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Abstract

From a simplified analysis of adaptive methods, we de-
rive AvaGrad, a new optimizer which outperforms SGD on
vision tasks when its adaptability is properly tuned. We ob-
serve that the power of our method is partially explained
by a decoupling of learning rate and adaptability, greatly
simplifying hyperparameter search. In light of this obser-
vation, we demonstrate that, against conventional wisdom,
Adam can also outperform SGD on vision tasks, as long
as the coupling between its learning rate and adaptability
is taken into account. In practice, AvaGrad matches the
best results, as measured by generalization accuracy, de-
livered by any existing optimizer (SGD or adaptive) across
image classification (CIFAR, ImageNet) and character-level
language modelling (Penn Treebank) tasks. When training
GANs, AvaGrad improves upon existing optimizers.'

1. Introduction

Deep neural networks are notoriously difficult and costly
to train due to the non-convexity of the underlying objective
coupled with limitations of first-order methods, like vanish-
ing and shattered gradients [15, 16, 2]. Architectural designs
such as normalization layers [19, 1] and residual connections
[12] facilitate training by improving gradient statistics, and
are broadly used in practice. However, modern architectures
often contain modules with different functionalities, such
as attention heads [41] and gating mechanisms [17], whose
parameter gradients naturally present distinct statistics.

Adaptive gradient methods such as AdaGrad [8] and
Adam [21] are particularly suitable for training complex
networks, as they designate per-parameter learning rates
which are dynamically adapted based on individual gradient
statistics collected during training. Although widely adopted,
recent works have shown shortcomings in both theoretical
and practical aspects of adaptive methods, such as noncon-
vergence [34] and poor generalization [42].

Moreover, SGD is still dominant when training relatively
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simple architectures such as ResNets [12, 13] and DenseNets
[18], where model-based methods [19, 12] suffice to over-
come the obstacles of training deep networks.

A clear trend in the literature is that SGD is more com-
monly adopted in computer vision tasks, where convolu-
tional networks are prominent [35, 4, 40], while adaptive
methods are typically employed in natural language process-
ing tasks, where the most successful networks are either
recurrent [17, 30] or attention-based [7, 41]. This situation
persists despite the fact that considerable effort has been put
into the design of sophisticated adaptive methods, with the
goal of providing SGD-like performance in computer vision
tasks and formal convergence guarantees.

Newly-proposed optimizers typically offer convergence
guarantees for stochastic convex problems [34, 27, 37], but,
as we will see, either fail to match SGD’s performance when
training simpler networks, or behave similarly to SGD and
thus underperform Adam when training complex models.
The behavior of recently-proposed adaptive methods when
training deep networks is unclear due to the scarcity of non-
convex guarantees and analyses.

In this paper, we focus on the question of whether an
optimizer can be dominant in multiple domains. That is,
we are concerned with finding conditions and properties for
which an optimization method trains convolutional networks
as well as SGD, while at the same time being able to train
more complex models as well as Adam. We refer to this
property as domain-independent dominance.

We start in Section 3 by analyzing the convergence of
adaptive methods for stochastic non-convex problems, pro-
viding a sufficient condition to guarantee a O(1/+/T') conver-
gence rate — the same as SGD. Moreover, we later (Section 8)
propose a simple procedure that, given an arbitrary adaptive
method, produces a similar optimizer that satisfies said con-
dition and hence offers a guaranteed O(1/+/T) convergence
rate for stochastic non-convex problems. From this result,
we also show how Adam can provably achieve SGD-like
convergence in stochastic non-convex problems given proper
tuning of its adaptability parameter €, and show how this
does not contradict [34].

Further inspecting the convergence rate of adaptive meth-
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ods and the relation with e motivates AvaGrad, a new adap-
tive method that decouples the learning rate and the adapt-
ability parameter e. In light of our theoretical results, Av-
aGrad (introduced in Section 4) is uniquely attractive as it
virtually removes the interaction between the learning rate —
the hyperparameter that requires the most tuning to achieve
strong generalization — and the adaptability parameter ¢ —
which we show to be strongly connected to convergence.

Section 5 demonstrates through extensive experiments
that, against conventional wisdom, Adam can be superior
to SGD when training ResNets, even in challenging tasks
such as ImageNet [36] classification. The caveat is that
achieving SGD-like performance on vision tasks requires
extensive tuning of both the learning rate and ¢, inducing
high computational costs due to their interaction.

Our experiments also show that AvaGrad is not merely a
theoretical exercise, as it performs as well as both SGD and
Adam in their respectively favored usage scenarios without
requiring extensive hyperparameter tuning. Section 7 quanti-
fies these differences by measuring suboptimality w.r.t. hy-
perparameters given a fixed training budget.

Contributions. We offer marked improvements to adap-
tive optimizers, from theoretical and practical perspectives:

* We show that Adam can provably converge for non-
convex problems given a proper tuning of its adaptability
parameter €. We address the apparent contradiction with
[34], providing new insights on the role of ¢ in terms of
convergence and performance of adaptive methods.

 Extensive experiments show that Adam can outperform
SGD in tasks where adaptive methods have found little
success. As suggested by our theoretical results, tuning e
is key to achieving optimal results with adaptive methods.

¢ We propose AvaGrad, a theoretically-motivated adap-
tive method that decouples the learning rate o and the
adaptability parameter €. Quantifying the hyperparame-
ter tuning cost using a zeroth-order method, we observe
that AvaGrad is significantly cheaper to tune than Adam.

Matching the generalization accuracy of SGD and other
adaptive methods across tasks and domains, AvaGrad
offers performance dominance given low tuning budgets.

2. Preliminaries

Notation.  For vectors ¢ =
[b1,b2,...] € R weuse L = [a%,
division, \/a = [\/a1,+/az,...] for element-wise square
root, and a ® b = [a1by, azbs, . . .] for element-wise multi-
plication. ||a|| denotes the ¢5-norm, while other norms are
specified whenever used. The subscript ¢ is used to denote
a vector related to the ¢-th iteration of an algorithm, while
1 is used for coordinate indexing. When used together, ¢

precedes i: w; ; € R denotes the ¢-th coordinate of w; € R4,

[al,a2,...},b =
;—2, ... ] for element-wise

Stochastic Non-Convex Optimization. We consider
problems of the form
min f(w) = Esup [fs(w)] (1)
weRd
where D is a probability distribution over a set S of “data
points”, f, : R — R are not necessarily convex and indi-
cate the instant loss for each data point s € S. As is typically
done in non-convex optimization, we assume throughout the
paper that f is M-smooth, i.e. there exists M such that
IVf(w) = V()| < Mllw—w'|| )
for all w, w’ € R%.

We also assume that the instant losses have bounded
gradients, i.e. |V fs(w) < G for some G and all
se S, weR

Following the literature on stochastic non-convex opti-
mization [9], we evaluate optimization methods in terms of
number of gradient evaluations required to achieve small loss
gradients. We assume that the algorithm takes a sequence
of data points S = (s1, ..., s7) from which it sequentially
and deterministically computes iterates wi, . . . , wr, using a
single gradient evaluation per iterate.

The algorithm then constructs a distribution P(¢|.S) over
te{1,...,T}, samples t' ~ P and outputs wy . We say an
algorithm has a convergence rate of O(g(T")) if

E [IVf(w)]’] < 0(9(T)). )

where the expectation is over the draw of the 7" data points
S ~ DT and the chosen iterate wy, t ~ P(t|S).

Related Work and Adaptive Methods. We consider
methods which, at each iteration ¢, receive or compute a
gradient estimate g; := V f,, (w;) and perform an update

[

Wil = W — Qg - N O My )
where a; € R is the global learning rate, 7, € R? are the
parameter-wise learning rates, and m; € R? is the update
direction, typically defined in terms of momentum

my = Breme—1+ (1 —Pi)ge and mog=0. (5)
Note that this definition includes non-momentum methods
such as AdaGrad and RMSProp, since setting 31 = 0
yields m; = ¢;. While in (4) oy can always be absorbed
into 7, our representation will be convenient throughout
the paper. SGD is a special case of (4) when 1, = 1, and
although it offers no adaptation, it enjoys a convergence rate
of O(1/+/T) with either constant, increasing, or decreasing
learning rates [9]. It is widely used when training relatively
simple networks such as feedforward CNNs [12, 18].

Adaptive methods, e.g., RMSProp [6], AdaGrad [8],
Adam [21] use 1; = 1/(y/v + €), with v; € R? as an expo-
nential moving average of second-order gradient statistics:

vy = Bogvi—1 + (1= Bay)g; and vy =0. (6)

Here, m; and 7, are functions of g, and can be non-trivially
correlated, causing the update direction 7, ® m; not to be



an unbiased estimate of the expected update. Precisely this
“bias” causes RMSProp and Adam to present nonconvergent
behavior even in the stochastic convex setting [34].

We summarize recent advances in adaptive methods as fol-
lows, where convergence rates are for stochastic non-convex
problems. [46] shows that Adam and newly-proposed Yogi
converge as O(1/T) given a batch size of ©(T), a setting
that neither captures the small batch sizes used in practice
nor fits in the stochastic non-convex optimization framework
— their analysis does not yield convergence for a batch size
of 1. [5] proves a rate of O(log T/v/T) for AdaGrad and
AMSGrad given a decaying learning rate. [27] proposes
AdaBound, whose adaptability is decreased during training,
but its convergence is only shown for convex problems [37].

The correlation between m; and 7, is studied in [47],
which proposes making the two independent of the sample s;:
the proposed method, AdaShift, is guaranteed to converge
in the convex case but at an unknown rate. [43] provides
convergence rates for a form of AdaGrad without parameter-
wise adaptation, also showing that AdaGrad converges but
at an unknown rate. [3] proposes PAdam, which matches or
outperforms SGD given proper tuning of a newly-introduced
hyparameter — in contrast with their work, we show that
even Adam can match SGD given proper tuning and without
introducing new hyperparameters.

3. The Role of Adaptivity

We start with a key observation to motivate our studies
on how adaptivity affects the behavior of adaptive methods
like Adam in both theory and practice: if we let ooy = ye for
some positive scalar 7, then as € goes to co we have

8% -
T te -7, (N
where 7 is the d-dimensional vector with all components
equal to v, and d is the dimensionality of v, (i.e. the total
number of parameters in the system). This holds as long as
v does not explode as € — 0o, which is guaranteed under
the assumption of bounded gradients.

In other words, we have that adaptive methods such as
AdaGrad and Adam lose their adaptivity as e increases, and
behave like SGD in the limit where ¢ — o¢ i.e. all compo-
nents of the parameter-wise learning rate vector 7; converge
to the same value. This observation raises two questions
which are central in our work:

1. How does e affect the convergence behavior of
Adam? It has been shown that Adam does not gen-
erally converge even in the linear case [34]. However,
as e increases it behaves like SGD, which in turn has
well-known convergence guarantees, suggesting that e
plays a key, although overlooked, role in the conver-
gence properties of adaptive methods.

2. Is the preference towards SGD for computer vision
tasks purely due to insufficient tuning of €? SGD
is de-facto the most adopted method when training
convolutional networks [38, 39, 12, 13, 45, 44], and
it is belived that it offers better generalization than
adaptive methods [42]. Morever, recently proposed
adaptive methods such as AdaBelief [48] and RAdam
[25] claim success while underperforming SGD on Im-
ageNet. However, it is not justified to view SGD as
naturally better suited for computer vision, because
SGD itself can be seen as a special case of Adam.

On the Convergence of Adam, Revisited. We focus on
the first question regarding how the convergence behavior of
Adam changes with €. As mentioned previously, Reddi ez
al. [34] has shown that Adam can fail to converge in the
stochastic convex setting. The next Theorem, stated infor-
mally, shows that Adam’s nonconvergence also holds in the
stochastic non-convex case, when convergence is measured
in terms of stationarity instead of suboptimality:

Theorem 1. (informal, full version in Appendix B) There
exists a stochastic optimization problem (which depends on
€) for which Adam does not converge to a stationary point.

Note that the problem is constructed adversarially in
terms of €. The problem considered in Theorem 3 of Reddi e?
al. [34], used to show Adam’s nonconvergence, has no de-
pendence on € because the proof assumes that € = 0.

The next result, also stated informally, shows that for
stochastic non-convex problems that do not depend on e,
Adam actually converges like SGD as long as ¢ is large
enough (or, alternatively, increases during training):

Theorem 2. (informal, full version in Appendix E) Adam
converges at a O(1/\/T) rate for stochastic non-convex
problems as long as € is large enough (as a function of
the total number of iterations / desired stationarity) or is
increased during training (at a rate of \/t or faster).

Together, the two theorems above give a precise charac-
terization of how e affects the theoretical behavior of Adam
and other adaptive methods: not only is convergence ensured
but a SGD-like rate of O(1/v/T) is guaranteed as long as ¢
is large enough. While Adam behaves like SGD in the limit
¢ — 00, we show that it suffices for ¢ to be O(v/T) to guar-
antee a SGD-like convergence rate. We believe Theorem 2 is
more informative than Theorem 1 for characterizing Adam’s
behavior, as convergence analyses in the optimization litera-
ture typically consider non-adversarial examples.

4. AvaGrad: A New Adaptive Optimizer

We now introduce AvaGrad, a novel adaptive method
presented as pseudo-code in Algorithm 1. We describe Av-
aGrad in this section, but defer its principled motivation to
Section 6. Section 5 first presents an experimental study



Algorithm 1 AVAGRAD

Il‘lpllt: w1 € Rd, o, € > 0, Bl,h 62,1& S [0, 1)
1: Setmg =0,v9=0
2: fort =1to T do
3: Draw s; ~ D
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= Joite
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9: end for

comparing different optimizers, demonstrating AvaGrad’s
effectiveness across a variety of tasks and domains.

The key difference between AvaGrad and Adam lies in
how the parameter-wise learning rates 7; are computed and
their influence on the optimization dynamics. In particu-
lar, AvaGrad adopts a normalized vector of parameter-wise
learning rates, which we later show to be advantageous in
multiple aspects: it yields better performance and easier hy-
perparameter tuning in practice, while in theory it results in
better convergence rate guarantees.

For convenience, we also account for the dimensionality
d of n; (i.e. the total number of parameters in the system)
when performing normalization: more specifically, we divide
¢ by ||7:/v/d||2 in the update rule, which is motivated by
fact that the norm of random vectors increases as v/d, and
also observed to be experimentally robust to changes in
d (e.g., networks with different sizes). Alternatively, this
normalization can be seen as acting on the global learning
rate o, instead, in which case AvaGrad can be seen as adding
an internal, dynamic learning rate schedule for Adam.

Lastly, AvaGrad also differs from Adam in the sense that
it updates v, the exponential moving average of gradients’
second moments, after the update step. This implies that
parameters are updated according to the second-order esti-
mate of the previous step i.e. there is a 1-step delay between
second-order estimates and parameter updates. Such delay
is fully motivated by theoretical analyses, and our prelimi-
nary experiments suggest that it does not impact AvaGrad’s
performance on natural tasks.

5. The Value of Adaptive Gradient Methods

We turn focus to the second question raised in Section 3,
on whether tuning e suffices to achieve SGD-like empirical
performance regardless of the underlying task and domain.

5.1. Image Classification

We study how adaptive methods perform in computer
vision tasks where SGD is the dominant approach — in partic-
ular, image classification on the CIFAR [22] and ImageNet

[36] datasets, tasks where the state-of-the-art has been con-
sistently surpassed by methods that adopt SGD. Unlike other
works in the literature, we perform extensive hyperparameter
tuning on € (while also tuning the learning rate «): following
our observation that Adam behaves like SGD when e is large,
we should expect adaptive methods to perform comparably
to SGD if hyperparameter tuning explores large values for .

For all experiments we consider the following popular
adaptive methods: Adam [21], AMSGrad [34], AdaBound
[27], AdaShift [47], RAdam [25], AdaBelief [48], and
AdamW [26]. We also report results of AvaGrad, our newly-
proposed adaptive method, along with its variant with decou-
pled weight decay [26], which we refer to as AvaGradW.

CIFAR. We train a Wide ResNet-28-4 [45] on the CIFAR
dataset [22], which consists of 60,000 RGB images with
32 x 32 pixels, and comes with a standard train/test split of
50,000 and 10,000 images. Following [45], we normalize
images prior to training. We augment the training data with
horizontal flips and by sampling 32 x 32 random crops after
applying a 4-pixel padding to the images.

We adopt the same learning rate schedule as [45], decay-
ing o by a factor of 5 at epochs 60, 120 and 160 — each
network is trained for a total of 200 epochs on a single GPU.
We use a weight decay of 0.0005, a batch size of 128, a
momentum of 0.9 for SGD, and 3; = 0.9, 85 = 0.999 for
each adaptive method.

We select a random subset of 5,000 samples from CIFAR-
10 to use as the validation set when tuning « and € of each
adaptive method. We perform grid search over a total of 441
hyperparameter settings, given by all combinations of € €
{107%,2-1078,1077,...,100} and o € {5-10~7,1076, 5
10=°,...,5000}.

Results of our hyperparameter tuning procedure agree
with our hypothesis: for this specific setting, adaptive meth-
ods perform best with aggressive values for €, ranging from
0.1 (Adam, AMSGrad) to 10.0 (AvaGrad, AdamW) — values
drastically larger then the default ¢ = 10~%. In terms of
the learning rate, Adam and AMSGrad perform best with
a = 0.1, a value 100 times larger than the default.

Next, we fix the best («, €) values found for each method
and train a Wide ResNet-28-10 on both CIFAR-10 and
CIFAR-100, this time evaluating the test performance. We
do not re-tune « and ¢ for adaptive methods due to the prac-
tical infeasibility of training a Wide ResNet-28-10 roughly
8000 times. We tune the learning rate o of SGD using the
same search space as before, and confirm that the learning
rate « = 0.1 commonly adopted when training ResNets
[12, 13, 45] performs best in this setting.

The leftmost columns of Table 1 present results: on
CIFAR-10, SGD (3.86%) is outperformed by Adam
(3.64%) and AvaGrad (3.80%), while on CIFAR-100 Adam
(18.96%), AMSGrad (18.97%), AdaShift (18.88%), Ava-
Grad (18.76%), and AvaGradW (19.04%) all outperform



SGD (19.05%). These results disprove the conventional wis-
dom that adaptive methods are not suited for computer vision
tasks such as image classification. While tuning e, a step typ-
ically overlooked or skipped altogether in practice, suffices
for adaptive methods to outperform SGD (and hence can be
a confounding factor in comparative studies), our results also
suggest that adaptive methods might require large compute
budgets for tuning to perform optimally on some tasks.

ImageNet. To further validate that adaptive methods
can indeed outperform SGD in settings where they have not
been historically successful, we consider the challenging
task of training a ResNet-50 [13] on the ImageNet dataset
[36]. The task consists of 1000-way classification given
1.2M training and 50,000 validation images. Following [11],
we perform scale/color transformations for training and use
single 224 x 224 crops to compute the top-1 validation error.

We transfer the hyperparameters from our CIFAR experi-
ments for all methods. The network is trained for 100 epochs
with a batch size of 256, split between 4 GPUs, where the
learning rate « is decayed by a factor of 10 at epochs 30, 60
and 90, and we also adopt a weight decay of 10~*. Note
that the learning rate of 0.1 adopted for SGD agrees with
prior work that established new state-of-the-art results on
ImageNet with residual networks [12, 13, 44].

SGD yields 24.01% top-1 validation error, underper-
forming Adam (23.45%), AMSGrad (23.46%), RAdam
(23.60%), AvaGrad (23.58%) and AvaGradW (23.49%), i.e.
5 out of the 8 adaptive methods evaluated on this task. We
were unable to train with AdaShift due to memory con-
straints: since it keeps a history of past gradients, our GPUs
ran out of memory even with a reduced batch size of 128,
meaning that circumventing the issue with gradient accumu-
lation would result in considerably longer training time.

The third column of Table 1 summarizes the results.
In contrast to numerous papers that surpassed the state-
of-the-art on ImageNet by training networks with SGD
[38, 39, 12, 13, 45, 44], our results show that adaptive meth-
ods can yield superior results in terms of generalization
performance as long as € is appropriately chosen. Most
strikingly, Adam outperforms AdaBound, RAdam, and Ad-
aBelief: sophisticated methods whose motivation lies in
improving the performance of adaptive methods.

5.2. Language Modelling

We now consider a task where state-of-the-art results
are achieved by adaptive methods with small values for ¢
and where SGD has little success: character-level language
modelling with LSTMs [17] on the Penn Treebank dataset
[29, 31]. We adopt the 3-layer LSTM [17] model from
Merity et al. [30] with 300 hidden units per LSTM layer.

We first perform hyperparameter tuning over all com-
binations of ¢ € {1078,5-1077,...,100} and o € {2 -
104,103, .., 20}, training each model for 500 epochs

and decaying « by 10 at epochs 300 and 400. Since e affects
AdaBelief differently and its official codebase recommends
values as low as 10716 for some tasks >, we adopt a search
space where candidate values for € are smaller by a factor of
1078 i.e. starting from 10~ ¢ instead of 1078,

We use a batch size of 128, BPTT length of 150, and
weight decay of 1.2x10~5. We also employ dropout with the
recommended settings for this model [30]. Not surprisingly,
our tuning procedure returned small values for € as being
superior for adaptive methods, with Adam, AMSGrad, and
AvaGrad performing optimally with e = 1078,

Next, we train the same 3-layer LSTM but with 1000
hidden units, transferring the («, €) configuration found by
our tuning procedure. For SGD, we again confirmed that the
transferred learning rate performed best on the validation set
when training the wider model.

Results in Table 1 show that only AvaGrad and Ava-
GradW outperform Adam, achieving test BPCs of 1.179
and 1.175 compared to 1.182. Combined with the previous
results, we validate that, depending on the underlying task,
adaptive methods might require vastly different values for ¢
to perform optimally, but, given enough tuning, are indeed
capable of offering best overall results across domains.

We also observe that AdaBound, RAdam, and AdaBelief
all visibly underperform Adam in this setting where adap-
tivity (small €) is advantageous, even given extensive hyper-
parameter tuning. RAdam, and more noticeably AdaBound,
perform poorly in this task. We hypothesize that this is re-
sult of RAdam incorporating learning rate warmup (see Ma
& Yarats [28] for more details), which is not typically em-
ployed when training LSTMs, and AdaBound’s adoption of
SGD-like dynamics early in training [37].

5.3. Generative Adversarial Networks

Finally, we consider a task where adaptivity is not only
advantageous, but often seen as necessary for successful
training: generative modelling with GANs. We train a Geo-
metric GAN [24], i.e. a DCGAN model [33] with the hinge
loss, on the CIFAR-10 dataset to perform image generation.
We do not apply gradient penalties.

We adopt a batch size of 64 and train the networks for a to-
tal of 60,000 steps, where the discriminator is updated twice
for each generator update. We train the GAN model with the
same optimization methods considered previously, perform-
ing hyperparameter tuning over ¢ € {107%,107%,107*}
and o € {107°,2-1075,107%,...,0.1} for each adaptive
method, and o« € {1076,2-1076,1075,..., 1.0} for SGD.

The performance of each model is measured in terms of
the Fréchet Inception Distance (FID) [14] computed from
a total of 10,000 generated images. Results are summa-
rized in Table 1, showing that AvaGrad offers a signifi-
cant improvement in terms of FID over all other methods,

zguhub .com/juntang-zhuang/Adabelief-Optimizer, ver. 9b8bb0a
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Table 1: Test performance of standard models on benchmark tasks, when trained with different optimizers. Gray background
indicates the optimization method (baseline) adopted by the paper that proposed the corresponding network model. The
best task-wise results are in bold, while other improvements over the baselines are underlined. Numbers in parentheses
indicate standard deviation over three runs. Across tasks, AvaGrad closely matches or exceeds the results delivered by existing
optimizers, and offers notable improvement in FID when training GANs.

CIFAR-10 CIFAR-100 ImageNet Penn Treebank Penn Treebank CIFAR-10

Test Err% Test Err % Val Err % Test BPC | Test BPC | FID |
Model WRN 28-10 WRN 28-10 ResNet-50 3xLSTM(300) 3xLSTM(1000) GGAN
SGD 3.86 (0.08) 19.05 (0.24) 24.01 1.403 (0.000) 1.237 (0.000) 133.0
Adam 3.64 (0.06) 18.96 (0.21) 2345 1.378 (0.001) 1.182 (0.000) 43.0
AMSGrad 3.90 (0.17) 18.97 (0.09) 23.46 1.384 (0.001) 1.187 (0.001) 41.3
AdaBound 5.40 (0.24) 22.76 (0.17) 27.99 4.346 (0.000) 2.891(0.041) 247.3
AdaShift 4.08 (0.11) 18.88 (0.06) OOM 1.399 (0.006) 1.199 (0.001) 43.7
RAdam 3.89 (0.09) 19.15 (0.13) 23.60 1.401 (0.002) 1.349 (0.003) 42.5
AdaBelief 3.98 (0.07) 19.08 (0.09) 24.11 1.379 (0.001) 1.198 (0.000) 44.8
AdamW 4.11(0.17) 20.13 (0.22) 26.70 1.398 (0.002) 1.227 (0.003) —
AvaGrad 3.80 (0.02) 18.76 (0.20) 23.58 1.375 (0.000) 1.179 (0.000) 35.3
AvaGradW 3.97 (0.02) 19.04 (0.37) 23.49 1.375 (0.001) 1.175 (0.000) —

achieving an improvement of 7.7 FID over Adam (35.3
against 43.0). Note that the performance achieved by Adam
matches other sources’ [20], and Adam performed best with
a = 0.0002, ¢ = 1075 in our experiments, closely matching
the commonly-adopted values in the literature.

6. Decoupling o and € with AvaGrad

The results in the previous section establish the impor-
tance of optimizing ¢ when using adaptive methods, and how
not tuning e can be a confounding factor when comparing
different adaptive optimizers.

A key obstacle to proper tuning of € is its interaction with
the learning rate a: as discussed in Section 3, ‘emulating’
SGD with a learning rate y can be done by setting v = e in
Adam and then increasing €: once its value is large enough
(compared to v;), scaling up € any further will not affect
Adam’s behavior as long as « is scaled up by the same
multiplicative factor. Conversely, when ¢ is small (compared
to components of v;), we have that /v; + € =~ /v, hence
decreasing € even further will not affect the optimization
dynamics as long as « remains fixed.

This suggests the existence of two distinct regimes for
Adam (and other adaptive methods): an adaptive regime,
when ¢ is small and there is no interaction between « and ¢,
and a non-adaptive regime, when ¢ is large and the learning
rate o must scale linearly with e to preserve the optimization
dynamics. The exact phase transition is governed by v, i.e.
the second moments of the gradients, which depends not
only on the task but also on the model.

3gi;hub .com/POSTECH-CVLab/PyTorch-StudioGAN
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Figure 1: Performance of Adam and AvaGrad with different
learning rate a and adaptability parameter €, measured in
terms of validation error on CIFAR-10 of Wide ResNet 28-4.
Best performance is achieved with low adaptability/large e.

By normalizing the parameter-wise learning rates 7, at
each iteration, AvaGrad guarantees that the magnitude of
the effective learning rates is independent of ¢, essentially
decoupling it from «v. With AvaGrad, o governs optimization
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Figure 2: Left: Iterations to achieve 0.5% suboptimality, measured in terms of
validation accuracy on CIFAR-10, for Adam and AvaGrad when tuning o and €
with various standard hyperparameter optimizers. Right: Suboptimality (gap in
validation accuracy) when optimizing « and e with GLD/CGLD, as a function
of trials (i.e. validation accuracy evaluations for a value of (a, €)): AvaGrad is
significantly cheaper to tune than Adam, being especially efficient when adopting

Coordinate GLD due to its hyperparameter separability.

dynamics in both regimes: when ¢ is small, changing its
value has negligible impact on 7; and |||, hence the updates
will be the same, while in the non-adaptive regime we have
thatn, ~ [1,2,...]and ||n;/v/d|> ~ 2, hence normalizing
1y yields an all-ones vector regardless of e (as long as it
remains large enough compared to all components of v;).

Figure 1 shows the performance of a Wide ResNet 28-4
on CIFAR-10 when trained with Adam and AvaGrad, for
different (o, €) configurations i.e. the grid search employed
in Section 5.1. For Adam, the non-adaptive regime is indeed
characterized by a linear relation between « and €, while its
performance in the adaptive regime depends mostly on «
alone. AvaGrad offers decoupling between the two parame-
ters, with a precisely characterizing the non-adaptive regime
(i.e. the performance is independent of €) while almost fully
describing the adaptive regime as well, except for regions
close to the phase transition. For each of the 21 different
values of €, AvaGrad performed best with o = 1.0.

7. Separability & Hyperparameter Tuning

To assess our hypothesis that AvaGrad offers hyperpa-
rameter decoupling, which enables o and ¢ to be tuned inde-
pendently via two line-search procedures instead of a grid
search, we compare tuning costs of Adam and AvaGrad with
prominent hyperparameter optimization methods such as
Parzen Trees and CMA-ES. We also consider Gradientless
Descent (GLD) [10], a powerful zeroth-order method.

We frame the task of tuning o and € as a 2D optimization
problem with a 21 x 21 discrete domain representing all (c, €)
configurations explored in Section 5.1, with the minimization
objective being the error of a Wide ResNet-28-4 on CIFAR-
10 when trained with the corresponding («, €) values.

Figure 2 (left) shows the number of iterations required
by different hyperparameter optimizers to achieve 0.5% sub-
optimality i.e. an error at most 0.5% higher than the lowest
achieved in the grid. AvaGrad is significantly cheaper to

50 60

70 80 90 100

Figure 3: The mean gradient norm as
function of the iteration ¢ when optimiz-
ing Equation (11). Matching our theo-
retical results, Delayed Adam and Adam
with dynamic €; both converge, while
Adam fails to converge.

tune than Adam, regardless of the adopted tuning algorithm,
including random search — showing that AvaGrad is able to
perform well with a wider range of hyperparameter values.
We also consider a variant of GLD where descent steps
on « and e are performed separately in an alternating manner,
akin to coordinate descent [23, 32]. This variant, which we
denote by CGLD, is in principle well-suited for problems
where variables have independent contributions to the ob-
jective, as is approximately the case for AvaGrad. Results
are given in Figure 2 (right): AvaGrad achieves less than 1%
suboptimality in 13 iterations when tuned with CGLD, while
Adam requires 74 with GLD. As expected, coordinate-wise
updates result in considerably faster tuning for AvaGrad.

8. Theoretical Foundations

Finally, we present a theoretical analysis on the conver-
gence of adaptive methods, but taking a different approach
from the one considered in Section 3: instead of analyz-
ing how e affects the convergence of Adam, here we focus
on better understanding why Adam can fail to converge for
problems that depend on its hyperparameter settings.

We first note that the ‘adversarial’ problems designed to
show Adam’s nonconvergence in Theorem 3 of Reddi et
al. [34] and our Theorem 1 exploit the correlation between
my and 7 to guarantee that Adam takes overly conserva-
tive steps when presented with rare samples that contribute
significant to the objective.

While Reddi et al. already propose a modification for
Adam that guarantees its convergence, it relies on explicitly
constraining the parameter-wise learning rates 7); to be point-
wise decreasing which can harm the method’s adaptiveness.
We present a simple way to directly circumvent the fact that
my and 1, are correlated without constraining 7;, guaran-
teeing a O(1/+/T) rate for stochastic non-convex problems
while being applicable to virtually any adaptive method.

Our modification consists of employing a 1-step delay



in the update of 7, or equivalently replacing n; by 7;—1
in the method’s update rule for w;;;. Although there is
still statistical dependence between m; and v;, this ensures
that n; is independent of the current sample s;, which the
following result shows to suffice for SGD-like convergence:

Theorem 3. Assume that f is smooth and fs has bounded
gradients for all s € S. For any optimization method that
performs updates following (4) such that 1, is independent
of sy and L < ny; < H for positive constants L and H,

setting o, = o/ /\/T yields

o(stp (i)

where wy is uniformly sampled from {wn, . ..

E [IV/(w)]?] <

) 'U)T}.
Moreover; if s, is independent of Z = ZZ;I o ming 1 ;,
then setting oy = o, /\/T yields

E [IVf(w)]

1
<0<\/T E

where wy is sampled from p(t) o oy - min; 7 ;.

Zt 11+O‘ ||77t|| 1) ©)

Zt 1 o min; 1 ;

The bound in (9) depends on the learning rate o; and on
both the squared norm and smallest value of the parameter-
wise learning rate 7, namely || ||* and min; T4, enabling
us to analyze how the relation between oy and 1) affects the
convergence rate, including how the rate can be improved by
adopting a learning rate o that depends on 7;.

Setting o} = |||~ yields a bound on the convergence

rate of
T
O ( T \/rr:ni Nt,i ) (10)
Zt:l [l

Note that such bound is stronger than the one in (8): given
constants L and [ as in Theorem 3, we have L < min; 7, ;
and ||n|| < VdH, yreldrng an upper bound of O(H/Lf)
that matches (8) when o/ = H ™.

Note that, for 7, = 1/(\/v, + €), having o} = (el is
equivalent to normalizing 7 prior to each update step, which
is precisely how we arrived at AvaGrad’s update rule (with
the exception of accounting the d, the dimensionality of 7,
when performing normalization).

Additionally, Theorem 3 predicts the existence of two
distinct regimes in the behavior of Adam-like methods. Tak-

ing o/ = ©(H ') minimizes the bound in (8) and yields
a rate of(’)(i%) ( max (1, T)) once we take
= (Go +€)"tand H = €1, which can be shown to

satlsfy L <mn,; < H for Adam—hke methods.
In this case, the convergence rate depends on GTW, or,
informally, how v; compares to € (G is an upper bound on

the magnitude of the gradients, hence directly connected to
v¢). This closely matches the empirical results presented in
Figure 1, which shows two visible phases with a transition
around € = 1073,

Lastly, we demonstrate our convergence results in Theo-
rems 2 and 3 experimentally by employing Adam, AMSGrad,
Adam with a 1-step delay (Delayed Adam), and Adam with
e =13, ona synthetic problem with the same form as the
one used in the proof of Theorem 1:

w 1
9995, W.p. =55 (1
—w, otherwise

min f(w),  fi(w) = {

we(0,1]

where f(w) = E [fs(w)].

This problem admits a stationary point w* = 0.5, and
satisfies Theorem 5for 3, = 0,82 = 0.99,¢ = 1078, Fig-
ure 3 presents ; Zt, LIV (wt/)|| during training, and
shows that Adarn fails to converge (Theorem 1), while both
Delayed Adam and dynamic Adam converge successfully
(Theorem 3 and Theorem 2). We attribute the faster con-
vergence of Delayed Adam to the lack of constraints on the
parameter-wise learning rates.

9. Conclusion

Adaptive methods are widely used when training complex
architectures, but are far from being well-understood in the-
ory and practice. Our theoretical results show that adaptive
methods enjoy a SGD-like convergence under a constraint
on how parameter-wise learning rates are computed from
samples, motivating a simple and universal modification to
provide convergence guarantees to arbitrary adaptive meth-
ods. Our analysis also suggests a sensible connection be-
tween the learning rate «, the adaptability parameter €, and
the magnitude of the stochastic gradients.

Experimentally, we show that, contrary to prior beliefs,
adaptive methods can outperform SGD even on challenging
tasks such as ImageNet — given a large enough budget for
hyperparameter tuning. We identify hyperparameter tuning
as a key concern in understanding and designing adaptive
methods, and propose AvaGrad, a theoretically-motivated
method that decouples o and e.

AvaGrad enables cheap of tuning of o and e with coordi-
nate zeroth-order methods, requiring a fraction of time taken
by other optimizers. Being able to outperform competing
methods while offering efficient hyperparameter tuning, Av-
aGrad can be a valuable tool for practitioners with limited
computational resources.
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Appendix

A. Additional Plots
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Figure 4: Performance of Adam and AvaGrad with different learning rate o and adaptability parameter ¢, measured in terms of
validation BPC (lower is better) on PTB of a 3-layer LSTM. Best performance is achieved with high adaptability/small e.

B. Full Statement and Proof of Theorem 1

Theorem 4. For any € > 0 and constant B2+ = B2 € [0, 1), there is a stochastic optimization problem for which Adam does
not converge to a stationary point.

Proof. Consider the following stochastic optimization problem:

. O with probabilit = 148
min f(w) = Bep [fo(w)]  fow) =4 2 P yoPT o (12)
wel0,1] —w, otherwise

where 9 is a positive constant to be specified later, and C' > 1;% >1+ ﬁ\/@ is another constant that can depend on §, 5o
and ¢, and will also be determined later. Note that V f (w) = pCw — (1 — p), and f is minimized at w* = %;’ = %.
The proof follows closely from [34]. We assume w.l.0.g. that 3; = 0. We first consider the difference between two

consecutive iterates computed by Adam with a constant learning rate o:

At = Wt41 — W = —« g¢ = —« 9¢ 5 5 (13)
Ve e \/521&—1 + (1= B2)gi + ¢

and then we proceed to analyze the expected change in iterates divided by the learning rate. First, note that with probability p
2
we have gy = V(C 5t ) = Cwy, and while g, = V(—w) = —1 with probability 1 — p. Therefore, we have

E [At] _ ]E [wt+1 — wt] _ —]E gt
a a VBavi—1 + (1 — Ba)g? + €
C 1 (19
—Cw,
= JE +(1-p)E ,
P VB2vi—1 + (1 — B2)C2w} + € -2 VB2vi—1+ (1= B2) + ¢
T T>

where the expectation is over all the randomness in the algorithm up to time ¢, as all expectations to follow in the proof. We
will proceed by computing lower bounds for the terms 73 and 7T, above. Note that 7} = 0 for w; = 0, while for w; > 0 we

11



can bound 7 by
—C’wt > —O’th _ —1
VB2 + (1= Bo)C?wl +¢ /(1 —=5)C?uw2 VI=02

Combining the cases w; = 0 and w; > 0 (note that the feasible region is w € [0, 1]), we have that, generally, 77 >
; -1y _ _ -1

min(0, 7=5) = g
Next, we bound the expected value of T using Jensen’s inequality coupled with the convexity of z—/2 as

T =

15)

1 1
E|T;|=E 16
= Bovg_1+1— B2 +e \/52 [ve—i] +1—PBate (10

Let us consider E [v;_1] now. Note that
vio1 = Bavio + (1= Ba)gi 4
= B2 (B2ve—3 + (1 — B2)gi_s) + (1 — B2)gi_y
= B3vi—s + Ba(l — B2)gi o + (1 — B2)gi_y
= B3 (Bavi—a + (1 = B2)gi_3) + Bo(1 = Ba)gi o + (1 — B2)gi 4
= B3vi—a + B3 (1= B2)gi5 + Bo(1 — B2)gi o + (1 — B2)gi 1 (17)

=By v + BFQ(I — B2)gi + B5 21— Ba)gs + -+ (1= Ba)gi
1 . 62 Zﬂf i—1 2

where we used the fact that vg = 0 (i.e. the second-moment estimate is initialized as zero).
Taking the expectation of the above expression for v;_1, we get

E [via] = (1 ) iﬁé—“lE [9?]

(18)
= (1-f) Zﬁt (1 - p+pCPE [wi]) |
where we can use the fact that w; € [0, 1], so w? < 1 to get
E [v;-1] < (1 - Ba) Zﬁt (1= p+pC?)
t—1
=(1—B2) (1—p+pC?)> B!
i=1
=2
=(1=8) (1-p+pC?) > B (19)
i=0
t—2
1_p+p02 Z z+1
= (1-p+pC?) (1-57")

< (1+0)C?,

where S°0_7 (84 — B5T1) = 1 — 47" follows from the fact that the sum telescopes.
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Plugging the above bound in (16) yields

1
E [Ts] > 20
R R ey <0
Combining the bounds for 7 and 7% in (14) gets us that
E[At] 146 -1 (1+5> 1 o
o« SCTIVI-B C+1) /Bo(1+8)C+1— By +e

Now, recall that w* = C(l = 5)’ so for C' sufficiently large in comparison to § we get w* ~ 7 + 5+ On the other hand, the
above quantity can be made non-negative for large enough C, so E [w;] > E [w;—1] > -+ > w;. In other words, Adam will,

in expectation, update the iterates towards w = 1 even though the stationary point is w* ~ ﬁ and we have ||V f(1)|* = 6

at w = 1. Setting § = 1, for example, implies that lims_, o 7 Zthl E [||Vf(wt)H2} = 1, and hence Adam presents
nonconvergence in terms of stationarity. To see that w = 1 is not a stationary point due to the feasibility constraints, check that
Vf(1) =1 > 0: that is, the negative gradient points fowards the feasible region. [

C. Technical Lemmas

This section presents intermediate results that are used in the proofs given in the next sections.
For simplicity we adopt the following notation for all following results:

H; = maxn; Ly =minmn,;, (22)
3 3

where 77; € R? denotes the parameter-wise learning rates computed at iteration ¢ (the method being considered and consequently
the exact expression for 7, will be specified in each result).

For the following Lemmas we rely extensively on the assumption that ||V f;(w)|| ., < G for some constant G, and also
that this assumption implies that there exists G such that ||V f(w)|| < G for all s € S and w € R, which can be seen by
noting that

d

19w = (Zm(w»%) < (VA @IZ)" = Vi [Vl < Vd- Gu. 23)

i=1
hence such constant G must exist as any G > V/d - G, satisfies |V fs(w)]| < Go.

Lemma 1. Assume that there exists a constant G, such that |V fs(w)|| .. < Goo forall s € S and w € RY, and let G5 be a
constant such that |V fs(w)| < Go forall s € S and w € R%. Moreover, assume that 1 ¢ € [0,1) forall t € N.
Let m; € RY be given by
me = Premi—1 + (1= Bre)ge and mo =0,
where 81+ € [0,1) forall t € N.
Then, we have
[milloe < Goo and — |[my]| < G2

forall t € N and all possible sample sequences (s1, . ..,s;) € St.
Proof. Assume for the sake of contradiction that ||m.|| ., > G« for some ¢ € N and some sequence of samples (s, ..., s¢).
Moreover, assume w.l.o.g. that ||my || < G forallt’ € {1,...,¢ — 1} and note that there is no loss of generality since

(my)t,_, must indeed have a first element that satisfies |[my ||, > Goo, which cannot be myq since we have mg = 0 by
definition.
Then, we have that m; ; > G for some ¢ € [d], but

Mg = Prami—1,; + (1 — B1.¢)9e.i
< B llmi-allo + (1= Bre) 19l oo
<B11Goo + (1 = P1,4)Go
= G007

(24)
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where we used 3 ¢ € [0, 1) and the assumptions |[m_1 || < Goo and ||g¢]| o, < Goo

To show that ||m;|| < G2, note that if we assume ||m;|| > G2 and ||my || < Gy forall ¢’ € {1,...,t — 1}, we again geta
contradiction since, by the triangle inequality,

el = [181,eme—1 4 (1 = Bre)gel

< Brellme—all + (1 = Bre) llgell 25)
< B14Go+ (1 — p14)Go
= GQ}
therefore it must indeed follow that ||m;|| < Ga.
O

Lemma 2. Assume that there exists a constant G such that |V fs(w)|| ., < Goo forall s € S and w € R, and let G2 be a
constant such that |V fs(w)| < Go forall s € S and w € R%. Moreover, assume that 324 € [0,1) for all t € N.

Let v, € RY be given by

vy = PBa i1 + (1 — Bz,t)gf and vy =0,

where 3, € [0,1) forall t € N.

Then, we have

lvelloo < G2 and lvel| < G3
for all t € N and all possible sample sequences (s1, . ..,s;) € St

Proof. The proof follows closely from the one of Lemma 1. Assume for the sake of contradiction that there exists ¢ € N and
some sequence of samples (s1, ..., s¢) such that |[v]| > G2 and |jvp | < G2 forallt’ € {1,...,t —1}.

Then v ; > G2, for some i € [d] but

v = Bayve—1i + (1= Bat)gi
< B ot lloo + (1= B2) gnll2,
< BouGE + (1= Bay) G2
=G,

(26)

where we used 32 ; € [0,1) and the assumptions [|ve_1 ||, < G% and ||g¢||., < Goo, Which raises a contradiction and shows
that indeed ||v; || < GZ..

For the /; case, assume that ||v;|| > G3 and ||vy|| < G3 forall ¢’ € {1,...,t — 1}, which yields

vell = ||B2,eve—1 + (1 = B2,) g7 ||
< Bat llve—ll + (1 = Ba,e) ||67 |
< B2.4G3 + (1= B2.4)G5
=G3,

@7
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where we used the assumption ||¢g;|| < G2 which also implies that

-4 1
||9?|| = Zg;{i‘|
i=1

Nl

IN
g
£

+

™
M~

o

R,

(28)

Checking that (27) yields a contradiction completes the argument.

Lemma 3. Under the same assumptions of Lemma 1, we have
[me © nell < min (Goo [|mel] , G2 He) (29)
forallt,t" € N and all possible sample sequences (s1, . .., Smax(t,t/))-

Proof. By definition,

d
2
[me ©nel|” = mez N

< maxm, ; R
Z_; jeld ! K (30)

d
2
< llmells Y i
i=1

2 2
= [lma |5 - llmel

hence invoking Lemma 1 and taking the square root yields ||my @ n:|| < Goo |02 ]]-
Additionally, we have

d
2
e © ml < 3 (maxn?)
i=1
d (3D
2
< mellze D mé s
i=1
2 2
= el - llmel™
hence recalling that ||| ., = H; and by Lemma 1 we get |my © n;|| < G2Hy.
Combining the two bounds completes the proof. O
Lemma 4. Under the same assumptions of Lemma I, we have
(Vf(w),me ©me) > (1= Bre) (Vf(we), gt ©me) — Br4Ga [me—1 © el (32)

forall t € N and all possible sample sequences (s1, . ..,s;) € St

15



Proof. Using the definition of m;, we have

(Vf(wg),me @) = <vf(wt)a (51,tmt71 +(1- 51,t)gt) O] 7)t>

= (1= B1,) (Vf(we), 9e ©me) + Pre (Vf(we), me—1 ©ny) (33)
> (1= Prie) (Vf(we), gt ©ne) — B |V f(we)|l - |me—1 @ el

where we used Cauchy-Schwarz in the last step.
Next, by Jensen’s inequality and the fact that ||-|| is convex we have, for all w € R<,

V()| = [[Es [V fs(w)]ll < Es[[Vfs(w)]l] < Es [Go] = G2 (34)

Applying this bound in (33) yields the desired inequality.
O

Lemma 5. Assume that there exists a constant G o, such that |V fs(w)|| ., < Goo forall s € S and w € RY, and let G5 be a
constant such that ||V fs(w)|| < Ga forall s € S and w € RY. Moreover, assume that 314 € [0,1) and 31+ < B1,4—1 for all
teN

If n; is independent of s for allt € N, i.e. P(n; = 1,5 = s) = P(n; = n)P(s; = s) foralln € RY s € S, then

Es, [(Vf(we),me @ ne)] = (1= B1)Le [V (we)||” = Br4Ga |me—1 @ e (35)

for all t € N and all possible sample sequences (s1, . ..,s;) € St
Proof. From Lemma 4 we have that
(Vf(we),me ©m) = (1= Bre) (VF(we), g ©me) — Br,uGa [[mi—1 © me| - (36)

Then, taking the expectation over the draw of s; € S and recalling that w;, and hence also V f(w;), is computed from
(81» B 8t71),

Es, [(Vf(wi),me ©ne)] > (1= Bre) (Vf(we), Es, (g6 © mi]) — B1,6G2Es, [[[me—1 © mel[] - (37

Now, note that since we assume that 7, is independent of s;, we get

Es, [g: © ne] = ne © By, [9¢] = e © B, [V fs, (wi)] = 1 © V f(wy) (38)
and also
Es, [[[me—1 © nell] = lma—1 © mel| - (39)
Combining (39) and (38) into (37) yields
Es, (Vf(we),me ©ne)] > (1= Bre) (Vf(we), Vf(we) ©ne) — Br,eGo ||me—1 © nel| (40)
Moreover, we have
d
(Vf(we), Vf(w) ©@me) =Y (Y (wn)i(V f(wy) )i,
i=1
d
= Z(Vf(wt))?m,i
(41)

>2Vf wy)) mlnntj)

d
= Z V f(wy))
= ||Vf(wt)H ,
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which, when applied to (40) yields

Es, [<Vf(wt),mt © 77t>] > (1 - 51,t)Lt va(wt)Hz - 51,tG2 ||mt—1 O) 77tH s (42)

where we also used that 8;;, € [0,1) and L; > 0. Using the fact that 8;; < 1,1 < f; for all ¢ € N and hence
1— B1,+ > 1 — By yields the desired inequality.
O

D. Proof of Theorem 3

We organize the proof as follows: we first prove an intermediate result (Lemma 6) and split the proof of the bounds in (8)
and (9) in two, where the latter can be seen as a refinement of (8) given the additional assumption that Z := Zthl o Ming N ;
is independent of each s;.

Throughout the proof we use the following notation for clarity:

Hp = maxny,; Ly =minmn;. (43)

Lemma 6. Assume that f is M-smooth, lower-bounded by some f* (i.e. f* < f(w) for all w € R?), and that there exists a
constant G, such that ||V fs(w)||, < Ge forall s € S and w € R?, and let Gy be a constant such that ||V fs(w)| < Go

forall s € S and w € R
Consider any optimization method that performs updates following

loo

Wiyl = Wy — Qg - N O My, (44)

where we further assume assume that for all t € N we have oy > 0, 814 = % for some 1 € [0,1), and 0, ; > 0 for all
i€ [d].
If n; is independent of s, forallt € N, i.e. P(n; = 1,5, = 8) = P(n; =n)P(s; = s) foralln € R4, s € S, then

T T T
1
D Ly ||V f(w)]* < =5 <Z (f(we) =By, [f(wis)]) + D e iGa [mi—1 © el
t=1 L\ =1 t=1
(45)
M & )
+ 5 Y afE,, [lme o mil] ) :
t=1
forall T € N and all possible sample sequences (s1,...,st) € ST.
Proof. We start from the assumption that f is M -smooth, which yields
M 2
Flwesr) < fwe) +(VF(we), wesn —we) + o fJwers —wel|” (46)
Plugging the update expression w41 = wy — ay - M © My,
a?M
fwegr) < f(we) = o (Vf(we), me ©ne) + t2 e © el . 47
Now, taking the expectation over the random sample s; € S, we get
OétQM 2
E,, [f(wes)] < fw) = acs, [(VF(we),me ©me)] + “E=E, [llme © mil?] (48)

where we used the fact that w; and «; are not functions of of s; — in particular, recall that w; is deterministically computed
from (s1,...,8¢-1)-
Using the assumption that 7, is independent of s; and applying Lemma 5, we get

Ey, [f(wir1)] < flwe) — ae(1 = B1)Le |V f(w)l|” + aeBriGa [Ime—1 @ ne|
2 M
S, [lme o m?]

(49)
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which can be re-arranged into

1
a Ly ||V f (w)||* < - <f(wt) —Es, [f(weg1)] + a1 B1,2G2 [me—1 © ne|
) (50)
a; M
+3E¢Mmﬁ)
where we used the assumption that 8; € [0, 1), hence 1 — 8; > 0 which was used to divide both sides of the inequality.
Now, summing overt = 1to T,
T T
ZatLt IV f( wt)‘ <Z s [f(weg1)]) + Zatﬁl,tG2 [me—1 © nel
t=1 t=1 t=1 51
r O[2M 2
+ >R, [lmeoml?] ).
t=1
which yields the desired result.
O
D.1. Proof of the first guarantee (8)
Proof. We start from the bound given in Lemma 6:
T T
Z oLy ||Vf(wt)| < <Z (we) — Eg, [f(wes1)]) + Z af1,:Ga ||me—1 © el
t=1 t=1 t=1 . (52)
M
+2Zﬁ&mw@mﬂ)
t=1
Now, using Lemma 3 to upper bound both ||m:—1 ® n:|| and ||m; © n:|| by GaHy,
T T
Z Ly ||V £ (we) | S 1z (Z so [f(we1)]) + Z a1 ,:G3H,
t=1 t=1 t=1 (53)

T
M
M zacﬂ) ,

where we used that Eg, [Hf] = H? since H; is deterministically computed from 7;, which in turn is independent of s;.
Next, from the assumption in Theorem 3 that there are positive constants L and H such that L < 7, ; < H for all
t € N, i € [d] and sample sequences (s1,. .., St), it follows that

L<L;=minn,; and H > H;=maxn.,

i€ld] i€[d]
for all t € N, therefore

T T

L Z S ||Vf(wt)| S — <Z o [f(wii1)]) + G3H Z ai B
t=1 t=1 t=1 . (54)
MGEH? a2>
2 e
t=1
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Dividing both sides by L > 0 and letting a; = o/ /v/T yields

T o T
E, H
; IV f(wy)||* < (= 61 (g (wy) = Es, [f(wii1)]) + G3 Z 7 -
MG2H? - o
LT )
=1
and, rearranging and using the fact that
= L gt <98, VT ,
Zﬂu &f};wﬂl/ -t < 25,
which implies that Ethl %ﬁl,t < 201, we get
T
o= ﬂ1 <Z se [F(wesn)]) + 20/ 51 G3H
=t (56)
a’QMG§H2>
+ .
2
Now, taking the expectation over the full sample sequence (s1,. .., s7) yields
T
[ Viw)P] < 7 (Z F(w)] = E [f(we)]) + 20/ 1G3H
=t (57)
a'2MG§H2>
+— .
2
Note that, by telescoping sum,
T
D E[f(w)] = E[f(wi1)] = E[f(w1)] = E[f(wr41)] < fw1) = f*, (58)
t=1

where the last step follows since w; (the parameters at initialization) is independent of the drawn samples, and also from the
assumption that f* lower bounds f.
Combining the above with (57) and dividing both sides by o/ - /T,

T e IO T2
= E [ ] < Lﬁ(i_m)c(wi, ! +251G§H+C“M§2H>,. (59)
t=1

M

2
Finally, we will use Young’s inequality with p = 2 and the conjugate exponent ¢ = 2, which states that 2y < %- 4- %- for
any nonnegative numbers x, y.
In that context, let

1
T = and y=+vVo'H, (60)
Vo
which yields
P 1 1772
and hence )
261G2 - H < 51G +2B,G3-o’H?. (62)




Plugging the above in (59) yields

T
1 1 231G2 + - fF G2(M +2
= E (V)] < BT 2Ty e G200 ) (63)
= LVT(1— By) a 2
Verifying that the above is O ( Vi ( +o/H 2)) in terms of T, o/, L and H finishes the proof.
O
D.2. Proof of the second guarantee (9)
Proof. As before, we start from Lemma 6, which states that
T T
Z Ly |V f (wp)||* < (Z (we) — B, [f(wes1)]) + ZatﬁLth [[m—1 © el
t=1 t=1 t=1
e (64)
+22ﬁ&mm@mﬂ)
t=1
We then invoke Lemma 3 to upper bound ||m;_, ® 1;|| by GoH; and |[m; @ 1¢]| by G ||7:]|:
T T T
Z o Ly ||Vf(wt) S (Z (wy) — Eg, [f(wig1)]) + Z Oétﬁl,tG%Ht
t=1 t=1 t=1 (65)

T
M 22 2
+2§%%ﬁmm@)

Next, define the unormalized probability distribution p(t) = ayLy, so that p(t) = p(t)/Z with Z = Zthl p(t) =
Zthl ai Ly is a valid distribution over ¢ € {1,...T'}. Dividing both sides by Z yields

4 .1 L aMGEE,, [|n’]
Yo IVF)l® € s > | Flwe) = B, [f(wisr)] + aupr G He + (66)
t=1 Z(1-p) 2
Now, taking the conditional expectation over all samples S given Z:
T T
2
E |3 p(0) IV 0)? 2| € s (3 (B L wl2] ~E By, [ wi1)]12])
t=1 t=1
T a? MGZE,, |||n:|”
+ 3 E |aiprG3H, + . [ }(z )
t=1
T
< ZA=E fwe)|Z] = E [f(wi11)|Z]
1—51 (; ) (67)

_ aiMG? 2, ]
+ZE Oét,BLtG%Ht_F t—oo”nt”’Z )

2

1 *

= 205 (flw) -1
n

+ 5 E (B G3H; + wp )
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where in the second step we used E [Es, [-] | Z] = E [-|Z] which follows from the assumption that p(Z|s;) = p(Z), and the
third step follows from telescoping sum and the assumption that f* lower bounds f.
Then, taking the expectation over Z and re-arranging:

T 2
w) = f* 2 a; MGZ, |Inell
|V £ (wy) <E =) 4 +GoH + ————— || . (68)
[ZP IV £ (we) | (1_51 ;( T $1,GoHy 5
Setting $; = 0 for simplicity yields
T 2
1 fQwy) — f* o MGZ, el
Zp JIVFw)ll"| <E |- ; ( s : (69)

Now, let oy = o} //T

T T 2
1o [ flwn) = f* 0P MG ||
E 2l <E|= ¢ =
;p@) IV £ ()l ] < ZZ( T
B - - (70)
1 1
=77 B |5 3 (Flw) - 4 3aPMGE )
t=1 i
Now, recall that Z = S/ oy L; = s SO, a} Ly, hence
L[S fwn) = £+ 3o MG ||| ]
Zp VIV € == E —
VT D=1 Lt i 1)
col L g|Zeittof nl’
_— T .
\/T thlaéLt

Finally, checking that -7, p(1) [V £ (w)||* = Eqpis) |97 (we)|]:

1 S Lo
E gpr |[Vf(w)’| <O|—= E|== 17 : (72)
2B 115) { ' } VT S ALy

Recalling that L; = min; 7; ; completes the proof. O

E. Full Statement and Proof of Theorem 2

We organize the formal statement and proof of Theorem 2 as follows: we first state a general convergence result for Adam
which depends on the step-wise adaptivity parameter ¢; and the learning rates «; in Theorem 5, and then present a Corollary
that shows how a O(1/+/T) rate follows from such result (Corollary 6). This section proceeds the proof of Theorem 3
(Appendix D) as the proof presented here is more easily seen as a small variant (although overall simpler) of the analysis given
in the previous section. Steps which also appear in the proof of Theorem 3 are not necessarily described in full detail, hence
the following arguments can be better understood with the previous section in context.

Throughout the proof we use the following notation for clarity:

Hi = maxny,; Ly =minmn; . (73)

Theorem 5. Assume that f is smooth and fs has bounded gradients. If e, > €1 > 0 for all t € [T, then for the iterates
{wy,...,wr} produced by Adam we have

9 ]‘+Zt1 (1+at+€t_€t 1)
E[IVf)l] <o - , 4
Zt 1 1+6t 1

where wy is sampled from p(t) o< z—F-—.
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Corollary 6. Setting e; = ©(TP'tP2) for any p1, pa > 0 such that p1+ps > % (e.g. ¢t = O(WT), e = @(\4/Tt),et =

and oy = © (%) on Theorem 5 yields a bound of O(1/\/T) for Adam.

Proof. Similarly to the proof of Theorem 3, we plug the update rule w41 = w; — ay -, @ My in

Flwes) € Flwe) + (9 Fwe), wess = we) + - s — el

yielding
oZM
f(wi1) < flwe) — e (Vf(we), me © ne) + t2 l[me @ el -
By Lemmas 3 and 4, we have
2 MG? 2
fwigr) < flwe) —ae(1 = Big) (Vf(we), g ©ne) + atﬁl,tGSHt + %’O”m” .

Now, note that we can write

(Vf(we), gt ©ne) = (VF(we), 9t ©ne—1) + (Vf(we), 9¢ © (e —me-1))
therefore we have that

2 2 2
Flwigr) < flwe) = ap(1 = Bra) (Vf(we), ge © me—1) + o1 G3Hy + 0 MG le]l”

2
— (1= B1) (VF(we), 9¢ © (e — me—1))
2 2 2
< Flun) = (1= B1.0) (V1)1 © i) + e G, + LG

+ar (1= Bre) (Vf(we), g¢ © (ne — me-1))]
We will proceed to bound [(V f (w;), g¢ ©® (n: — 1n¢—1)}|. By Cauchy-Schwarz we have

(VF(we), 90 © (e = nea DI < IV F(wi)ll - llge © (ne = 1)l < G2 llge © (e = me—a)l

1/2
2)

and moreover

d
gt © (e — ne—1)|| = <Z 92 il — -1
i=1

4 1/2
< <Z Ggo|77t,i - 77t1,i|2>
i=1
= Goo ne = -1,

therefore we get

a? MGZ, ||n.|”

Flwigr) < flwe) — (1 = Bre) (Vf(we), g © me—1) + Oétﬂl,tGgHt + 9

+ (1 — B1,4)GooG2 | — ne—1]|

Using the fact that 7,1 is independent of s, and that E;, [g;] = V f (w;), taking expectation over s; yields

FMGLE,, [In]

Es, [f(weg1)] < flwe) — au(1 = Bre) (Vf(wy), Vf(we) © ne—1) + a1 G3Es, [Hi] +
+ (1 = B1t)Goo G2Es, [|Ine — me—1]]]

2

3MGLE,, ||m’]

< flwe) — a(1 = B) [V (w)||” Loy + ufrG3Es, [Hy] + 5

+ (1 = 1)GocGoEs, [||11: — me—1]l]
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where in the second step we used 31 ; < /31 and

d

(Vf(we), Vflwe) ©ne—1) ZVf )ine— 112m1n7]t 1]va ); = Li1 |V f(w)|?

i=1

Re-arranging,

) ) o MGLE,, [l
aeLeor (1= B) [V F(wo)ll* < f(we) = Bs, [f(wn)] + auB1:G3Es, [Hi] + ; (83)

+ai(1 = B1)GooGoEs, [t — me-1ll] 5

Next, we will bound L;_1, Hy, ||7¢]|, and ||n: — m:—1|. Recall that, for Adam, we have

1
uis \/1)7_’_ o
and since v; ; < Ggo, we also have that
1 1
Goo + € et = €
From the above it follows that
1
Li_
Goo + €1 =t
and
1
Ht > ]
€t
which also implies that ||7;|| < ‘6(
As for ||n; — n;—1|, check that
1 1 G — € G — €
Neg — Ne—1,i| < - _ Ot an < m+;t ct L (84)
€1 Goo + € Gooet—l —+ €1€4_1 €1

where we used the assumption that ¢; > ¢;_1. The above implies that ||n; — n;—1|| < Vd - %
t—1

Applying the bounds given above to (83) yields

oy 1e) o MdG2
o o (L= BNV |” < flw) = By, [fwinn)] + BraGi - + ==
fe’e] + €t—1 €t 6t (85)
Far(1 — BUVAG G - w
t—1

o= so that p(t) = p(t)/Z with Z = Y, j(t) =
Zt | 45— is a valid distribution over ¢ € {1,...T'}. Adopting this notation and dividing both sides by Z(1 — 1 ):

Next, define the unormalized probability distribution p(t) =

1 QMdGQ
PO IV £ ()P £ s (Fwn) = B, [f(wesn)] + BruGr + e
Z(]- - 51) €t €7 (86)
+ (1 — B1)VdGoo Gy - w> )
t—1
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Taking the expectation over all samples and summing over ¢ yields

) ; T ar  aiMdG?
;p(t)E {Ilvf(wt)llﬂ <705 ; (E [f(we)] — E [f(wesr)] + 51,&%?; N %
(1 — B1)VAG oG - m)
€1 -
! Oy OzQMngO
< g [ = 3 (gt

+ ay(1 — B1)VdG oGy - -

€1

Goo + €6 — €1
€t1 €t 1)]

where we used the fact that ZtT:l E [f(w)] — E[f(wis1)] = fwr) — E [f(wr41)] < f(wr) — f* by telescoping sum and
where f* lower bounds f.

For simplicity, assume that 51 ; = 0 (or, alternatively, let 31 ; = % and apply Young’s inequality as in the proof of
Theorem 3). In this case, we get

T T
1 . Q. 2 41— . _
tz:; p(t)E [va wy)|| } m [f(wl) -+ ; 2 (athGoo +(1 Bl)ﬂGooGQ (Goo + €t —€1-1) )} )
(88)
and recalling that Z = 30/, & G4 vields
I (R AR Dt (a MdG?, + (1 — f1)VAdGeGa - (Goo + € — eH))
Evero [E [IVF0)]] < T
- P t=1 Goo+et 1
(39)
1) L+ Y 1 (Lot e —e)
< ;
Et 1 lJrEt 1
which completes the argument. O

F. Details on Hyperparameter Optimization

This section contains additional details on the experiments performed in Section 7. We use Gradientless Descent (GLD
[10]), a recently-proposed zeroth-order optimization method to tune both « and e for Adam, AMSGrad and AvaGrad. The
search space consists of 21 values for o and 21 values for e, yielding a discrete search space composed of 441 hyperparameter
settings. We use a projected isotropic Gaussian constrained to [0, 21] x [0, 21] for sampling: we first sample (z,y) and then
round both x and y to the nearest integer to associate the continuous samples to elements in the discrete 21 x 21 search space.
We use a search radius of 4 and 3 samples per iteration.

For the coordinate-wise hyperparameter optimization, we run GLD separately on « and ¢, in an alternating fashion. In
practice, this amounts to using univariate Gaussians during sampling, where in one iteration the distribution is over « only, and
in the other it is over e. We denote GLD when run in this manner by “CGLD”, standing for coordinate gradientless descent.
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