = 0 implies that w is uniformly picked from {0,1,...,7 —1}.
This is expected as well since 51 = 0 also implies that there is no momentum and every
iterate contributes evenly to the direction of update.

-
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Data set  Dim  ng, (train) Sparsity ne (test) L max L K
covtype 54 200,506  22.22% 290,506 1.2258 1.8921 3.56102 x 10
ijennl 22 49,990 59.09% 91,071 0.3763 0.9842 1.88112 x 10*
a9a 123 32,561 11.28% 9,865 3.4673 3.5000 1.12898 x 10°

revl 47,236 20,242 0.1549% 677,399  0.2441 0.2500 4.94107 x 103

Table 1: Summary of data sets

6 Experiment Results

Our empirical results are presented in this section. We evaluate the performance of graft-
ing gradient based algorithms on solving strongly-convex and non-convex problems, and
compare their performance with vanilla SGD, SGD with importance sampling, mini-batch
SGD, variance reduction method SVRG and adaptive stepsize method Adam.

6.1 Binary Classification Problems

We first run experiments on the Lo-regularized logistic regression problem given by

! expi @ A
fi@) = - biln ( _ )+<1—bz~>1n P )+ 2,
l4+exp™® ® 14+exp™@* 2

where (a;,b;) € RY x {0,1}, i = 1,...,nq are the data samples from covtype, #jcnnl, a9a
and rcvl. All data sets are available on http://www.csie.ntu.edu.tw/~cjlin/libsvm,
and are widely used in other literatures (Nguyen et al., 2017; Qian et al., 2019; Sebbouh
et al., 2019; Mishchenko et al., 2020; Huang et al., 2021; Malinovsky et al., 2021). Relevant
statistics of data and loss function are summarized in Table 1.

In Table 1, Dim denotes the features number of the training data, n, nte are the
number of data used for training and testing respectively, sparsity is the proportion of
non-zero values in training data features. L is the average of smoothness constants, max L
is the maximum of smoothness constants and x is the conditional number of objective
function f. They can be calculated explicitly since the loss function of Lo-regularized
logistic regression problem is p-strongly convex with g = A and L;-smooth which admits a
closed form expression L; = ||a;||?/4 + \.

For ennl, a9a and rcvl, we use the predefined training set and testing set. covtype
does not have a testing set. In that case, we randomly split the data set into the training
set and the testing set with 50% for training and 50% for testing.

The penalty parameter X is set to be 1/ny, for all the experiments on different data sets.
Since the stepsizes for stochastic optimization method are critical, we adopt the popular t-
inverse learning schedule v = 70(1 4 4| k/n:]) ™" (Johnson and Zhang, 2013; Reddi et al.,
2016), where k is the iteration number and ~y, 4 are chosen so that the corresponding
algorithms give the best performance. When a fixed stepsize is used, we set 74 = 0. For
the methods which use grafting gradients to update the parameters in one iteration, unless
specifying, the size of subsampled set m is set to be 16 for ijcnni, a9a and rcvl and 256
for covtype since its size is way bigger than other training sets. The batch size b used in the
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grafting gradient based methods is set to be 2 since b = 2 gives the best performance and
saves the most computational cost.

In the practical implementation, since most machine learning libraries calculate partial
derivatives through backpropagation and the chain rule, to construct the grafting gradient,
we actually obtain the entire b x m x d partial derivatives through backpropagation and
discard the unused partial derivatives. This implementation implies that in one iteration,
the actual computational complexity of GGD is approximately b times larger than that of
mini-batch SGD with the same mini-batch size m, and b x m times larger than that of
vanilla SGD. So for fair comparison, the total iteration number of vanilla SGD and SGD
with importance sampling is set to be b x m larger than that of GGD and the mini-batch
size of mini-batch SGD, SVRG and Adam is set to be b x m in all these experiments to
maintain the total computational complexity at the same level.
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Figure 2: Comparisons of the train loss between vanilla SGD and GGD methods on ijennl,
a9a, covtype and rcvl.
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Comparison between vanilla SGD and GGD. In all these experiments, we compare
the performances of different methods in terms of train loss, the square Lo-norm of the
full gradient and the test loss (results are listed in Appendix). The horizontal axis of
these figures denotes the number of effective passes. Usually, one effective pass over data
is considered as computing one full gradient or evaluating ny, times gradients (total ngy«q
partial derivatives). Suffix -as means that the diminishing stepsize sequences are used in the
algorithm. Take a deep look at Figure 2. Compared with the stochastic sampled gradient,
the improvements brought by the grafting gradient mainly lie in two aspects: One is that the
iterates generated by GGD can sometimes decrease faster than vanilla SGD and the other is
that the iterates can fluctuate in a small neighborhood of the optimum point. For the former
one, since GGD which uses a batch of subsampled sets to update the parameters, compared
with the best-tuned SGD, the best-tuned GGD can fit a larger fixed stepsize which possibly
results in a faster convergence as shown in Figures 2(a), 2(c) and 2(d). For the latter
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Figure 3: Comparisons of the square Lo-norm of full gradient ||V f(x*)|?> between vanilla

SGD and GGD methods on ijennl, a9a, covtype and rcvl.
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Figure 4: Comparisons of the train loss between GGD-as, mini-batch SGD-as and SGD-as
with importance sampling methods on ijennl, a9a, covtype and rcvl.

one, it coincides with the theoretical result derived in Theorem 4 that the noise variance
of grafting gradient is reduced by a constant factor. Figure 3 presents the comparison in
terms of ||V f(2*)||2. We can observe that although the comparison is less clear, GGD with
diminishing stepsize sequence still outperforms its competitors in Figures 3(a) and 3(b) as
it achieves a lower value of ||V f(z*)||?, which implies that the iterates generated by GGD
with diminishing stepsize sequence are more closer to the optimum point due to the strong
convexity of the objective function. From Figures 3(c) and 3(d), we can see after about
10 epoches of training, the iterates generated by GGD with diminishing stepsize sequence
fluctuate more smoothly compared with its competitors, which demonstrate the variance
reduction property possessed by GGD method. In a short word, these results suggest that
using GGD can be more beneficial than using vanilla SGD for solving La-regularized logistic
regression problems.
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Figure 5: Comparisons of the square Lo-norm of full gradient |V f(z*)||? between GGD-as,
mini-batch SGD-as and SGD-as with importance sampling methods on ijcnnl,
a9a, covtype and rcvl.

Comparison among GGD, MBSGD and SGD-IS. Figures 4 and 5 report the
performance of GGD, mini-batch SGD (mbsgd) and SGD with importance sampling (sgdis).
SGD-IS is run without minibatching, that is, using one gradient sampled from population
with probability P., o L,,. For the performances of mini-batch SGD with importance
sampling, they are presented in Appendix C. In view of the algorithms with fixed stepsize
being inferior to the algorithms with diminishing stepsize sequence, we do not report the
performance of GGD, MBSGD and SGD-IS with fixed stepsize.

It is clear that although SGD-IS may outperform MBSGD as shown in Figures 4(a),
4(b) and 5(b), and vice versa such like Figure 4(c), the performances of GGD algorithm
with diminishing stepsize sequence are pretty robust and close to the better one out of
MBSGD and SGD-IS. For example in Figure 4(a), GGD, MBSGD and SGD-IS show a
same decreasing rate for the first few epoches, but they begin to differ after three epoches.

30



GGD: GRAFTING GRADIENT DESCENT

IJCNN A9A
1.0 -1.5
e Methods e Methods
= =+ gadam 3 < gadam
a a
0 -20 @]
2 2
E 25 £72°
E S
[} [
wn -3.0 w
o o -3.0
—1 —1
-3.5
0 10 20 30 0 10 20 30
The number of effective passes The number of effective passes
(a) (b)
COVTYPE RCV1
-1 -0.70-
e Methods e Methods
=) =+ gadam =) =+ gadam
E + adam § -0.75- + adam
Q. a
(] @]
= & -0.80-
£ £
€5 =
()] o -0.85-
(72} [}
o @]
—1 —1
-0.90-
0 10 20 30 40 0 0 20 30 40 50
The number of effective passes The number of effective passes

(c) (d)

Figure 6: Comparisons of the train loss between GGD-WR-~-Adam and Adam methods on
ijennl, a9a, covtype and rcvl.

SGD-IS decreases faster than MBSGD and GGD, and eventually achieves a lower train loss.
Although GGD performs quite similarily to MBSGD in the first few epoches, it gradually
outperforms MBSGD and catches up with SGD-IS. Robustness can also be confirmed by
Figure 4(c) where MBSGD and GGD decrease in a much stable manner compared with
SGD-IS. These results confirm the doubly robust property which we have proven in Section
4 and empirically show that GGD can obtain robust and comparable results when training
the logistic regression models with Lo-regularization.

Comparison between Adam and GAdam. To compare the performance of Adam
and GGD-WR-Adam (gadam) methods, we use minibatching technique to update the pa-
rameters both for Adam and GAdam, set fixed learning rates and the hyperparameters 31,
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Figure 7: Comparisons of the square Lo-norm of full gradient |V f(z*)||? between GGD-
WR-Adam and Adam methods on ijennl, a9a, covtype and rcvl.

B2 and o are set by default for these two methods. From the results in Figure 6, we can see
that in most cases, the difference between the performances of Adam and GAdam is quite
nuanced especially for rcvl data set where descent curves overlap each other. GAdam and
Adam both show a similar decreasing rate and achieve a low level of train loss except for a9a
data set. In Figure 6(b), the iterates of GAdam algorithm decrease in a much stable manner
compared with Adam method. Recalling that SGD-IS empirically outperforms MBSGD on
a9a data set, we can infer that since using importance sampling technique may be more
beneficial than using mini-batching technique for training Lo-regularized logistic regression
model on a9a data set.
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Figure 8: Comparisons of the train loss between GGD-WR-SVRG and SVRG methods on
ijennl, a9a, covtype and rcvl.

From Figures 7(b), 7(c) and 7(d), we can see that in terms of |V f(x¥)||?, the iterates
generated by Adam fluctuate more greatly than the iterates generated by GAdam. These
results indicate that empirically the noise variance of GAdam may be smaller than the noise
variance of Adam.

Comparison between SVRG and GSVRG. In these experiments, GGD-WR-SVRG
(gsvrg) is competing against the mini-batch SVRG. The update period ¢ is set to be |0.26n |
for gjennl, |1.95n | for a9a, |0.62n] for covtype and |0.14n | for rcvl as suggested in Sebbouh
et al. (2019). We can see that GSVRG outshines the original mini-batch SVRG method
except for covtype data set where GSVRG only holds a slender lead and the improvement is
pretty much negligible. Results in Figure 8 show that GSVRG can achieve a lower train loss
compared with SVRG method for ijcnn data set. For a9a and rcvl data sets, although the
performances of GSVRG are a liitle worse than the performances of SVRG at the beginning,
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Figure 9: Comparisons of the square Ly-norm of full gradient ||V f(z¥)[|? between GGD-
WR-SVRG and SVRG methods on ijennl, a9a, covtype and rcvl.

the decreasing rate of GSVRG gradually catches up with SVRG and becomes a bit faster
than SVRG in the last few epoches.

In terms of |V f(x¥)||?, there is no significant difference between the performances of
GSVRG and SVRG except that the comparison in a9a data set is quite discernible. Results
in Figures 4(b), 5(b), 7(b) and 9(b) suggest that methods, which assign non-uniform sam-
pling probability to data sample, may outperform these with uniform sampling probability
for training Lo-regularized logistic regression model on a9a data set.

6.2 Multiclass Classification Problems

We then run experiments to solve the multiclass classification problems via training convo-
lution neural networks which is one representative non-convex problem encountered in ma-
chine learning. We use two common data sets, MNIST (LeCun et al., 2010) and CIFAR-10
(Krizhevsky et al., 2009) to train two convolution neural networks with different structures.
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For the former one, we train the classic LeNet-5 (LeCun et al., 1998) with minimal modifica-
tion, which consists of two convolution layers with batch normalization and relu activation
function, two fully-connected layer with relu activation function and one fully-connected
layer with softmax activation function to output the predicted values. For the latter one,
we use the cifar10-nv architecture proposed by Gitman and Ginsburg (2017) which achieves
close to the state-of-the-art performance in less training time. The complete network archi-
tectures are presented in Appendix C. Lao-regularization are used for preventing overfitting
in these experiments and the penalty parameter \ is set to be 107%. Features in data sets
are normalized to the interval [0, 1] for all the experiments and the images from MNIST are
resized into 32 x 32 to fit the LeNet-5 architecture. Since mini-batch SGD is much more
efficient than vanilla SGD in neural network training, we do not present the result of vanilla
SGD methods. For the convolution neural network training, the L-smoothness constant
of individual loss function is not available and hence the result of SGD with importance
sampling is not provided either. In previous experiments, we empirically show that the
methods with diminishing stepsize sequence converge much better than those methods with
fixed stepsize. Hence only the algorithms with diminishing stepsize sequence are compared
in solving multiclass classification problems.

We train all the networks with the subsampled set size m = 128 for GGD based methods.
For fair comparison, the mini-batch size is set to be 256 for mini-batch SGD, SVRG and
Adam as b = 2. We adopt the linear decay learning rate which is defined as

YT—1 — Y0 Tk

Y& =Y + T_1 )

where vp_1 is the final learning rate, 7 is the initial learning rate, T'— 1 is the total number
of effective passes and k is the current number of effective passes. The final learning rate is
10~° and the initial learning rate is 102 for MBSGD and GGD. The final learning rate is
1076 and the initial learning rate is 10~ for Adam and GAdam. As suggested in Section
5, the final learning rate is 1 /nfr/ % and the initial learning rate is 100/n3r/ % for SVRG and
GSVRG methods. The batch size b for grafting gradient based methods is set to be 2 and the
update period for variance reduction methods ¢ are set to be 3ny,/m. Since Katharopoulos
and Fleuret (2018); Johnson and Guestrin (2018); Miiller et al. (2019) all show that putting
non-uniform sampling probability on data samples can benefit the neural network training,
we hope that grafting gradient based methods can outperform stochastic gradient based
methods for training CNNs. Experiment results are presented in Figures 10 and 11.

From Figure 10, we can see that due to the importance resampling technique, train
loss obtained by GGD decreases in a less fluctuating way especially at the beginning of the
training process when the relatively large stepsizes are used. As the number of effective
passes grows, GGD eventually outperforms and hold a considerable lead over MBSGD. The
comparison between GAdam and Adam is more obvious as Adam does not procede GAdam
during the entire training process. As for the comparison between GSVRG and SVRG,
although result in Figure 10(e) indicates that the performances of GSVRG and SVRG are
quite indistinguishable before 80 epoches, GSVRG gradually emerges as a more competitive
stochastic optimization method for training LeNet-5 on MNIST data set near the end of
training process. In conclusion, GGD, GAdam and GSVRG all achieve a lower train loss
compared with MBSGD, Adam and SVRG respectively.
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Figure 10: Comparisons of the train loss (left) and the square Lo-norm of full gradient
|V £(x*)||? (right) between MBSGD and GGD, Adam and GAdam, SVRG and




GGD: GRAFTING GRADIENT DESCENT

CIFAR — CIFAR
0.00 GCJ 4
£ Methods =] Methods
=1 - ggdas o = ggdas
_g -0.25 = mbsgdas o = mbsgdas
& 2 '
8 .0.50 o
= £
€ o0
wn -0.75 c
@ o
| ©
-1.00 3'—2
0 50 1(_)0 150 2 0 50 1_00 150
The number of effective passes The number of effective passes
(a) (b)
CIFAR — CIFAR
c
0 Q
e Methods © 2 Methods
= = gadam o = gadam
E -1 = adam o =~ adam
° S0
g E
22 S
= €2
£ 2
-3
@ o
O —
~ S
-4 o -6
0 50 100 150 @ ¢ 50 100 150
The number of effective passes The number of effective passes
(c) (d)
CIFAR = CIFAR
0.0 ko)
e Methods © Methods
> = gsvrg o2 = gsvrg
£ ~sig D - sv1g
= =
g =
2 04 S
£ £
; 22
w -0.6 [}
O —_
~ S
T -4
0 50 100 150 @9 ¢ 50 100 150
The number of effective passes The number of effective passes

(e) (f)
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Methods Adam GAdam MBSGD GGD SVRG GSVRG scale
Values 5.1588 5.2779 5.3185  5.8986 0.13407 0.15203 x1073

Table 2: Minimum square Lo-norm of full gradient on MNIST

Methods Adam GAdam MBSGD GGD SVRG GSVRG scale
Values 1.6565 1.4659 634.79  2681.0 2.0849 3.7647 x10~*

Table 3: Minimum square Ls-norm of full gradient on CIFAR-10

For CIFAR-10 data set, it is intriguing if we take a deep look at Figures 11(a) and
11(c), we will find that the descent curves of objective function values have a same pattern,
that is, they all move down slowly, become flattened and slump at some epoches. Figures
11(b) and 11(d) also reflect this descent pattern to a certain extent as ||V f(z*)||> becomes
more fluctuated before and after the epoches where the slump happens. In our opinion,
the cause behind this descent pattern may be the complexity of network architecture. As
for the comparison between different methods, Figure 11(a) shows that after the first few
epoches, GGD with linear decay learning rate outperforms MBSGD completely. Even for
some train losses of the GGD method before the slump, they are slightly smaller than
the minimum train loss found by MBSGD. The comparisons between Adam and GAdam,
SVRG and GSVRG are more clear as the descent curves of Adam and SVRG lie above
the descent curves of GAdam and GSVRG almost entirely during the training process.
Another interesting fact is that although GSVRG and SVRG has a much lower ||V f(2*)||?
as expected, the lowest train loss is obtained by the adpative stepsize method, GAdam. This
result suggests that one critical problem with the variance reduction methods in minimizing
non-convex objective functions is that due to the lack of randomness, the iterates generated
by variance reduction methods are likely to be trapped in local minimum. It may also
explain why there is no slump in Figure 11(e).

It is worth noting that the comparisons in terms of |V f(x*)||? are both ambiguous on
these two data sets except for Figures 10(b) and 10(d) where grafting gradient based meth-
ods obtain a lower ||V f(z*)||? for the most time. Recalling that we derive the theoretical
bounds for min E||V f(2*)||? under non-convex assumption, these minimum values are also
reported in Tables 2 and 3 for comparison. From these results, we can see that although
the minimum values obtained by grafting gradient based methods are larger than that of
stochastic sampled gradient based methods (MBSGD, Adam, SVRG), the train losses ob-
tained by grafting gradient based methods are lower. In other words, stochastic sampled
gradient based methods may converge much closer to some stationary points and grafting
gradient based methods may converge less closer to some stationary points but with a lower
objective function value. Combining all these empirical results, we can conclude that using
grafting gradient to update the parameters is more robust and promising for empirical risk
minimization. Moreover, for training CNNs on MNIST and CIFAR-10 data sets, intro-
ducing importance resampling technique can further improve the performance of original
stochastic optimization methods.
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7 Conclusions and Discussions

We propose a novel stochastic optimization method which employs importance resampling
and constructs grafting gradient to update the model parameters. Based on the different
sampling techniques, GGD-WR and GGD-WoR are proposed. For the former one, we prove
that the grafting gradient using sampling with replacement possesses a doubly robust prop-
erty which ensures that the performance of GGD-WR will fall between the performances of
mini-batch SGD and SGD with importance sampling in sense of expectation. For the latter
one, we show that GGD-WoR can be regarded as a more generalized stochastic optimiza-
tion framework since it includes vanilla SGD, mini-batch SGD and SGD with importance
sampling as special cases. Under different assumptions, we provide the convergence anal-
ysis for GGD-WR and GGD-WoR methods. Compared with the vanilla SGD method,
GGD reduces the noise variance by a constant factor and has a better performance both
theoretically and empirically. Compared with mini-batch SGD and SGD with importance
sampling, results in Sections 4 and 6 show the unique robustness property possessed by
GGD methods. Based on the grafting gradient, we further combine it with high-level vari-
ance reduction technique and adaptive stepsize method to improve upon the original GGD
methods. The theoretical results of GGD-WR-SVRG and GGD-WR-Adam are presented
and the empirical results of GGD-WR-SVRG and GGD-WR~Adam show that they are do-
ing great jobs for solving strongly-convex or non-convex problems. It is worth noting that
the performances of coordinate descent and its variants are not compared in Section 6 as
they are less relevant to GGD in two counts. One is that grafting gradient updates the pa-
rameters in a like manner as SGD and its variants because they update all the parameters
in one iteration instead of updating one parameter while keeping all other fixed. On the
other hand, a CD is not guaranteed to converge when applied to minimize any given contin-
uously differentiable function. Powell (1973) gave an example of a non-convex continuously
differentiable function of three variables where a cyclic CD can not converge to a solution.
On the contrary, gradient based methods, including GGD, SGD even gradient descent are
guaranteed convergence to a stationary point when objective function is non-convex. Hence
we only compare GGD with the most relevant methods, that is, vanilla SGD, mini-batch
SGD and SGD with importance sampling in Section 6.

The grafting gradient based methods can be improved in several directions. First, for
GGD-WR-SVRG, the optimal resampling probability given in Algorithm 2 is more compu-
tational expensive than the resampling probability given in Algorithm 1. It will be more
satisfactory if an approximate resampling probability which is defined in terms of objective
function values instead of gradient function is adopted in Algorithm 2 with provable theo-
retical guarantees. Second, although GGD-WR-SVRG empirically outperforms the original
SVRG, the theoretical bound derived in Theorem 21 is worse than that of mini-batch SVRG
for any values of update period and stepsize. This contradiction indicates that the theoret-
ical bound of GGD-WR-SVRG may be further improved by some technical tricks. Third,
GGD-WR-~SVRG and SVRG both show that they are less likely to escape from the station-
ary point. It will be more favorable if some modifications can be made to the procedure
of GGD-WR-SVRG so that the additional randomness injected by importance resampling
can help the iterates escape from the stationary point.
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An promising extension of GGD may be the implementation of GGD in federated learn-
ing. In the centralized federated learning (Blanchard et al., 2017; Yin et al., 2018), a
trustworthy parameter central server is used to orchestrate all the participating clients and
update the parameters with gradients received from clients. Due to the limits in network
bandwidth and computing power, sending a complete gradient may be time-consuming.
Hence intuitively using grafting gradient update in central parameter server may be more
friendly to those clients with low-quality device. The convergence results of “federated”
GGD require further discussions as one fundamental challenge in federated optimization
method is the presence of non-IID data.
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Appendix A. Proofs of Theorems and Corollaries in Section 4

In this appendix we prove the following theorems and corollaries in Section 4. We first
prove one useful lemma which are important to the convergence analysis.

Lemma 30 (Nesterov, 2003) If the function f is L-smooth, then

F(@) < F0) + (V) z — o)+ 5 e — ol (13)

and
f(@) = f(y) +(Vfy),z —y) + %I!Vf(x) — Vil (14)

where (x,y) = x "y denotes the inner product of two vectors x and y.

A direct result of (13) is that if we let = y — ||V f(y)||/L and assume that f is bounded
below by fi.in, then

IV | LIV

Rearranging the terms, we have

IVFWI* < 2L (f(y) — fmin) - (15)

which is quite useful in our convergence analysis. The following Lemma 31 states the
relationship between smoothness constant and strong convexity constant, which is useful in
the proof of GGD-WR-SVRG.

Lemma 31 If the function f is both L-smooth and u-strongly convex, then we have L > u.
Proof From Definition 1, if * is the global minimizer of f, we have
* 12 * (12
F@) > ) + Kl o).

Due to the L-smoothness of f, from Theorem 2.1.5 in Nesterov (2003), we know that

fle) — fa) < Clle— 2|

Combining these two results, we have
K * * L *
e =a"|* < f(2) = fl@) < S e =27

We prove Lemma 31 as ||z — 2*||? is non-negative. [ |
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A.1 Proof of Theorem 4

Proof Unless specifying, we write E[- | #¥] as E[-] for convenience throughout the rest of
this paper. We first show that the grafting gradient gm7b(xk) is an unbiased estimator of
V f(z*) conditional on z*. Without loss of generality, we take a look at the first dimension
of the grafting gradient gy, (z*),

dfs,. [
bpslmrl asxll (xk> =EE

b
1 1 9fs,,

0fs,, = Of;
[ ()] < 1520 (),

which proves that the grafting gradient is an unbiased estimator of V f(x*) since }Egmb(azk ) =
Vf(x*). The fourth equality holds because {Sp,, ..., Sm, } are sampled independently from
D,,. For the most gradient-based stochastic optimization algorithms, it makes sense to
study the following recursion,

Ello ! — 2| = Blla* — 27| = 29(a* = 2, V(25)) +7°Ellgm (")
< (1= plla® = 27| = 29 (£*) = £&) +2°Ellgma)P. (16)

The first inequality relies on the strong convexity of objective function. The last term in
(16) can be rewritten as

b
Ellgms(e)]? = E ;ZP;JWfsm,.(xk)r?]
1 (¢ Ivss, )|
=K 9] (Z fs ) (Z meZ mel,mm>]

me ,min

~E (Z V5., <xk>uz>]

S

1 (L 195, )| .
e 2 SSumq (@) =[5, min (fs’”p () = meP’mm)
L pF#q q
B s b1 [ 195, @) .
= GBIV s, @)+ B | ot (fi (0) = Sy i)
< |V s, M) + LB [2Ls,, | [fs,, ()~ Fs min] (1)

The first inequality holds since (15) and subsets are sampled independently. Now we turn
to deal the last term in (17) respectively. Noting that E|[V fs,, (x*)||? is the noise variance
of mini-batch SGD, we first derive an upper bound for this noise variance.
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Lemma 32 For a subset Sp,, € Dy,. Given ¥, we have
2 2y n(m —1) PN
H* Z VR = =1 ZHVJ‘} =+ min _1)||Vf(aj = (18)
J65m1

Proof The left side of (18) is

|: Z Vf] 2] = TE |: i va] ||2 Z vap qu )]

JeSm1 €Sy 117q€Sm1 p#£q

fZHVfa |+

o Zpr IV fola")

p#q
- % IS ST @ )
| 7=1 p#q
_ 1 24 —m g 2
“n | O+ 5T Ol
-1
e Z IV )2 + ;ﬁjﬁj - 1; IV )2,
which proves Lemma 32. |
Now we can derive the upper bound of the noise variance of mini-batch SGD given z* and
L of _ n—m 1 2, n(m —1) kN2
H Z Vi@l Z IV f5(=™)|1% + mn=1) IV f (@)l
]GSml
S ot () )
2Ln( 1) .
D e = 6)
2Lmaz(n —m) .
T (r*) - f@@*) +R)
2Ln(m —1) .
el CCORCE)
_ 2(Lmaz(n —m) + Ln(m — 1)) .
- =) (f*) = 1)
2L ez R(n —m)
m(n—1)
B . 2L ez R(n —m)
= O (S = fla) + = T (19)
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The first inequality holds due to (15). E[2Lg,, | E[fs,, (zF) — fSpn, min] is equivalent to
E [2Ls,, | E [fs, (%) = fs,,min| = 2L (f(a*) = (7)) + 2ER. (20)
Substituting (19) and (20) into (17), we obtain

Blanaa)I? < (5 + 5020 ) (£a4) - )

1 n—-m b—1 -
- —2Lpac R+ ———-2LR ). 21
* (b m(n —1) * b ) (1)

Substituting (21) into (16), we have
Bl — o2 < (1 - p) ¥ — 2712 — 2 (F(0) - £(2) + 7 Ellguna)]?

<@t~ = (2= (5 + 55720) 2 ) (769 - 107)

1 n—m b—1 -
2
L e R+ L oLR
+ (b m(n —1) + b >
<yt -2t (P o r P ot

The last inequality holds because stepsize v < 2b/ (C' + 2L(b— 1)). Taking the total ex-
pectation and unrolling this recursion across T iterations, we can obtain

Ella” — 2| < (1 - p7) El2” — 2|
T-1
1 2LpezR(n—m) b-—1 _. ;
2 max
+ <b‘ mn — 1) + 2 '2LR> E (1 — pry)?
0

<.

< (1—py)"E[2® — 2*||

[e.e]

1 2LpezR(n—m) b—1 _- »
Sl [ p—L 2L 1—pry)?
(5 e ) e
1 2LpgeR(n—m) b—1 _.
— (1 — uNTENL° — #1242 . 2Zmaz 2LR) .

A.2 Proof of equations (4), (5) and (6)

Proof We first derive the upper bounds for per step noise variance of different methods.
Equation (15) is repeatedly used in the following proof. Denote a uniformly sampled index
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from [n] in k-th step by 4;. The upper bound for per step noise variance of SGD given z* is

E IV fi, (29)]?] = Zuwg P <= ZzL (£ = Fimin)

< 2Lmaz Z (fj($k) - fj,mm)

n
J=1

Y. ( Fz) - f(:):*)) 4 2L R. (22)

We have derived the upper bound for per step noise variance of mini-batch SGD in (19).
As for SGD with importance sampling, following the analysis provided by Zhao and Zhang
(2015), we know that the upper bound for this noise variance is equivalent to

1
Wumk(m’f)ﬂ -1 quwj )2
S ? jgl FJQL] (f](xk) - fj,min)

= 20°1) 130 (560 ~ )
=1 =1
—of, ( Fak) - f(x*)) +2LR. (23)

Equations (19), (22) and (23) share the common property since they can all be written in
form of

A(f*) = J()) + BR, (24)
with different values of A and B. Replacing the last term in (16) by (24), we can obtain
Blla* — 272 < (1 )k — 272 - (27— 492) (f(a5) — £(a)) +BR. (25)

With the proper choice of stepsize 7, the second term in (25) can be absorbed since it is
non-positive. Thus we can obtain

E[|2FT! — 2% < (1 — py)||z* — 2*||> + +*BR.

Unrolling these recursions, we can obtain equations (4), (5) and (6). [ |

A.3 Proof of Corollary 5

Proof Aslong as (1—puvy)TE||2?—2*||? < €/2 and 2yR/buD < €/2, the expected optimality
gap satisfies E||z7 — 2*||? < e. From the definition of stepsize vy, we know that 2yR/buD <
€¢/2. Thus we only need to ensure that (1 — uy)TE|j2° — 2*||? < €/2, which means

Tn(1 — py) + In(2E[|2° — 2*||?) < Ine.
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Rearranging the terms and noticing that In(1 — ) < —z holds for z € [0,1), as long as we
keep

€

oF, 0 _ .x(2

the expected optimality gap is less than €, which means that T satisfies

1 2 4 2E||z0 — x*||?
TZmax{ b i }ln( | xH)

2" u(C +2L(b— 1)) eu?bD €

A.4 Proof of Theorem 6

Proof Similar to the proof of Theorem 4, we can write a decomposition for ||z*+1 — z*||

with a diminishing stepsize sequence,

Ea*! — 2| < (1 — pye) * — 2”7

C b-1_- . 2R

- (- (5 +55722) ) (1h) - ) 4ot
. 2R
< (- et — o + o e

The last inequality holds because {v;} is decreasing and vy < 2b/ (C' + 2(b — 1)L). Taking
the total expectation, the rest part will be proven by induction. First, the definition of v
ensures that it holds for k = 0. Assuming E||z* — 2*||?> < v/(q + k) holds for some k > 0, it
follows that

27]%R

bD

2
pu v P 2R
<( )

Ry N PRy SRS
g+k—1 pu— 1 2p°R
B A e AR CE e

qg+k—1 v

e R L E

Ea**! —2*|? < (1 — py)Ell2* —a*|* +

where the third inequality follows due to the definition of v, and the last inequality follows
because (¢ +k —1)(g+k+1) < (¢ + k)2 [ |

A.5 Proof of Theorem 8
Proof Using the proof of Theorem 4, we know that

Ella** — 2*|? = Ell2* — 2*||* - 2y(a" — 2%, Vf(2")) + V’E| gm,o(z") %
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Since the objective function f is convex, we have
Ella** — 2] < fla* — o' — 2y (f(2*) — £(2) + VElgmp@P (26)
Again using the proof of Theorem 4, the last term of (26) can be bound by
cC b—1_- 2R
Blanaa)I? < (§ +2502E) (765 - 1) + . (27)

Substituting (27) into (26), we have

Rearranging the terms, summing over 7' iterations and taking the total expectation, we
obtain

C+(b—1)2L)y 27T
7(2—( L )ZE[ ~ 7@ S Bl — 2| - Bl a2 4+ 22T

2v2TR
§E||$0—1:*||2—|— Y )

From the definition of stepsize ~y, we know that

T-1 . 7 T-1
k=0

thus we have

T—1
3 SB[t - 1) < mt -t R

Dividing v7'/2 on the both side, due to the convexity of the objective function f, we have

R . 2E[|20 — 2*||?  4yR
Bl - fet) < 2R D

A.6 Proof of Corollary 9

Proof From the definition of the stepsize 7, we can verify that 4yR/bD < €/2. To achieve
e-optimality, we need to make sure that the first term in (7) is not greater than €/2. That
i 2Bl - | _
T~ - 2'
Rearranging the terms, we know that 7" should satisfy
4E||z° — z*||?
~ emin{3b/2(C + (b — 1)2L),ebD/8R}
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A.7 Proof of Theorem 10

Proof From the L-smoothness of the objective function f, we have

f(karl) < f(a:k) + <Vf($k),$k+l . xk> + ngkJrl . kaZ

Take the conditional expectation on z¥,

Bf @]~ (@) < I VFEIP + 57 LRl gma)I (28)

From (17), we can bound E||g,, »(z*)||? by,

Ellgm o) < JENV Fs, 292+ 2 22L (F(04) — i) (29)

Substituting (29) into (28), we obtain

B ) - 1) < VA + L (FEIV s, @I + S0 (168 = fon)

(3 =S 1) Vs

V2L n—m 1 B
D (mn ZHVﬁ )P+ (b—1)2L(f($k)—fmm>>

<1 (% m : 1) V5 + T E (565~ foin) -

The last inequality holds due to (15). Substracting f,,;, on the both side, we obtain

B~ foin < (2 S0 1) 0 + (14 2E) (79 - o)

Since v < (20— 1)/L and m(n — 1)/n(m — 1) < 1, we have

v2L
k+1 2 L kY _ ¢
B ]  foin < =5 IV + (14 55) (769 = fin).
Let 0, = E [f(xk)] — fmin. Taking total expectation and rearranging the terms, we have
2L -1 2L -1
14— E 2<o,— (1 Opa1-
5 (1+35) BIVAOIE <o (1475) b (30)

Consider the sequence {ay}r—o, where ay, = (1 +~v?L/bD) *ag and ag > 0 is a constant.
Multiplying «y on the both side of (30), we obtain

2L -1
u (1 n ’ZD) BV F ()2 < by — b,

48



GGD: GRAFTING GRADIENT DESCENT

Summing over T iterations and rearranging the terms, we obtain

2L —-17-1
;2) (1 + bl)) kzo Oék]EHVf(ZEk)HQ < apdg — ardr < agdy.

since the series Zg;ol oy is finite, we have

2 —1
Y L 2 04050
14+ — E .
5 (1435) iy ISP < SET

Rearranging the terms, we can conclude

2L -1
2b 2r 1= (1+3)
min  E||Vf(z?)|?> < = (1 + 7) apdy | —
k=0,...,T—1 0% «

2L
v 2L
1 <1 + ’},—D)
2vL 1 5
<D ST | %
1 (1 + W)
2r
2vL 1+ (%T) T 5
< (#)T 0
2yL bD
= 1
D < i ’YQLT> %

The last inequality holds because (1 + )" > 1+nf forn € N;n > 1 and > —1.

A.8 Proof of Corollary 11
Proof To achieve e-optimality, T" should satisfy

2vL bD
7D (1+ 2LT) oo <

which is equivalent to

bD ty < eD
~LT T =008y
Since v < eD/4Ldy. As long as inequality

bD eD eD
+ <
~LT ~ 4Léy — 2Ly

i<
7LT+7_
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holds, we can achieve e-optimality. Rearranging the terms, we can conclude

T> 450b 480b A L ,4L<50 .
€y € 2b—1" €D

A.9 Proof of Theorem 12

Proof Let D! = {S|S C Dy,i € S}. Following the proof of Theorem 4, we first prove
that the grafting gradient using sampling without replacement is an unbiased estimator
with respect to the full gradient.

L Osm, (:ck) gl

bpsmrl 8x1 i
(1S 1 Ofs,. 1= Ofs,,.
12 e rl GO R R PP - (k)]
1 < Of;
:E % . 8:51 xk) SGZDi H{Sesb}
1 < Of; 8fz
- bm ox1 (xk> .C" Z 8x1

which proves that the grafting gradient using sampling without replacement is an unbiased
estimator with respect to the full gradient. Recall the recursion we wrote the proof of
Theorem 4.

Bl — a2 < (1= )l = 2| = 27 (F(&5) = 7)) ++EllgmpH)P. (31)

Since f; is L;-smooth, the theoretical bound for E||g, x(z*)|? can be derived as follows.

E|lgm,p(a")II* = B ZTHVJ‘SW( ’“)HQ]

my

<E bg Z P Sim; (me ( >_ mei,min>]

b
- E b2 (Z QLSmZ> <Z fSm; — mei,min>]

i=1
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1 |2 [&
=1 SeDi,
1 n
gy ( (fi@k) - fmm) ( Z Lisess, )) ]
i=1 SeD,

2
1 n
= 5 E {; 2L, (fi(q:k) - fi,mm) ( > H{Ses;zn}) ]

SeDi,

P#q UeD?,

+ #E |:Z 2Lp (fq(xk) _fqmin) ( Z H{Uesfn}) ( Z H{VES%})] :

VeDy,

2
Now we first deal with the term E {ZSED% ]I{Sesfn}] .

2
’ [( Z H{Sesyn}) ] =K Z Iisesyy + Z Lvessy Livessy

SeDi, SeDi, UveD:,
U#V
b e b(b— 1)
m—1 m—1 m—1

= - 1)
Cn—l Cﬁl + Cn—l (Cn—l )CT(CW — 1)
mb (C;nfll —-1)(b—-1) W

= — 1 — .
n ( + Cm—1 !

Denote D! = {S | S C D,, and p,q € S}. Likewise, the term
E (ZUeD?n H{Uesfn}) (ZVED% H{Vesrbn}> is equivalent to

El > Lwessy | *E| D Twesny Lvess)
U,VeDh? UeDh, ,VeD},
V,U¢DRA4
_ b ) _ b(b—1)
m—2 m—1 m—2
=0 gm t ((CH) B CH) CCm(Cm 1)
~m(m—1)b  mb(b—1CI m(m —1)b(b— 1)

n(n —1) n(Cm —1) n(n—1)(Cm —1)

b(b — 1)C™ ! — —

(Cm—1) n(n —1) Cm—1
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Combining (32), (33) and (34), we have

E|[gm(z")]* < berﬂ M - ZLi (fi(xk) - fzmzn) + My - ZLp (fq(ﬂﬁk) - fq,min)
i i=1 p#q

= % M, - (Z Li> (Z fi(z®) — fzmzn)]
i =1 i—1

+ 6272712 [(Ml — Ma) - ZLi (fz(l‘k) - flmzn)]
i=1

2
= s My 2L (£(@") = fouin)
+ (;%(Ml — M) %ZLl (fi(fk) - fzmzn)
i=1
2
< b2nm2 - My - 2L (f(ka) - fmm)
+ #(]\ﬁ — Ms) - 2L (f(xk) — fmm> ) (35)

Substituting (35) into (31), we can obtain

Ello1 — 2|2 < (1 - )2 — 27| = 2y (£(o*) = f(a))

n2

9?5y - M- 2L ((2%) = fruin
+7° b;:nQ (My — M) - 2L (f(xk) - fmin)
< (1= py)la® — *|?
712_ n~
-2y <1 - (b%f? My + b2ﬂL12 (M — M2)> ’Y) <f(3?k) - f(x*))

2v°R
b2m2

+ (w2 My L4 n(My — M) - E) (36)

From the definition of stepsize v, we know that the second term in the last inequality of
(36) can be absorbed. Thus we can derive

# " 27°R _ -
Bllo ! — 2| < (1= py)llae® — 2| + 25— (n? - My L+ (M1 = Mo) - L)

Taking total expectation and unrolling this recursion across T iterations, we can obtain

2vyRM
E T %2 < (11— TE 0 %2 )
o7 — 2| < (1= )Tl 2|+ D
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A.10 Proof of Corollary 16

Proof Following the proof of Corollary 5, we know that as long as (1 — uy)TE[jz° — 2*||? <
€/2. GGD-WoR can achieve e-optimality under strongly-convex assumption, which means

Tln(l — py)+1n (2E||x0 —z*|) < Ine.

Rearranging the terms and noticing that In(1 — ) < —z holds for z € [0,1), as long as we

keep

€

oF, 0 _ .x(|2
Tme(”x“”),

the expected optimality gap is less than €, which means that T should satisfy

T 1 M ARM | 2E||20 — 2*||?
max § — n .
- 27 02m2p ep2b?m?

€

A.11 Proof of Theorem 17
Proof Using the proof of Theorem 8, we have

Bl =t < k= oI = 29 (1) = £0)) + 2 Elgma o) P

From (35), we know that E||g,,, 5(2*)||? can be bounded by

Ellgmalah)I? < oy (£G4~ 5(a%)) +

Combining (37) and (38), we can derive

2RM
b2m?2’

It — o < o o2 - 20 (1= 220 (1) - stan) + 2L

b2m? b2m?

Rearranging the terms and noting v < b>m?/2M, we can obtain

2v2RM
b2m?2

7 (@) = @) < o —a*|2 ~ Ellab ! — | +
Taking total expectation and summing over T iterations, we have

T-1
. . 2v:RMT
VY E[f60) - )] Bl - ot + T
k=0

Dividing 1" on both side, due to the convexity of the objective function f, we have

Elz" — 2*||?  2yRM
< +

E[f(2) ~ (") < = T+ Yo
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A.12 Proof of Corollary 18

Proof From the definition of stepsize v, we know that as long as E||2° — 2*(|2/Ty < €/2,

that is 0 i
T 2E||z° — x| ’
ey
holds, GGD-WoR can achieve e-optimality. since v = b*m?/2M - min{l, e/2R}, we can
obtain

AME||z® — z*||?
T> - .
~ eb®>m?min{1,e¢/2R}
|
A.13 Proof of Theorem 19
Proof Using the proof of Theorem 10, we can obtain
k+1 k w2, 1L kypp2
E [f)] - £*) < V5@ + L Elgmal)] (39)

Substituting (38) into (39), we have

I (H) ~ ).

Consider the sequence {ay}, where ap = (1 +~v?LM/b*>m?)ag and ap > 0 is a constant.
Recall the technical tricks used in proof of Theorem 10, we can proceed the proof with

E[£(@**)] - fab) < I VF@h)? +

LM !
gl (l * ’Yb%ﬁ) B[V f(2")|* < apdy — api18841-

Summing over T iterations and rearranging the terms, we have

2rm\ ! b
7<1+7 > 000

in E|VFfa") |2 < —2 .
i [V f(z")]] Sy,

Rearranging the terms, we can conclude

b2m?

. 1 ’)/2LM 060(5(]
min  E||Vf(z" 2§<1—{— >
i EIVAIP < 2 (14 ) st
~LM 1 5
= 2m2 2o\ T 0
1- (1 + W)
yLM b>m?
< 1+ ——— ]9
= 22 < T )
€%
—2 AT
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Appendix B. Proofs of Theorems and Corollaries in Section 5

In this section, we prove the theorems and corollaries in Section 5.

B.1 Proof of Theorem 21
Proof Recall that the decomposition used in the proof of Theorem 4,

k

5t = 21 = flaf —vapp — 2717 = laf = 2"|® = 29(at — 2%, G + V1Tl

Taking the conditional expectation on 37’5,? and all past, we can obtain
Bllzi*! — 2*|® = |laf — 2*|* — 29{a — 2%, V £(2h)) + VEllgn, > (40)
Now we deal with the third term in (40),

= Ellgmp(23) = ginp(Z) + VF(@)|* < 2El|gm,p(2F) — gmp (@) >+ 2V (@)% (41)

We first deal with E||gm »(2¥) — gm.s(Z)||?, similar to the proof of Theorem 4,

d ofs,. ofs,.  \’
#lpesteh) -mstof =2 (e - )
=1 mr,

d 2
1 O, 1 OfSim,, X

b fs,. s\
=2 E ;Zl< aZJ(””/;)_ 82] (f)>
i—1 7 7

1 1 7
~B |53 Vs e - V., (B
= J

Recalling the resampling probability defined in Algorithm 2, we have
2

b
Ellgms(@*) = gmp@)IF =E | 5 | DIV s, (22) = Vs, (@)l

Jj=1

b
= ZE | Y1V s, (@8) - Vs, (@)

b2
7j=1

b
b B | S IV s, (08) — Vs @195, (a) — Vs, @]
uF#t
= ZEIVfs,, (@5) = Vs, (@)
b—-1

+ 2 (B s, ()~ Vs, @) (12)
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We first deal with the second term in the last equality of (42).

(BIV S5, (@)~ V fs,, @) <E {; > IVAieh) - V@)

i€Sm,

n 2
< (:L SOV filek) - sz-<x>u>
i=1
< =S IAGE) - V@) (43)
i=1

where the last inequality holds due to Holder inequality. The last inequality can be further
bounded by

SV - VA@I = ZHVJ% = Viile®) + Vfia") = V@)
i=1

SEZHVJ%(Q? — V@) + = ZHVﬁ - fu@)|?
=1

n

<=3 (Hileh) = file) = (Vi) 0k = )

=1

4LZ<f1< )= Fi@®) = (Vfila™), 7 — 7))
4L (f 2h) = [@")) + AL (F(@) - f(a)). (44)

The last inequality holds because of (14). Now we back to the first term in the last equality
of (42). From (19), if we replace V f;(x*) with Vf;(2%) — V f;(Z), then we have

BV S (o) = Vs @IF =E || S (Vi) - V@) I?

1€Smy
_ mHVf(xf) — V@)
LY IVA V@ )

m(n
Substituting (43) and (45) into (42), we have

Elgns(at) - amal@)l? < pt LIV (ah) - V@

n—m b— n
i (zm(n_ 5t 1) i; IV fi(ah) = V(@)%
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From L-smoothness and (44), we can obtain

Ellgon(24) — 0@ < AL (F(ab) = F1)) +AL(FE) ~ f@) . (46)
Substituting (46) into (41), we have

EN3% 11 < 2Ellgms(@}) = gms(@I + 2V 5 @)
< 8L (f(ah) = f(a)) +12L (f(2) - f (")) . (47)

Substituting (47) into (40), we can obtain

Ellaf*! - o*|? < 2k — % = 29(ak — 2%, Vi (@h)) + 8147 (f(aF) - £(a"))
+12Ly° (f(7) = f(27))
< (1=l — 22 = 29(1 = 491 (f(ah) = £ (o))
+12192 (£(z) = f("). (48)

The second inequality holds due to p-strong convexity. Using Lemma 31, we know that
(1 —~yp) > 0 since v < 1/16L and L > u. Taking the total expectation and iterating over
k=0,1,...,q — 1, we have

Ellzd —2*|* < (1 — yp) El|zy — «*|?
q—1
= 29(1 = 4L9) Y (1 — ) R [£(ah) - f(o)
k=0
-1
+ R2LYE[f(z) — fa™)] ) (1 -y
0

(=}

i

Considering the option (a) in the outer loop and the definitions of V; and py in (10), we
have

q—1
Ellaf — o' < (1= yu) Ellef_y — '[P = 29(1 — 4LV, ) i [f(wif) — @)
k=0
+12L7°VE [f(2) — ()] (49)

Define Lyapunov function ® as follows.
Dy = |7 — 2*||? + Uy, where Uy = 2417V, E [f(zs) — f(2*)].

Noticing that 1 — yu > 0 implies that pg > 0 for £ =0,...,¢ — 1 and Zz;é pr = 1, we have
q—1 q—1
f@s) = f@*) = f (Zpkxé“) —f@) <> m (f(w’éf) - f(x*)) :
k=0 0
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The last inequality holds using Jensen’s inequality and the fact that f is convex. Hence,
the expectation of ¥y can be bounded by

q—1
E[W,] < 24172V, > ik | f(ak) = f(")]. (50)
k=0
Taking the total expectation of Lyapunov function, we have

E[®,] = El|lz} — 2*||* + E[¥,]. (51)

Substituting (49) into (51), we have

E[®] < (1 —yp) El|l2f_y — 2"|* = 2(1 = 4L7)V,, qipkﬂi [f(w’s“) - f(w*)}
+ 120 VE[f(@) = f(27)] + E[¥). -
Noticing that & = Z,_; and combining (50), we have
E[®] < (1 —yu) El|l2{_y — 2"|* = 2(1 = 4L7)V, :Z_::pkﬂ:?l [F(ah) = 1]
+ 120y VR [f (Zs-1) — f(a")] + 24177V, :Z_::pkﬂi [f(x’i) - f(x*)}

1
= (L= ) Ell2f_, — &"|* + SE[¥s ]
q—1

= 29(1 = 16L)V, > pi [ £(ah) — f(a")]
k=0

1
< (=) Ell2f_y = 2"|* + SE[¥s 1] < pE[Ds 1]

where the second inequality holds due to v < 1/16L and p = max{(1 — yu)9,1/2}. Recur-
sively applying this inequality for s times outer loops, we have

E[d,] < p°E[®q].

Since ¥4 > 0, we can obtain
Elzl — z*|* < p°E[®q).

Due to the L-smoothness of f, we have

Ella? — " < p*(1 + 12292V, )E]la — ="
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B.2 Proof of Corollary 22

Proof To obtain an e-optimal solution, we should ensure
Pl (1 +12L292V)E|jzd — 2*|? < e.
Since ¢ = n and v = 1/16L, we can obtain

64 + 3V,
(3

) Elaf - < e

Rearranging the terms and taking logarithm on the both side, we have

64 + 3V, E||lzg — z*|?
Tlnpg ln( + Q) on z H 7
64e
which is equivalent to
q o x]|2
rs L 4 3V)E— o
In(1/p) 64e

Recalling that p = max{(1 — yu)?,1/2}, then we have

IR R S (52)
In(1/p) n In(l—i) 2"

Since Inz <z — 1 for all x > 0, (52) can be upper bounded by

16k ol > 1 1 1 1
max<{ —,2 ¢ > max{ ——+ —————, —— p = :
n n In(l-:) In2 In(1/p)

Then as long as the iteration number for the outer loop T satisfies

q _ . .x|2
T > max { 167 o1y, (644 3Va)Ellzg = 77
n 64¢

GGD-WR-SVRG can achieve the e-optimality. Noticing that within one outer loop, the
number of partial derivative evaluations is n(1 4+ mb)d. Then the total complexity is

2(1 4+ bm)d - max {8k, n}In <(64 + 3Vo Bl - m*HQ) .

64e
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B.3 Proof of Theorem 23
Proof From the first inequality of (48) and the convexity of f, we know that

Ellab* — ot < ok — 2| — 2y (1~ 4Ly) (F(ah) — 7(a")) + 12L7 (F(&) — f(a")
< flak — 2 = 29(1 = 10Ly) (o) — () + 12092 (@) ~ ("))
— 12192 (f(ak) - f(a")).
Rearranging the terms, taking the total expectation, we obtain
29(1 = 10LY)E | f(2F) = f(2*)| < Bljak - o*||2 + 12LE [f(z) — [(=")]
~Ellef*! - 2| — 1209°E [ () - f(z7)] . (53)
Consider the option (b) in the outer loop and define Lyapunov function P* as follows,
P* 2 E (|3, — 2|]°] +12Ly*qE[f(z,) — f(2™)] = 0.
Sum (53) recursively over k = 0,1,...g — 1. We obtain

q—1

29(1 = 10L7) Y B [ f(ah) = f(a")| < PP = P,

k=0
Summing over T" outer loop, we have

T q—1
v(1-10Ly) Y Y E [f(:c';) - f(x*)} <P’ pT < po,
s=1 k=0

Dividing ¢T" on the both side, we obtain

1 - pY
E|— By fa)) ] < :
T szlkzo <f($5) Ut ))] = 2¢T~(1 — 10L7)
Denoting & = qT Z o1 Db 0 z¥, due to the convexity of the function f, we can conclude
A . i _ Ellzo — ¥ + 12L9°qE [f (7o) — f(a*)]
Ef(2) = f(a")] < - - - (54)
2¢T~(1 —10Ly) 2qTv(1 —10L~)
[ |

B.4 Proof of Corollary 24
Proof Substitute v = 0.05/L into (54), we obtain

20LE |0 — 27|* + 0.6¢E [f (o) — f(")]

E[f(2) - /()] < -
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If 20LE||Zo — 2*||?/qT < €/2 and 0.6 [f(z0) — f(z*)] /T < €/2, we can ensure that the
expected optimality gap E [f(£) — f(z*)] is not greater than any given positive real number.
To achieve e-optimality, iteration number of outer loop T" should satisfy

40LE|zo — z*||* 1.2E[f(z0) — f(x*)}}

T>max{ ,
ne €

Since ¢ = n, the total complexity is

nd(1 4 bm) - max { 40LE||zo — x*HQ’ 1.2E [f(Zo) — f(z*)] } .

ne €

B.5 Proof of Theorem 25

Proof Define Lyapunov function
RS = E |f(28) + mellat — 2]
where 7y, is defined in (11). From L-smoothness, we can obtain

L
Fag™h) < f@9) + (V) 2™ = af) + S llag ™ — ).

Taking expectation condition on a:§ and all past, we have

2
E (1) < [£@h)] —AIrEh)I? + LRl (55)

Recalling the proof of Theorem 21, we can bound IEJ||§§M||2 using (40) where the term

E||gm7b(a:’§) — gm7b(j)||2 can be bounded by

Ellgm.p(2%) = gmp(@)[* < mHVf(x’;) V@)
" <br:(;inl) * b; 1) ;;llvﬁm’;) — V(@)
< 2= ok — o
- (bn?(;i) * b; 1) igﬂ\lx’;’ — ||
= L2k — 2. 56)

The term ||V £(Z)||* can be bounded by

IVF@)1? <20V f (@) = F@)IF + 2V F@D)I* < 2L7(|l25 — 2] + 2V ()% (57)
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Combining (56) and (57), we can bound EHgfn’bHQ by

E|gpoll* < 6L7||lzg — z[* + 4]V £ (28)[1*. (58)

k+1
s

Now let us set this result aside, E||z%¥*! — Z||? can be bounded by

Elaf™ — 2l = El|l2§*" - 2§ + 2§ — 2|

= V?El|gmpl® + |25 — Z(* + 29(V S (a}), 2% - 7)
~ _ v _
< VEllgm plI* + et — z* + ;IIVf(fE]s“)II + 7yl - %, (59)

where the last inequality holds because

1
Vr>0,z,y€eR, zy < —a? + z@/2. (60)
2T 2
From (55) and (59), taking total expectation, we can bound R¥*! by
R =B [ f(@5)] + e Ell2h ! - 22

<E[f(ah)] —EIVAH)IE + LBk 1°
+ et (VENGE 12+ Ellat — 317 + TEIV£()|? + 4Ellef - 3117)
Combining (58), we can obtain
RSB | f(ah)] —EIVS @I + 3y2L7Ellof - 3l + 292 LE|[V f(a})|
+ 11172 (6LEl|at — 3| + 4B||V £(a4)2)
+ (Ut e Ellel - 2 + FEE|V f b
=E[f(@h)] - (v = 29°L = 1?nss - ZED) BV (b))
+ (37°L? + 69 L?nir1 + (1 + 77)mks1) Efl2f — 2|
= B~ (v = 29°L = 49 - DY B9 £ () 2
Rearranging the terms, we have
(v =22°L = 49%mess — B B[V £ ()| < RE - REF
Since {nx} is decreasing, we can obtain
(v =222 — ay%n0 = 22 ) B[V (ah) |2 < RE - RE.

q

Summing this recursion over ¢ inner loops, noting that z,_1 = z;_;, = 2 and ng = 0, we

have

q—1
(v=22L = a9%n0 = 2) OB VF@hIP < B — RE = E[f(301) — £(3.)]
k=0
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Summing this recursion over T outer loops, we have

(7= 29%L = 49%n0 - W)ZZEHW 2 <E [f(#0) — f(23)] < E[f(Z0) ~ fuin] -

s=1 k=0

Dividing ¢T" on the both side, rearranging the terms, we can obtain

T q—1 0
min E \Y 2 < BV 2 - _
P! T AU qT ;kzo Vil < qTy(1 = 2yL — 4ymo — 1o/ )

B.6 Proof of Corollary 26
Proof To achieve the e-optimality, we need to ensure
E[fGD) ~ fmn] .
qTy(1 = 2yL —4yno —mo/7) ~
Rearranging the terms, we have
E[f(@)) = fmin] 1 1
€ ay 1—2yL —dyno —mo/T

T >

) can be upper bounded by
1 7L

il iy

qy ~ nl/3

The second term on the right side of (61

7o can be upper bounded by

(1+7y+672L%)7—1  3¢°L (L+/n+ 6¢2/n4/3) m/Ty]

Ty H62LE i W/ + 692 [t/
(14 ¢/n + 692 /nt/3) ™1 4
Ynl/3 4 612
(1 + 7/ ™1 1
dml/?’

no = 3y°L?

= 3¢3L

< 3L

3¢pL(e—1)
i3
where the first inequality holds because @/)/n+6¢2/n4/3 < Ty /nfor < 1and Ynt/3 4692 >

Yn'/3, the last inequality holds because (1 + 1/x)% < e. Combining the definition of v, we
know that

2 12 —1
1—2VL—47770—770/721—R$3— M; )—3¢(6—1)
3 1
21—31&(6—1)25- (63)
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Combining (62) and (63), we can upper bound the right side of (61) by

E [f(@9) = fmin) 14L _ E[f(@) = frmin] 1 L
. ni/3 = ¢ qy 1—=2vL —4yno —no/T

Thus as long as we keep the iteration number of outer loop

E [f(29) = finin] 14L

Tr= € " pl/3

non-convex GGD-WR-SVRG can achieve e-optimality, which indicates that the total com-
plexity is
ALE [£(29) = fonin]

enl/3

(n+ [n/7¢] - mb)d

B.7 Proof of Theorem 28

Proof Most of this proof follows the analysis provided by Défossez et al. (2020) except
that we derive the theoretical bound of GGD-WR-~Adam using the original form of stepsize
given by Kingma and Ba (2014) instead of a simplified stepsize given by Défossez et al.
(2020). Denote

. hm i 9n,(i
Gpn =V f(@" ") and ¢, ) = a—{—(v)(-) and & (5 = a—l—(v)()’

and define v, ) € R? as

Un k(i) = /Bgvn—k,(i) +Enk—1 Z By~ ]932( )
j=n—k+1

where E,,_;_1[-] represents the expectation condition on all information before n — k-th
iteration. Before deriving the theoretical bound for GGD-WR-Adam, we first prove some
useful lemmas.

Lemma 33 Suppose that Assumption 27 holds, the objective function f and the individual
loss function f; are L-smooth and 0 < 31 < 32 < 1, then for all iterations n € N generated

by Algorithm 3, it satisfies
- k,(4)
Gn g I 1 B
Z ),/04-11”(1] (;; w/o'"i’vnk-f—l()])
( 1/2 n— 1 k

’Ymam 4R1 Zﬁl k?+ 1 Z ||€n—lH2

n—1
ST (Z (2) <k+1>Eu§nku?). (64

k=0
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Proof For some n € N, we have

Zd: Zd:n 1/81 nkl) In—k.(0)
\/UJFU"(Z i=1 k=0 VO i)

A

d n—1
In—k,(i)
3OS B (G = Goig) —2)
;kzzo 1 (G k(i) T

B

Let
(1 =80Y2 k)]

= SR araes M= 1Gno ~ Cuol

Using (60), we have

d n—1 2
(1- )2 2, R(E+1) I
B| < N — ; : .
’ ‘ = Zzz:z:: <4R k+ ) (Gn,(l) Gn—k7(l)) + (1 _ 61)1/2 o+ Un, (i)
Since o + vy, () > 0 + 55%—&@‘) > B5 (o + Un—k,(i), W€ can obtain

d n—1 2
(1= B2 s Rk+1) &g
o= ;k:oﬁl (4R<k+ ) (Cnio = Gnvi) + gy gy |- 6

From the L-smoothness of objective function f, we have

2 k
1Gn = Gri|* < L2l — 2" * 12 = L2 < Ve L2 Y [[Catll?, (66)
=1

k
Z ’Ynflgnfl
=1

where Y4 = max{y;}. Substituting (66) into (65), we have

|B| <7ma:pL2Z/B1 (4R ZHC’n lH2
R (B >
+ (1— fBy)i/2 kzz:o <ﬂ2> (k+ D)[|€n—kl- (67)

Now we turn to deal with the term A. For simplicity, we drop the indices for now and denote
G =Gy (i)) 9= n—k,(i)> U= Unkt1,(i)s ¥ = Un,(i),

Z,B"”)andr =K, 16>
Jj=n—~k
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Since ¥ — v = 2 — 62, taking total expectation, we can rewrite the inside terms of term A
as

9 | _mlq_9 11
E[G\/m]_E_G\/m+Gg(\/J+v \/o'—|—{j>:|
_rl g 02 — §2
=F -Enfkfl [G 0—1—6] +Gg\/0+v\/a+ﬁ(\/a+y+\/g+@)
G2 62 — 52
- ‘7+5]+E[Gg\/0+1}\/0+17(\/0+v+\/U—i—@)]' (68)
C

Now we take a look at C,
T2 92
1/2 116Gyl N1/2
(0 +v)1/2(c + ) (o0 +v)(o+0)
D E

IC] < |Gyl

due to the fact that (o 4+ v)/2 4 (o 4 9)/2 > max{(c 4+ v), (0 + 0)} and |r% — 62| < r? + 62.
Now using (60) again, if we let

AN I\ R ) L SR (<
2 ’ Vo +Uyo+wv o+0
we can obtain
D G2 1 927“4

< + .
T 4Jo+v V1I-PFiVo+oyo+o

Given that o + @ > 72, taking conditional expectation, we have

G? 1 r? g°
E, . 1[D] < + E, & . 69
+1[P) Wotdo VI-Bivoto [UJFU} (69)

Term E can be bounded in the similar way. If we let

_VI=-Bivo+v |6y _|Ge
T = , T = and y = =
272 o+v Vo + 70
we can obtain
G2 92 1 7“2 9292

E

e VI hverieto? (70)

Considering that o + v > 02 and E[§?/r?] = 1, taking conditional expectation, we have

G? 1 72 g*
< + Epp1 | ——| - 71
“4oto VI-Bivoto " 1[(U+U)] )

Noticing that in (70), we possibly divide by zero. It is suffice to notice that if r* = 0, then
62 =0 a.s. so that E = 0 and (71) still holds. Summing (69) and (71), we have

G? 2 r? 2
< = + ~Enkl|: g :|
2o +0 J1—-Bio+70 o+

En—k—l [E]

En k-1 [IC]
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Since r < /o + 0, and from the definition of r, we know that r < (k + 1)R. Reintroducing
the indices and noticing that o + v, ; > o + 55%,&(1) > BE(o + Un—k,(#))> We can obtain
after taking total expectation,

E[|C|] < ~k7( ) + ( t/Q) . k,(3) ) (72)
2 /0F b | (1= B85 |0+ vk
Substituting (72) into (68), we have
d n—1 2 k 2 k
G2, . .
E[A] > E L’ﬁl _ EIE n—kfﬁl + 2R(k + 13{ gn—k,151
i=1 k=0 \/m 2 \/m V1= 51585 O+ Un—k

1 d n—1 N G2 Y 2R d n—1 51 k )
= E o — =) (k+DE|E—kll” ).
(SEote| ) v (BE () wvmtenr)
(73)
Combining (67) and (73), we prove Lemma 33. |

Lemma 34 Suppose that 0 < B1 < B2 < 1. For a sequence of real numbers {a,}, denoting
by =327 By Yai and ¢, = Y5, By aj, then we have

j=1
iai o (0 (1) -

Proof For some j € N1, j < n, using Jensen inequality, we have

J

1 i1
LS

2
¢ <

so that

From the definition of b;, for any [ < j, we know that o +b; > o + 5§_lbl > Bg_l(a + by).

Then we can obtain A .
AP AL
O’—|—bj_1—ﬁ1l:1 Bo o+ b

jZ:;U—l-bjSl—ﬁl]Z;; O'+bl
:1—ﬁ1;0'+bl;< )
1 ~ al2

= (1—=751) (1= B1/B2) ;04—111' (74)
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The main term in summation (74) can be bounded by

2
a

o+ b

<In(o + b)) —In(o + b; — a?)
=In(o +b;) — In(o + B2bi-1)
o+ bl o+ bl—l )
n<o+bl_1> n(o+ﬁ2bz—1

<In (”“) —In(Bs).

o+b_1

Then (74) can be further bounded by

n C? 1 n al2
;U+b]§(1_51)<1_61/62);U+bl
1 by,
< =agm () ),
which proves Lemma 34. =

Lemma 35 Given 0 < z < 1, we have

> x
z"n = ———.
nz:;] (1—x)?

Proof Since 0 < z < 1, we know that the infinite series Y ° j #"n is convergent. Denote

S(z) =>7" yx"n, then for any 0 < z < 1, dividing z on the both side, then we have

5 S(x) - /S _1 > s
—dz = nz" " dx = s" = .
! PP EE

Taking derivatives with respect to s, we have

S(s) 9 (ﬁ) 1

s Js (1—15)2%

which proves Lemma 35. |

Having finished the proof of three useful lemmas, we now formally prove Theorem 28. For
some n € N, using L-smoothness of objective function f, we have

’r
F@") < F@") = G+ 22l
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Taking total expectation and using Lemma 33, we have

n—1 GZ )
Z kE n—f%(l)
Py 2\/0 4 Un y1,39)

+ VmaxL \/7 (ZEHCn ZH Zﬁlk+1)
Bl (5~ (B i
+¢Lﬁ%<§%<@)(k+”M@FM>'

Since for any k € N and k < n, we have /o + Unky1,() < Ry /2?;& ﬁ% Denoting Q,, =
\/Z;:ol Bg, we have

E[f @] <E[f (") - gp- (}%ﬁﬂmenkw> + 2 [ 2]

L?
_|_'7max \/7 (ZEHCn lH Zﬂlk+1>

3R B1 2
+ -5 (kZ:O <52> (k+1E ankb) :

Summing over all T iterations, rearranging the terms, noticing that the objective function
is bounded below by fiin, we have

d
Elf ()] <E[f ()] - 2 (Z

>+3€LEUmmﬂ

{O‘Q

n—1
Z BYE |G |* < E (f (2°) = fonin) + ZEHCnH

F G

n—1
k
D_ElGl* Y B
k=l

1 T

4R
"
37maxR T n—1 51 k
+ (1— py)i/2 ;k_o (52) (k+ DE |-l (75)

Now we proceed these terms sequentially. Note that 7, /€, in term F can be lower bounded
by

G, =B (Q-BPQA-p) 1-B g

Qo A=)V 1= (1-pp)E 1B T
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Using the change of index j = n — k, we can obtain
1 T ~ n
— _m n—j 12
SR S IE
n=1 j=1
T T
7(1—p1) 2 -

> 2PN BG 2y 6

ot —

Y T 1
2R;;( T E|G)
T
o IS LI
T—-1
:2’;2i:0 (1-B7)E|Vs @)

Considering the random index w defined in Theorem 28 and noticing that

T—1
B — BT I
Zgl =T pig —5 2015 -1
we have
P> 7E|!Vf( “)17. (76)

Then we take a look at term G. Using Lemma 34, we have

(i (

M&

G < ’Ymax

2(1 = B1)(1 = B1/B2) ) Tln(@))

=1

Noting that v,,q. is equivalent to

s o(1=p1)* 1-p7 2(1=p1) 1

T A ay G- = (A= B) OB
< A2 1 < 7 — A2
STV A B BE STy e

where the last inequality holds because (1—37)? = (l—ﬁl)z(zz;é B2 > (1-B1)2(1+p51)?,
we can thus obtain

2L

@S =B (1= Bo) (1= Bi/B)

(1n (1+ T, D)~ Tn(s)). (77)

g

M=

i=1
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Next we proceed with term H. Replacing the index j with n — [, we have

3 —
H:’Ymax 21 51 ZZEHC" s Zﬁ1k+1

nljl kn]
,YS
- Yol ZEH@H S5
n=j k=n—j

j+k

3
= nast ZEH@H Zﬂlkﬂz
3 —
= Toael” 413 o) ZEH@HQZ/%%
j=1 k=0

3 12(1— 1/2 T
D L2 (1_ﬁ1ﬁl)ZZE||<j|12

IN

4R
3L2 (1_51)1/2 ) )
S AR (1 — 52 3/2 2 ZEHCJH ( ﬂ )3/2 3/2 ZEHCJH
where the first inequality holds due to Lemma 35. Using Lemma 34 again, we can obtain
372
7L 2
<
H = AR (1 - 62)3/2 3/2 Z]EHCJH

’}/3L2 1 UT,(Z') B
< AR (1— B2)32(1 — $1)572(1 — B1/Bo) 2 (ln (1 + T) Tln(ﬁz)) . (78)

Finally, we can move on to term I. Replacing index j with n — k, we can obtain

M=

T n—1

3ma:1:
I< 11/3 1/QZZ(B1) (k+ DE||&ng]?
1) n=1 k=0
3macR e (B
s(l_ﬁl)l/Q;Eu@u 2(52) (n-i+1)
3vR
g ZEH&IP

(1—51)1/2(1—52)1/2 — B1/B2)?

Again using Lemma 34, we can obtain

3VR d
LS G e () mTme) 9

Noticing that we have vp ;y < R?/1 — By for any i € [d], substituting (76), (77), (78), (79)

into (75), we can derive the desired result
i) )
In(l+—F———<)—-Tln ,
(i (1+ gy Tt

2RE (f(2°) = fiin) N

E|Vf(z*)|* < 7

N~
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where
J_ vdRL y2dL?
(=B~ B) (L Bi/B2) | 2(1— )P (1 — B 2(1 — B/ Ba)
n 6dR?
(1= B1)32(1 = B2)1/2(1 = B1/B2)3
|
B.8 Proof of Corollary 29
Proof From (12), we know that as long as
E [f( ) fmm] < TR2> € K €
2R gf—l I+ ——) < gand = < g, 80
T 3 VT = VT <3 (50)
we can ensure the e-optimality. The first inequality in (80) indicates that
36R2 E min ]
[Ef(2%) = fomin] " (81)

J2e?
The left side of second inequality in (80) can be upper bound by

TR? TR?

K TR2 In (1 + T) 1 R2 1/2 R2 1/2 In (1 —+ ?>

V4 o / TR (o} g / TR
1—1—70 1+ -

gy (1422)
(1) ). 1
d (1+IE)9 (14182

2\ 1/2
oe o 1+ Lf )1/2—¢
where the last inequality holds due to In(z)/x? < 1/(¢e) for ¢ € (0,1/2). Thus we only

need to ensure that 1/
2
gbee o o

which is equivalent to

T2;<<j£)”d’.<1+}f>w—1>. (82)

Since the second inequality can be bounded by €/3, the third inequality can be bounded by
€/3 as well. Combining (81) and (82), we have

)
36R% [Ef(«°) — fruin]” o [(3K\T% R\ T
szax{ 202 ] (W) .(14—0) -1 .
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Data set GGD MBSGD SGD-IS SVRG GSVRG Adam GAdam

covtype  1,288.7 1,077.8 4,512.5 2,249.6 3,042.1 1,002.6 1,388.5
ijennl 302.8 230.3 527.2 369.1 496.28 280.1 373.3

ada 165.7 118.4 318.7 318.7 386.6 125.8 172.6
rcvl 649.7 388.3 762.9 1,320.3  2,280.6  516.5 796.8
MNIST 942.1 766.9 ok 988.2 1,835.4  721.2 982.2

CIFAR-10 9,849.7 7,718.2 ok 15,361.5 19,981.2 8,026.5 10,662.3

Table 4: Summary of the execution time (s)

Appendix C. Additional Experiment Results and Network Architectures

In Appendix C, we present some additional experiment results to complement our discus-
sions and provide the convolution neural network architectures used in Section 6.

C.1 Execution Time and Time Plots

All the experiments are carried out on a personal computer (3.70 GHz 12th Gen Intel Core
i5 with 16 GB RAM and NVIDIA RTX 3080). Table 4 presents the execution time of our
programs. From these results, we can see that in general, the increasing in the size of data
sets and the complexity of model, may lead to a longer time that CPU and GPU charge for
execution. The execution time for training CNNs using SGD-IS is not recorded here as the
importance sampling probability is not available.

To further explore the relation of execution time and the performance, we present the
time plots which depict the trade offs between the execution time (x-axis) and the train loss,
square norm of full gradient and test loss (y-axis) respectively in Figures 12 and 13 where
we sketchily show the efficiency of different algorithms in practical use. From Figure 12
and Table 4, we can see that for GAdam and Adam, since grafting gradient based methods
take more time to finish one epoch of training, GAdam is little worse than Adam at the
beginning. However, after about 500 seconds of training, GAdam catches up with Adam
and their performances become quite indistinguishable. The comparison between GSVRG
and SVRG is slightly different in two counts. One is that GSVRG achieves a lower train
loss after about 750 seconds of training and the other is that SVRG achieves a much lower
test loss. When comparing GGD with MBSGD and SGD-IS, we find that although GGD
decreases slower than those two methods, it achieves comparable performances after 700
seconds of training. For training cifarlO-nv on CIFAR-10 data set, generally speaking,
grafting gradient based methods are more efficient than stochastic gradient based methods.
Especially in Figures 13(g) and 13(i), GGD-WR-SVRG shows significant improvement over
SVRG. Combining these two figures and the results in Section 6, we can conclude that in
practice, it is worth using grafting gradient to update model parameters as its improvements
over stochastic gradient based methods can compensate the time cost to some extent.
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Figure 12: Comparisons of the train loss (left), square norm of full gradient (middle) and

We also run the addtional experiments which are used to compare the impact of the sub-
sampled set size m on GGD and SGD with importance sampling. For the latter one, we
use the average of gradients which are sampled from population with probability P, o< L,
to update the model parameters. These additional experiments are run to solve the same
Lo-regularized logistic regression problems on ijcnn and a9a data sets. For fair comparison,
t-inverse learning schedule is used both for mini-batch SGD with importance sampling and
GGD, the learning rates of two methods with same subsampled set size m are set to be the
same. We present the empirical results in Figures 14 and 15.
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Figure 13: Comparisons of the train loss (left), square norm of full gradient (middle) and
test loss (right) on CIFAR-10.

The suffix —2"k for k € {4,5,6, 7} represents the subsampled set size m (ranging from
16 to 128) used in algorithms. From these results, we can see that when the performance
of MBSGD is quite close to the performance of SGD with importance sampling as shown
in Figure 4(b), GGD does not benefit a lot from increasing mini-batch size as shown in
Figure 15. Coincidentally from Figure 14 we can see that GGD with larger subsampled
set size m can achieve a lower train loss and test loss when the performance of SGD-IS is
better than the performance of mini-batch SGD. As for SGD with importance sampling,
results in Figures 14 and 15 show that SGD with importance seems to be insusceptible to
minibatching technique. Combining Figures 14, 15 and the corresponding results in Figure
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Figure 14: Comparisons of the train loss (left), square norm of full gradient (middle) and
test loss (right) on ijenn.

4, we can conclude that when mini-batch SGD performs quite similarily to SGD with
importance sampling, that is, when using minibatching technique is not more profitable
than using importance sampling technique solely, GGD does not benefit from minibatching
technique more than SGD with importance sampling does. On the contrary, when SGD
with importance sampling outperforms the mini-batch SGD, minibatching technique seems
to be more impactful when applying to GGD as increasing subsampled set size m can results
in the improvement of GGD methods. This is expected since increasing subsampled set size
m can reduce the noise variance of mini-batch SGD, that is, improving the worse bound for
the noise variance of grafting gradient so that the performance of GGD can be improved as
well.

C.3 Additional Experiments on Ridge Regression

To further check the performances of grafting gradient based methods on hard problem, that
is, the ill-conditioned problem with extremely large condition number k. We additionally
run experiments to solve ridge regression problem given by

fila) = (i~ al o) + 2 .
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Figure 15: Comparisons of the train loss (left), square norm of full gradient (middle) and
test loss (right) on a9a.

L
0.0004 2

max L K

1.34221 x 107

Data set d
ONR 58

Sparsity n (test)
72.01% 7,929

n (train)

31,715

Table 5: Summary of ONR data set

The objective function thus can be written in matrix form as

A
+ —wTa:,

5 (83)

f(@)= (e~ An)T(z - Ar)
where z(,,x1) and A(,xq) are data samples from OnlineNewsPopularity (ONR for short)
data set (Fernandes and Sernadela, 2015) with z indicating the responses to be predicted
and A being the data matrix. The features and targets are normalized to the interval [0, 1].
Since ONR does not have a testing set, we randomly split it into the training set and testing
set with 80% for training and 20% for testing. We know that the condition number of (83)
admits a closed form expression kK = Az (H)/Amin(H), where H is the hessian matrix of
(83), which can be written as H = (2/n)AT A+ X -1, and Apaz, Admin represent the largest
and smallest eigenvalue of given matrix. The penalty parameter X is set to be 1076 so
that the corresponding condition number can be extremely large. We report the condition
number of (83) and some other information about ONR data set in Table 5.
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Figure 16: Comparisons of the train loss (left), square norm of full gradient (middle) and
test loss (right) on ONR.

In the following experiments, we compare the performances of GGD, MBSGD and SGD-
IS with diminishing stepsize sequences, the performances of Adam and GAdam and the
performances of SVRG and GSVRG. For fair comparison, the subsampled set size m is set
to be 32 and the batch size b = 2 for grafting gradient based methods. The mini-batch size
of mini-batch SGD, SVRG and Adam is set to be 64 and the one-shot importance sampling
probability is given by P, o< L,,. The t-inverse learning rate schedule is used for methods
with diminishing stepsize sequences. For variance reduction methods, the update period is
set to be n/m and for adaptive stepsize methods, the hyperparameters are set by default.
The results are presented in Figure 16.
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LAYER SHAPE ouTPUT

data layer 1 x 32 x 32

convl-BN-ReLLU 6 x5 x5 6 x28x 28

MAX-pool2 6 x2x2 6x14x14

conv3-BN-ReLU 16 x 5 x5 16 x 10 x 10

MAX-pool4 16 x2x2 16x5x5
Fully-connect5-ReLLU 240 120
Fully-connect6-ReLU 120 84
Fully-connect? 84 10
softmax-loss 10 10

Table 6: Complete architecture for LeNet-5

From these results, we can see that grafting gradient based methods can still achieve
comparable performances even when the condition number is extremely large. Results from
Figures 16(a) and 16(c) again confirm the doubly robust property possessed by GGD. The
performances of MBSGD and GGD are quite similar in terms of train loss, and GGD and
SGD-IS achieves a lower test loss. However, SGD-IS does not perform well in terms of
train loss. In Figrue 16(a), the improvement of GGD over SGD-IS is significant. In our
view, the reason behind the bad performances of SGD-IS on ONR data set may be over-
sampling. From Table 5, Ly,qz/L ~ 5000 indicates that some data of great importance, i.e.,
with relatively large L constant, may be sampled over and over again. Hence, the training
process of SGD-IS is more like minimizing the loss with respect to a small subset which
contains important data samples instead of minimizing the average loss of whole training
data set. In constrast, over-sampling important samples is less likely to occur in the training
process of GGD as illustrated in our toy example. As for the comparison between Adam
and GAdam, their performances are quite similar. For the variance reduction methods, the
improvement of GSVRG over SVRG is obvious. GSVRG achieves a lower train loss and
|V £(x*)|?. Although GSVRG and SVRG achieve comparable test losses, GSVRG uses less
epoches to reach that goal.

C.4 Test Loss Results and Network Architectures

Figures 17, 18 and 19 plot the test losses of previous experiments given in Section 6. From
these results we can see that when minimizing the Ls-regularized logistic loss, the per-
formances of GGD based methods and SGD based methods are quite similar except that
GGD achieves a lower test loss for covtype and rcvl data set compared with vanilla SGD,
and GGD with diminishing stepsize sequence achieve a lower test loss for jcnn data set
compared with SGD with importance sampling. When training CNNs on MNIST and
CIFAR-10 data sets, only SVRG achieves lower test loss than GSVRG for MNIST data set
and Adam achieves lower test loss than GAdam for CIFAR-10 data set.

In the end, the complete architectures for two CNNs are listed in Tables 6 and 7. We
use tuple (C' x H x W) in which C represents the number of channels, H is the height in
pixels and W is the width in pixels to show the shape of input data and layers of two CNNss.
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Figure 17: Comparisons of the test loss between SGD, GGD, mini-batch SGD, SGD with
importance sampling methods on ijennl, a9a, covtype and rcvl.
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Figure 18: Comparisons of the test loss between Adam, GAdam, SVRG and GSVRG meth-
ods on ijennl, a9a, covtype and rcvl.
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Figure 19: Comparisons of the test loss between MBSGD and GGD, Adam and GAdam,
SVRG and GSVRG methods respectively on MNIST and CIFAR-10.
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LAYER SHAPE OUTPUT
data layer 3 X 28 x 28
convl-ReLU 128 x 3 x 3 128 x 28 x 28
conv2-ReLLU 128 x 3 x 3 128 x 28 x 28
conv3-BN-ReLU 128 x 3 x 3 128 x 28 x 28
MAX-pool3 128 x 3 x 3 128 x 14 x 14
conv4-ReLLU 256 x 3 x 3 256 x 14 x 14
convh-ReLU 256 x 3 x 3 256 x 14 x 14
conv6-BN-ReLU 256 x 3 x 3 256 x 14 x 14
MAX-pool6 256 x 3 x 3 256 x 7T x 7
conv7-ReLU 320 x 3 x3 320x5 x5
conv8-ReLU 320 x 1 x 1 320 x 5 x5

conv9-ReLLU 10x1x1 10 x 5 x b
AVE-pool9 10 x 5 x5 10 x 1 x1
softmax-loss 10 10

Table 7: Complete architecture for cifar10-nv
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