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ABSTRACT

We address the issue of limit cycling behavior in training Generative Adversarial
Networks and propose the use of Optimistic Mirror Decent (OMD) for training
Wasserstein GANs. Recent theoretical results have shown that optimistic mirror
decent (OMD) can enjoy faster regret rates in the context of zero-sum games.
WGANS is exactly a context of solving a zero-sum game with simultaneous no-
regret dynamics. Moreover, we show that optimistic mirror decent addresses the
limit cycling problem in training WGANs. We formally show that in the case of
bi-linear zero-sum games the last iterate of OMD dynamics converges to an equi-
librium, in contrast to GD dynamics which are bound to cycle. We also portray the
huge qualitative difference between GD and OMD dynamics with toy examples,
even when GD is modified with many adaptations proposed in the recent litera-
ture, such as gradient penalty or momentum. We apply OMD WGAN training to
a bioinformatics problem of generating DNA sequences. We observe that mod-
els trained with OMD achieve consistently smaller KL divergence with respect to
the true underlying distribution, than models trained with GD variants. Finally,
we introduce a new algorithm, Optimistic Adam, which is an optimistic variant
of Adam. We apply it to WGAN training on CIFAR10 and observe improved
performance in terms of inception score as compared to Adam.

1 INTRODUCTION

Generative Adversarial Networks (GANs) (Goodfellow et al., 2014) have proven a very successful
approach for fitting generative models in complex structured spaces, such as distributions over im-
ages. GANs frame the question of fitting a generative model from a data set of samples from some
distribution as a zero-sum game between a Generator (G) and a discriminator (D). The Generator is
represented as a deep neural network which takes as input random noise and outputs a sample in the
same space of the sampled data set, trying to approximate a sample from the underlying distribution
of data. The discriminator, also modeled as a deep neural network is attempting to discriminate be-
tween a true sample and a sample generated by the generator. The hope is that at the equilibrium of
this zero-sum game the generator will learn to generate samples in a manner that is indistinguishable
from the true samples and hence has essentially learned the underlying data distribution.

Despite their success at generating visually appealing samples when applied to image generation
tasks, GANSs are very finicky to train. One particular problem, raised for instance in a recent survey
as a major issue (Goodfellow, 2017) is the instability of the training process. Typically training of
GAN:Ss is achieved by solving the zero-sum game via running simultaneously a variant of a Stochastic
Gradient Descent algorithm for both players (potentially training the discriminator more frequently
than the generator).

'Code for our models is available at https://github.com/vsyrgkanis/optimistic_GAN_
training
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The latter amounts essentially to solving the zero-sum game via running no-regret dynamics for
each player. However, it is known from results in game theory, that no-regret dynamics in zero-
sum games can very often lead to limit oscillatory behavior, rather than converge to an equilibrium.
Even in convex-concave zero-sum games it is only the average of the weights of the two players that
constitutes an equilibrium and not the last-iterate. In fact recent theoretical results of Mertikopoulos
et al. (2017) show the strong result that no variant of GD that falls in the large class of Follow-the-
Regularized-Leader (FTRL) algorithms can converge to an equilibrium in terms of the last-iterate
and are bound to converge to limit cycles around the equilibrium.

Averaging the weights of neural nets is a prohibitive approach in particular because the zero-sum
game that is defined by training one deep net against another is not a convex-concave zero-sum
game. Thus it seems essential to identify training algorithms that make the last iterate of the training
be very close to the equilibrium, rather than only the average.

Contributions. In this paper we propose training GANs, and in particular Wasserstein GANs
Arjovsky et al. (2017), via a variant of gradient descent known as Optimistic Mirror Descent. Op-
timistic Mirror Descent (OMD) takes advantage of the fact that the opponent in a zero-sum game
is also training via a similar algorithm and uses the predictability of the strategy of the opponent
to achieve faster regret rates. It has been shown in the recent literature that Optimistic Mirror De-
scent and its generalization of Optimistic Follow-the-Regularized-Leader (OFTRL), achieve faster
convergence rates than gradient descent in convex-concave zero-sum games (Rakhlin & Sridharan,
2013a;b) and even in general normal form games (Syrgkanis et al., 2015). Hence, even from the per-
spective of faster training, OMD should be preferred over GD due to its better worst-case guarantees
and since it is a very small change over GD.

Moreover, we prove the surprising theoretical result that for a large class of zero-sum games (namely
bi-linear games), OMD actually converges to an equilibrium in terms of the last iterate. Hence, we
give strong theoretical evidence that OMD can help in achieving the long sought-after stability and
last-iterate convergence required for GAN training. The latter theoretical result is of independent
interest, since solving zero-sum games via no-regret dynamics has found applications in many areas
of machine learning, such as boosting (Freund & Schapire, 1996). Avoiding limit cycles in such
approaches could help improve the performance of the resulting solutions.

We complement our theoretical result with toy simulations that portray exactly the large qualitative
difference between OMD as opposed to GD (and its many variants, including gradient penalty,
momentum, adaptive step size etc.). We show that even in a simple distribution learning setting
where the generator simply needs to learn the mean of a multi-variate distribution, GD leads to limit
cycles, while OMD converges pointwise.

Moreover, we give a more complex application to the problem of learning to generate distributions
of DNA sequences of the same cellular function. DNA sequences that carry out the same func-
tion in the genome, such as binding to a specific transcription factor, follow the same nucleotide
distribution. Characterizing the DNA distribution of different cellular functions is essential for un-
derstanding the functional landscape of the human genome and predicting the clinical consequence
of DNA mutations (Zeng et al., 2015; 2016; Zeng & Gifford, 2017). We perform a simulation study
where we generate samples of DNA sequences from a known distribution. Subsequently we train
a GAN to attempt to learn this underlying distribution. We show that OMD achieves consistently
better performance than GD variants in terms of the Kullback-Leibler (KL) divergence between the
distribution learned by the Generator and the true distribution.

Finally, we apply optimism to training GANs for images and introduce the Optimistic Adam algo-
rithm. We show that it achieves better performance than Adam, in terms of inception score, when
trained on CIFAR10.

2 PRELIMINARIES: WGANS AND OPTIMISTIC MIRROR DESCENT

We consider the problem of learning a generative model of a distribution of data points Q) € A(X).
Our goal is given a set of samples from D, to learn an approximation to the distribution () in the
form of a deep neural network Gy(-), with weight parameters 6, that takes as input random noise



z € F (from some simple distribution F') and outputs a sample Gp(z) € X. We will focus on
addressing this problem via a Generative Adversarial Network (GAN) training strategy.

The GAN training strategy defines as a zero-sum game between a generator deep neural network
Gy(+) and a discriminator neural network D,,(-). The generator takes as input random noise z ~ F,
and outputs a sample Gy(z) € X. A discriminator takes as input a sample x (either drawn from the
true distribution @) or from the generator) and attempts to classify it as real or fake. The goal of the
generator is to fool the discriminator.

In the original GAN training strategy Goodfellow et al. (2014), the discriminator of the zero sum
game was formulated as a classifier, i.e. D,,(z) € [0, 1] with a multinomial logistic loss. The latter
boils down to the following expected zero-sum game (ignoring sampling noise).

ir;f sgjp Ezng [log(Duy(2))] + E.nr [log(l — Dy (Ge(2)))] (D

If the discriminator is very powerful and learns to accurately classify all samples, then the problem
of the generator amounts to minimizing the Jensen-Shannon divergence between the true distribution
and the generators distribution. However, if the discriminator is very powerful, then in practice the
latter leads to vainishing gradients for the generator and inability to train in a stable manner.

The latter problem lead to the formulation of Wasserstein GANs (WGANSs) Arjovsky et al. (2017),
where the discriminator rather than being treated as a classifier (equiv. approximating the JS diver-
gence) is instead trying to approximate the Wasserstein—1 or earth-mover metric between the true
distribution and the distribution of the generator. In this case, the function D,, (z) is not constrained
to being a probability in [0, 1] but rather is an arbitrary 1-Lipschitz function of 2. This reasoning
leads to the following zero-sum game:

i%f sg}p Eypng [Dw ()] — Esnr [Dy(Go(2))] 2)
If the function space of the discriminator covers all 1-Lipschitz functions of x, then the quantity
sup,, Exwp [Dw(z)] — E.wp [Dyw(Go(2))] that the generator is trying to minimize corresponds to
the earth-mover distance between the true distribution () and the distribution of the generator. Given
the success of WGANs we will focus on WGANS in this paper.

2.1 GRADIENT DESCENT VS OPTIMISTIC MIRROR DESCENT

The standard approach to training WGANS is to train simultaneously the parameters of both net-
works via stochastic gradient descent. We begin by presenting the most basic version of adversarial
training via stochastic gradient descent and then comment on the multiple variants that have been
proposed in the literature in the following section, where we compare their performance with our
proposed algorithm for a simple example.

Let us start how training a GAN with gradient descent would look like in the absence of sampling
error, i.e. if we had access to the true distribution . For simplicity of notation, let:

L(0,w) = Eznq [Du(7)] = Eonr [Du(Go(2))] 3)

denote the loss in the expected zero-sum game of WGAN, as defined in Equation (2), i.e.
infg sup,, L(0,w). The classic WGAN approach is to solve this game by running gradient de-
scent (GD) for each player, ie. for ¢t € {1,...,7 — 1}: with V,,; = V,L(0;,w;) and
Ve,t = VQL(eta wt)
Wiaq = .
t+1 B wy + 1 Vit @)
9t+1 = 0 — UN V@,t

If the loss function L(6, w) was convex in € and concave w, § and w lie in some bounded convex

set and the step size 7 is chosen of the order ﬁ, then standard results in game theory and no-regret

learning (see e.g. Freund & Schapire (1999)) imply that the pair (6, @) of average parameters, i.e.

w = % ZtT:1 wy and 6 = % Zthl 0; is an e-equilibrium of the zero-sum game, for ¢ = O (ﬁ)

However, no guarantees are known beyond the convex-concave setting and, more importantly for the
paper, even in convex-concave games, no guarantees are known for the last-iterate pair (67, wr).

Rakhlin and Sridharan (Rakhlin & Sridharan, 2013a) proposed an alternative algorithm for solving
zero-sum games in a decentralized manner, namely Optimistic Mirror Descent (OMD), that achieves



faster convergence rates to equilibrium of € = O (%) for the average of parameters. The algorithm
essentially uses the last iterations gradient as a predictor for the next iteration’s gradient. This
follows from the intuition that if the opponent in the game is using a stable (or regularized) algorithm,
then the gradients between the two iterations will not change much. Later Syrgkanis et al. (2015)
showed that this intuition extends to show faster convergence of each individual player’s regret in
general normal form games.

Given these favorable properties of OMD when learning in games, we propose replacing GD with
OMD when training WGANs. The update rule of a OMD is a small adaptation to GD. OMD is
parameterized by a predictor of the next iteration’s gradient which could either be simply last itera-
tion’s gradient or an average of a window of last gradient or a discounted average of past gradients.
In the case where the predictor is simply the last iteration gradient, then the update rule for OMD
boils down to the following simple form:

Wepr = Wy +20- Vi — 1 Vi1

5
=0,—2n-Vor+n-Voi_1 )

et—i-l

The simple modification in the GD update rule, is inherently different than any of the existing adap-
tations used in GAN training, such as Nesterov’s momentum, or gradient penalty.

General OMD and intuition. The intuition behind OMD can be more easily understood when
GD is viewed through the lens of the Follow-the-Regularized-Leader formulation. In particular,
it is well known that GD is equivalent to the Follow-the-Regularized-Leader algorithm with an {5
regularizer (see e.g. Shalev-Shwartz (2012)), i.e.:

t
wepr =argmaxn Y _(w, Vu,r) — [[wll3
T=1
t ©)
0,1 = i 0,Vor 6|2
t+1 afgn{?ﬁ;( Vo) + 1013

It is known that if the learner knew in advance the gradient at the next iteration, then by adding that
to the above optimization would lead to constant regret that comes solely from the regularization
term'. OMD essentially augments FTRL by adding a predictor M, of the next iterations gradient,
ie.

t
W41 = argmax n (Z(U%Vw,f) + <vaw,t+1>> - HU’Hg
w

T=1

. (N
Or1 = argmin 7 (Z(Q,V9,7> + <9,M9,t+1>> + 613
T=1
For an arbitrary set of predictors, the latter boils down to the following set of update rules:
W1 = Wi+ 1 (Vo + My 141 — Muw ) )

Or1 =0t —n- (Vo + Mg i1 — M)

In the theoretical part of the paper we will focus on the case where the predictor is simply the last
iteration gradient, leading to update rules in Equation (5). In the experimental section we will also
explore performance of other alternatives for predictors.

2.2 STOCHASTIC GRADIENT DESCENT AND STOCHASTIC OPTIMISTIC MIRROR DESCENT

In practice we don’t really have access to the true distribution ) and hence we replace ) with an

empirical distribution Q,, over samples {z1, . ..,z } and F;, of random noise samples {z1, ..., 2z, },
leading to empirical loss for the zero-sum game of:
L (0, w) = Egngq,, [Duw(z)] = Eznr, [Duw(Go(2))] ©)

Even in this setting it might be impractical to compute the gradient of the expected loss with respect
to @, or F,, e.8. Ezq, [VwDw(2)].

!The latter is a consequence of the be-the-leader lemma Kalai & Vempala (2005); Rigollet (2015)



However, GD and OMD still leads to small loss if we replace gradients with unbiased estimators
of them. Hence, we can replace expectation with respect to @),, or F,, by simply evaluating the
gradients at a single sample or on a small batch of B samples. Hence, we can replace the gradients
at each iteration with the variants:

1
vw,t = 1o Z (vawt (xl) - vu}Dwt (Get (Zl)))
1Bl i 10

Vo= — |—;| S VoD, (G, (1))

i€EB

Replacing V,,; and Vy; with the above estimates in Equation (4) and (5), leads to Stochastic
Gradient Descent (SGD) and Stochastic Optimistic Mirror Decent (SOMD) correspondingly.

3 AN ILLUSTRATIVE EXAMPLE: LEARNING THE MEAN OF A DISTRIBUTION

We consider the following very simple WGAN example: The data are generated by a multivariate
normal distribution, i.e. Q = N(v,I) for some v € R? The goal is for the generator to learn
the unknown parameter v. In Appendix C we also consider a more complex example where the
generator is trying to learn a co-variance matrix.

We consider a WGAN, where the discriminator is a linear function and the generator is a simple
additive displacement of the input noise z, which is drawn from F' = N (0, 1), i.e:

Dy () = (w, )

Go(z)= 2+0 (i

The goal of the generator is to figure out the true distribution, i.e. to converge to § = v. The WGAN
loss then takes the simple form:

L(O,w) = Egno,n) [(w, 2)] = E.ono,n) [(w, 2 + 0)] (12)

We first consider the case where we optimize the true expectations above rather than assuming that
we only get samples of z and samples of z. Due to linearity of expectation, the expected zero-sum
game takes the form:
inf sup (w,v —6) (13)
0 w

We see here that the unique equilibrium of the above game is for the generator to choose # = v and
for the discriminator to choose w = 0. For this simple zero sum game, we have V,, ; = v — 6, and
Vg = —w;. Hence, the GD dynamics take the form:

wt+1 =Wt =+ T](U — 9,5)

(GD Dynamics for Learning Means)
Or 41 =0 + nuwy Y ¢

while the OMD dynamics take the form:

Wiy =Wy + 20+ (0= 0t) =0 (v = i) (OMD Dynamics for Learning Means)

Orp1 =01 + 20 - wp — 0 - wiy
We simulated simultaneous training in this zero-sum game under the GD and under OMD dynamics
and we find that GD dynamics always lead to a limit cycle irrespective of the step size or other
modifications. In Figure 1 we present the behavior of the GD vs OMD dynamics in this game for
v = (3,4). We see that even though GD dynamics leads to a limit cycle (whose average does indeed
equal to the true vector), the OMD dynamics converge to v in terms of the last iterate. In Figure 2
we see that the stability of OMD even carries over to the case of Stochastic Gradients, as long as the
batch size is of decent size.

In the appendix we also portray the behavior of the GD dynamics even when we add gradient penalty
(Gulrajani et al., 2017) to the game loss (instead of weight clipping), adding Nesterov momentum to
the GD update rule (Nesterov, 1983) or when we train the discriminator multiple times in between a
train iteration of the generator. We see that even though these modifications do improve the stability
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(a) GD dynamics. (b) OMD dynamics.

Figure 1: Training GAN with GD converges to a limit cycle that oscilates around the equilibrium (we applied
weight-clipping at 10 for the discriminator). On the contrary training with OMD converges to equilibrium in
terms of last-iterate convergence.
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(a) Stochastic OMD dynamics with mini-batch of 50. (b) Stochastic OMD dynamics with mini-batch of 200.

Figure 2: Robustness of last-iterate convergence of OMD to stochastic gradients.

of the GD dynamics, in the sense that they narrow the band of the limit cycle, they still lead to a
non-vanishing limit cycle, unlike OMD.

In the next section, we will in fact prove formally that for a large class of zero-sum games including
the one presented in this section, OMD dynamics converge to equilibrium in the sense of last-iterate
convergence, as opposed to average-iterate convergence.

4 LAST-ITERATE CONVERGENCE OF OPTIMISTIC ADVERSARIAL TRAINING

In this section, we show that Optimistic Mirror Descent exhibits final-iterate, rather than only
average-iterate convergence to min-max solutions for bilinear functions. More precisely, we con-
sider the problem min, max, xTAy, for some matrix A, where x and y are unconstrained. In
Appendix D, we also show that our convergence result appropriately extends to the general case,
where the bi-linear game also contains terms that are linear in the players’ individual strategies,
i.e. games of the form:

iI;f sup (xTAy + 0Tz + Ty + d). (14)

Yy

In the simpler min, max, 7 Ay problem, Optimistic Mirror Descent takes the following form, for
allt > 1:

Ty =1 — 2nAy_1 1Ay (15)
Y =yi1 +2nA Tz —nA 2o (16)

Initialization: For the above iteration to be meaningful we need to specify zo,x_1,y0,y—1. We
choose any 79 € R(A), and yo € R(AT), and set z_; = 2z and y_; = 2y, where R(-)
represents the column space of A. In particular, our initialization means that the first step taken by
the dynamics gives ©1 = x and y; = yo.

We will analyze Optimistic Mirror Descent under the assumption Ao, < 1, where A, =
max{||A]|,||]AT||} and || - || denotes spectral norm of matrices. We can always enforce that Ao, < 1
by appropriately scaling A. Scaling A by some positive factor clearly does not change the min-max
solutions (z*,%*), only scales the optimal value z*7 Ay* by the same factor.

We remark that the set of equilibrium solutions of this minimax problem are pairs (x,y) such that
x is in the null space of AT and v is in the null space of A. In this section we rigorously show
that Optimistic Mirror Descent converges to the set of such min-max solutions. This is interesting
in light of the fact that Gradient Descent actually diverges, even in the special case where A is the
identity matrix, as per the following proposition whose proof is provided in Appendix D.3.



Proposition 1. Gradient descent applied to the problem min, max, xTy diverges starting from any
initialization x, yo such that xg,yo # 0.

Next, we state our main result of this section, whose proof can be found in Appendix D, where we
also state its appropriate generalization to the general case (14).

Theorem 1 (Last Iterate Convergence of OMD). Consider the dynamics of Eq. (15) and (16) and
any initialization £ _1 = zo € R(A), and 1y_1 = yo € R(AT). Let also

I

where for a matrix X we denote by X its generalized inverse and by ||X|| its spectral norm.
Suppose that | A|| = Moo < 1 and that 1 is a small enough constant satisfying n < 1/(3v?). Letting

A = HATa:tHi + || Ay 3 the OMD dynamics satisfy the following:

= Jaany

1

(1+mn)?
2
VE>3: A< (1 — Zz) A1+ 163 A,.

AliAQZ AQ

In particular, Ay — O(n’yQAo), ast — +oo, and for large enough t, the last iterate of OMD is
within O(\/1 - vv/Ao) distance from the space of equilibrium points of the game, where \/\ is the
distance of the initial point (x¢, yo) from the equilibrium space, and where both distances are taken
with respect to the norm /xT AATx + yT AT Ay,.

5 EXPERIMENTAL RESULTS FOR GENERATING DNA SEQUENCES

We take our theoretical intuition to practice, applying OMD to the problem of generating DNA
sequences from an observed distribution of sequences. DNA sequences that carry out the same
function can be viewed as samples from some distribution. For many important cellular functions,
this distribution can be well modeled by a position-weight matrix (PWM) that specifies the proba-
bility of different nucleotides occuring at each position (Stormo, 2000). Thus, training GANs from
DNA sequences sampled from a PWM distribution serves as a practically motivated problem where
we know the ground truth and can thus quantify the performance of different training methods in
terms of the KL divergence between the trained generator distribution and the true distribution.

In our experiments, we generated 40,000 DNA sequences of six nucleotides according to a given
position weight matrix. A random 10% of the sequences were held out as the validation set. Each
sequence was then embedded into a 4 X 6 matrix by encoding each of the four nucleotides with an
one-hot vector. On this dataset, we trained WGANs with different variants of OMD and SGD and
evaluated their performance in terms of the KL divergence between the empirical distribution of the
WGAN-generated samples and the true distribution described by the position weight matrix. Both
the discriminator and generator of the WGAN used in this analysis were chosen to be convolutional
neural networks (CNN), given the recent success of CNNs in modeling DNA-protein binding (Zeng
et al., 2016; Alipanahi et al., 2015). The detailed structure of the chosen CNNs can be found in
Appendix E.

To account for the impact of learning rate and training epochs, we explored two different ways
of model selection when comparing different optimization strategies: (1) using the iteration and
learning rate that yields the lowest discriminator loss on the held out test set. This is inspired by
the observation in Arjovsky et al. (2017) that the discriminator loss negatively correlates with the
quality of the generated samples. (2) using the model obtained after the last epoch of the training.
To account for the stochastic nature of the initialization and optimizers, we trained 50 independent
models for each learning rate and optimizer, and compared the optimizer strategies by the resulting
distribution of KL divergences across 50 runs.

For GD, we used variants of Equation (4) to examine the effect of using momentum and an adaptive
step size. Specifically, we considered momentum, Nesterov momentum and Adagrad. The specific
form of all these modifications is given for reference in Appendix A.



For OMD we used the general predictor version of Equation (10) with a fixed step size and with the
following variants of the next iteration predictor M;,1: (v1) Last iteration gradient: M;.1 = V fy,
(v2) Running average of past gradients: M;;1 = } Zf.:l V fi, (v3) Hyperbolic discounted average
of past gradients: M1 = AM; + (1 — M)V f, A € (0,1). We explored two training schemes: (1)
training the discriminator 5 times for each generator training as suggest in Arjovsky et al. (2017).
(2) training the discriminator once for each generator training. The latter is inline with the intuition
behind the use of optimism: optimism hinges on the fact that the gradient at the next iteration is very
predictable since it is coming from another regularized algorithm, and if we train the other algorithm
multiple times, then the gradient is not that predictable and the benefits of optimism are lost.
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(a) WGAN with the lowest validation discriminator loss (b) WGAN at the last epoch

Figure 3: KL divergence of WGAN trained with different optimization strategies. Methods are ordered by the
median KL divergence. Methods in (a) are named by the category and version of the method. “ratio 1” denotes
training the discriminator once for every generator training. Otherwise, we performed 5 iterations. For (b)
where we don’t combine the models trained with different learning rates, the learning rate is appended at the
end of the method name. For momentum and Nesterov momentum, we used v = 0.9. For Adagrad, we used
the default e = le 5.

For all afore-described algorithms, we experimented with their stochastic variants. Figure 3 shows
the KL divergence between the WGAN-generated samples and the true distribution. When evaluated
by the epoch and learning rate that yields the lowest discriminator loss on the validation set, WGAN
trained with Stochastic OMD (SOMD) achieves lower KL divergence than the competing SGD
variants. Evaluated by the last epoch, the best performance across different learning rates is achieved
by optimistic Adam (see Section 6). We note that in both metrics, SOMD with 1:1 generator-
discriminator training ratio yields better KL divergence than the alternative training scheme (1:5
ratio), which validates the intuition behind the use of optimism.

6 GENERATING IMAGES FROM CIFAR10 WITH OPTIMISTIC ADAM

In this section we applying optimistic WGAN training to generating images, after training on CI-
FAR10. Given the success of Adam on training image WGANs we will use an optimistic version
of the Adam algorithm, rather than vanilla OMD. We denote the latter by Optimistic Adam. Opti-
mistic Adam could be of independent interest even beyond training WGANs. We present Optimistic
Adam for (G) but the analog is also used for training (D). We trained on CIFAR10 images with

Algorithm 1 Optimistic ADAM, proposed algorithm for training WGANS on images.

Parameters: stepsize 7, exponential decay rates for moment estimates 31, 82 € [0, 1), stochastic
loss as a function of weights ¢;(8), initial parameters 6
for each iterationt € {1,...,7T} do

Compute stochastic gradient: Vg, = Vg0, (6)

Update biased estimate of first moment: m; = S1m;—1 + (1 — 51) - Vo

Update biased estimate of second moment: v; = Sav;—1 + (1 — [33) - Vg_t

Compute bias corrected first moment: 7, = my /(1 — %)

Compute bias corrected second moment: 9; = v, /(1 — 3%)
M1

Perform optimistic gradient step: 0; = 0;_1 — 27 - \/TTere +n

Dy _1+e€

Return 61

Optimistic Adam with the hyper-parameters matched to Gulrajani et al. (2017), and we observe that



it outperforms Adam in terms of inception score (see Figure 14), a standard metric of quality of
WGANS (Gulrajani et al., 2017; Salimans et al., 2016). In particular we see that optimistic Adam
achieves high numbers of inception scores after very few epochs of training. We observe that for
Optimistic Adam, training the discriminator once after one iteration of the generator training, which
matches the intuition behind the use of optimism, outperforms the 1:5 generator-discriminator train-
ing scheme. We see that vanilla Adam performs poorly when the discriminator is trained only once
in between iterations of the generator training. Moreover, even if we use vanilla Adam and train 5
times (D) in between a training of (G), as proposed by Arjovsky et al. (2017), then performance is
again worse than Optimistic Adam with a 1:1 ratio of training. The same learning rate 0.0001 and
betas (51 = 0.5, B2 = 0.9) as in Appendix B of Gulrajani et al. (2017) were used for all the methods
compared. We also matched other hyper-parameters such as gradient penalty coefficient A and batch
size. For a larger sample of images see Appendix G.

—— adam

—— adam_ratiol
—— optimAdam

—— optimAdam_ratiol

w

Inception Score
IS

w

0 20 40 60 80 100
Epoch

(a) Inception score on CIFAR10, when training with Adam and Optimistic
Adam. “ratiol” means we performed 1 iteration of training of (D) in be- 8

tween 1 iteration of (G). Otherwise we performed 5 iterations. We further (b) Sample of images from Gen-
test (averaging over 35 trials) the two top-performing optimizers, Adam erator of Epoch 94, which had
(ratio 5) and Optimistic Adam with ratio 1, in Appendix H. the highest inception score.

Figure 4: Comparison of Adam and Optimistic Adam on CIFAR10.
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A VARIANTS OF GD TRAINING

For ease of reference we briefly describe the exact form of update rules for several modifications of
GD training that we have used in our experimental results.

Adagrad:
_ n _ n
Nw,t = n Mot = f
Vioi Vi te V2o Vit e (17)
W1 = Wi+ Nt - Vst Ot1= 0 —1m9t-Vor
Momentum:
Vi1 = ¥V Vw,t + 1 Vi Vor1 = YV Vot + N Vou (18)
Wil = Wi + V41 Orp1 = 0 —vo, 141
Nesterov momentum:
Wahead = Wt + 7Y~ Vit Oahead = 0¢ — Y Vet
Vw,t41 = Y Vuw,t + 1 Vi L(0f, Waneaa) Vo,i41 = V- Vot + 1 VoL (Oanead, w:)  (19)
Wil = W¢ + V41 Orr1 = 0 —vp141

B PERSISTENCE OF LIMIT CYCLES IN GD TRAINING

In Figure 5 we portray example Gradient Descent dynamics in the illustrative example described in
Section 3 under multiple adaptations proposed in the literature. We observe that oscillations persist
in all such modified GD dynamics, though alleviated by some. We briefly describe the modifications
in detail first.

Gradient penalty. The Wasserstein GAN is based on the idea that the discriminator is approximat-
ing all 1-Lipschitz functions of the data. Hence, when training the discriminator we need to make
sure that the function D,, () has a bounded gradient with respect to x. One approach to achieving
this is weight-clipping, i.e. clipping the weights to lie in some interval. However, the latter might
introduce extra instability during training. Gulrajani et al. (2017) introduce an alternative approach
by adding a penalty to the loss function of the zero-sum game that is essentially the {5 norm of the
gradient of D,,(x) with respect to z. In particular they propose the following regularized WGAN
loss:

L(6,w) = Eun [Du(@)] = Eanr [Du(Go(2))] = Bz, [(IV2: D (@) - 1]

where (). is the distribution of the random vector ex + (1 — €)G(z) when & ~ @ and z ~ F. The
expectations in the latter can also be replaced with sample estimates in stochastic variants of the
training algorithms.

For our simple example, V, D,,(z) = w. Hence, we get the gradient penalty modified WGAN:
La(0,w) = {(w,v = 0) = A([lw] - 1)* (20)

Hence, the gradient of the modified loss function with respect to 6 remains unchanged, but the
gradient with respect to w becomes:
[[well2 — 1

th = vV — 975 - 2)\’[1.)75 ||w ||
tl2

2y

Momentum. GD with momentum was defined in Equation (18). For the case of the simple illus-
trative example, these dynamics boil down to:

M t41 =7 - Myt +1 - (U — 0y) My t+1 =7 Myt — 1 W

(22)
W1 =W + My 141 Orp1 =0 —mg 141

11



Nesterov momentum. GD with Nesterov’s momentum was defined in Equation (19). For the
illustrative example, we see that Nesterov’s momentum is identical to momentum in the absence of
gradient penalty. The reason being that the function is bi-linear. However, with a gradient penalty,
Nesterov’s momentum boils down to the following update rule.
Wy =Wy + 7 - Myt
[[@e]2 — 1
[l

Wiyl =Wt + My t41 0111 =0; — Mg 141

Mapt41 =7 - Mt + 1+ (V—0;) — 21 - Ay Mo t41 =7 Myt — 1w (23)

Asymmetric training. Another approach to reducing cycling is to train the discriminator more
frequently than the generator. Observe that if we could exactly solve the supremum problem of
the discriminator after every iteration of the generator, then the generator would be simply solving a
convex minimization problem and GD should converge point-wise. The latter approach could lead to
slow convergence given the finiteness of samples in the case of stochastic training. Hence, we cannot
really afford completely solving the discriminators problem. However, training the discriminator for
multiple iterations, brings the problem faced by the generator closer to convex minimization rather
than solving an equilibrium problem. Hence, asymmetric training could help with cycling. We
observe below that asymmetric training is the most effective modification in reducing the range of
the cycles and hence making the last-iterate be close to the equilibrium. However, it does not really
eliminate the cycles, rather it simply makes their range smaller.
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(a) GD dynamics with a gradient penalty added to the loss. n = 0.1 and A = 0.1.
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(d) GD dynamics with momentum and gradient penalty, training generator every 15 training iterations of the
discriminator. n = .1,y = 0.2 and A = 0.1.
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(e) GD dynamics with Nesterov momentum and gradient penalty, training generator every 15 training iterations
of the discriminator. n = .1,y = 0.2 and A = 0.1.

Figure 5: Persistence of limit cycles in multiple variants of GD training.
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C ANOTHER EXAMPLE: LEARNING A CO-VARIANCE MATRIX

We demonstrate the benefits of using OMD over GD in another simple illustrative example. In this
case, the example is does not boil down to a bi-linear game and therefore, the simulation results
portray that the theoretical results we provided for bi-linear games, carry over qualitatively beyond
the linear case.

Consider the case where the data distribution is a mean zero multi-variate normal with an unknown
co-variance matrix, i.e., z ~ N(0,X). We will consider the case where the discriminator is the set
of all quadratic functions:

Dy (z) = Z Wijzix; = 2T Wa (24)
ij

The generator is a linear function of the random input noise z ~ N (0, I), of the form:
Gv(z)=Vz (25)

The parameters W and V are both d x d matrices. The WGAN game loss associated with these
functions is then:

L(V,W) =E, oy [z"Wz] —E.onon [T VIWVZ] (26)

Expanding the latter we get:

L(V,W) =E, n(0,%) Z Wijziz; | —E.on(,1) Z Wij Z Vikzk Z VimZm
ij | 1] k m

=E,~n(0,3) ZWijinj —E.n(o,1 ZWijVikV}mZkzm
iJ

ijkm

:ZWZ’jEwa(O,E) [wi2;] — Z Wi Vit VimE.wn(0,1) [2k 2m]

) ijkm
=> WiiSij — > WiVaViml{k = m}
ij ijkm
= Z Wi — Z Wi Vie Vi
ij ijk

ZZ Wi (Ezj — ZViijk>
i %

Given that the covariance matrix is symmetric positive definite, we can write it as ¥ = UU” . Then
the loss simplifies to:

LV, W) =Y W, <Eij -3 mm) =3 Wi (UiUji — Vi Vi) 27)
ij k

ijk

The equilibrium of this game is for the generator to choose V;;, = Uy for all i, k, and for the
discriminator to pick W;; = 0. For instance, in the case of a single dimension we have L(V, W) =
W - (02 —V?2), where o is the variance of the Gaussian. Hence, the equilibrium is for the generator
to pick V' = ¢ and the discriminator to pick W = 0.

Dynamics without sampling noise. For the mean GD dynamics the update rules are as follows:

W =W+ <Eij -3 %1%1>
k

V=V Y (Wi Wi v
k

(28)
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We can write the latter updates in a simpler matrix form:

Wy =W;i_1+n (2 - ‘/;&—1%7_11)

r (GD for Covariance)
Vi =Vier +n(Wier + W_1)Viea

Similarly the OMD dynamics are:
Wy =Wi_1 +2n (S — thﬂ/il) -n(S- Vt72‘/£2)

(OMD for Covariance)
Vi =V +20(Wia + WEDViia = n(Wea + Wo)Vio

Due to the non-convexity of the generators problem and because there might be multiple optimal
solutions (e.g. if X is not strictly positive definite), it is helpful in this setting to also help dynamics
by adding {2 regularization to the loss of the game. The latter simply adds an extra 2AW, at each
gradient term Vyy L(V;, W;) for the discriminator and a 2\V; at each gradient term Vy L(V;, W;)
for the generator. In Figures 7 and 6 we give the weights and the implied covariance matrix ©¢ =
VVT of the generator’s distribution for each of the dynamics for an example setting of the step-size
and regularization parameters and for two and three dimensional gaussians respectively. We again
see how OMD can stabilize the dynamics to converge pointwise.

Stochastic dynamics. In Figure 8 and 9 we also portray the instability of GD and the robustness
of the stability of OMD under stochastic dynamics. In the case of stochastic dynamics the gradients
are replaced with unbiased estimates or with averages of unbiased estimates over a small minibatch.
In the case of a mini-batch of one, the unbiased estimates of the gradients in this setting take the
following form:

@W,t = astxtT — VtztthVtT
Vvie = —(Wi + W )Vizz/!

where x;, z; are samples drawn from the true distribution and from the random noise distribution
respectively. Hence, the stochastic dynamics simply follow by replacing gradients with unbiased
estimates:

(Stochastic Gradients)

Wy =W,_1 + W@W,tq
Vi=Vi1 — U?V,t—l
Wy =W;_1 + ZU@W,t—l - TI@W,t—Q
Vi =Vii1 —20Vvi 1+ Vo

(SGD for Covariance)

(SOMD for Covariance)
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(a) GD dynamics. n = 0.1, T = 500, A = 0.3.
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(b) OMD dynamics. n = 0.1, 7' = 500, A = 0.3.

Figure 6: Stability of OMD vs GD in the co-variance learning problem for a two-dimensional gaussian (d = 2).
Weight clipping in [—1, 1] was applied in both dynamics.
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Figure 7: Stability of OMD vs GD in the co-variance learning problem for a three-dimensional gaussian (d =
3). Weight clipping in [—1, 1] was applied in both dynamics.
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Figure 8: Stochastic GD dynamics for covariance learning of a two-dimensional gaussian (d = 2). Weight
clipping in [—1, 1] was applied to the discriminator weights.
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Figure 9: Stability of OMD with stochastic gradients for covariance learning of a two-dimensional gaussian
(d = 2). Weight clipping in [—1, 1] was applied to the discriminator weights.
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D LAST ITERATE CONVERGENCE OF OMD IN BILINEAR CASE

The goal of this section is to show that Optimistic Mirror Descent exhibits last iterate convergence
to min-max solutions for bilinear functions. In Section D.1, we provide the proof of Theorem 1, that
OMD exhibits last iterate convergence to min-max solutions of the following min-max problem

min max z” Ay, 29)
Ty

where A is an abitrary matrix and = and y are unconstrained. In Section D.2, we state the appropriate
extension of our theorem to the general case:

infsup (27 Ay + b7z + Ty + d). (30)
Ty

D.1 PROOF OF THEOREM 1
As stated in Section 4, for the min-max problem (29) Optimistic Mirror Descent takes the following
form, for all ¢ > 1:
Ty =z — 20Ay—1 + nAY—o (31
Y =ye—1 +2nA e — ATz (32)
where for the above iterations to be meaningful we need to specify zg, z_1, Yo, y—1-

As stated in Section 4 we allow any initialization 7o € R(A), and yo € R(AT), and set x_; = 2
and y_1 = 2yg, where R(+) represents column space. In particular, our initialization means that the
first step taken by the dynamics gives x1 = xg and y1 = ¥yo.

Before giving our proof of Theorem 1, we need some further notation. For all ¢ € N, we set:
M; = AJ(AT A)E N, = (A7) (A4T)"
A} = |IN: Ayl + |[ M AT ||
where k € Z and j € {0, 1} are such that: i = 2k + j.
With this notation, AY = |[ATa||2 + [[Apslls, A} = [|AATz|| + ||AT Ay,
||ATAAT 2, ||} + || AAT Ay,|

2
2 _
2’ At -

2 1
5> etC.

We also use the notation (u,v)x = uT X X7Twv, for vectors u,v € R? and square d x d matrices

X. We similarly define the norm notation ||u||x = +/(u,u)x. Given our notation, we have the
following claim, shown in Appendix D.3.

Claim 1. For all matrices A and vectors u, v of the appropriate dimensions:
T T T
<AU,AU>AMf = <U70>ATNg1; (AT, A U>ATNiT = <uav>AMiT+1§ <U7AU>AMZT =(v,A U>ATNiT-

With our notation in place, we show (through iterated expansion of the update rule), the following
lemma, proved in Appendix D.3:

Lemma 2. For the dynamics of Eq. (31) and (32) and any initialization %m_l =9 € R(A), and
%y,l = yo € R(AT) we have the following for all i,t € N such that i > 0 and t > 2:

Af = Al = 4P A - 5P A, — 20 (<fft72v Ayt*4>A]V[1T+1 — (Y—2, ATxt74>ATNiT+1) :

We are ready to prove Theorem 1. Its proof is implied by the following stronger theorem, and
Corollary 7.

Theorem 3. Consider the dynamics of Eq. (31) and (32) and any initialization %m,l =29 € R(A),
and Sy_1 = yo € R(AT). Let

i

v = max (‘ ‘ (AAT)+

).
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where for a matrix X we denote by X its generalized inverse and by || X|| its spectral norm.
Suppose that max{||A||, ||[AT||} = Ao < 1 and 7 is a small enough constant satisfying n <
1/(32). Then, for all i € N:

A} = A, (33)
AL < (1+n)°A5, (34)
and, for all i,t € N such that t > 3, the following condition holds:

. 2 . P
H(it): Al < (1 - 32) Al +165°AY. (35)

Proof. Eq. (33) holds trivially as under our initialization 1 = xg and y; = yo. Eq. (34) is also easy
to show by noticing the following. Given our initialization:

x2 = x9 — NAyo
Y2 = Yo + nAxg

Hence (using j = ¢ mod 2):

MiATLL‘Q = MiAT.Z‘O — ’I]MzATAyO (36)
= ||M;AT o2 < [|M; AT 20)|2 + 0| |M; AT Ayo||2 37
= |IM; AT ao||2 + || A7 (AT) TN Aoll2 - (38)
< || M AT 20| |2 + nAoo| | NiAyo) |2 (39
< ||M; AT zo||2 + n||N; Ayo| |2 (40)
Similarly:
||N; Aysa|l2 < ||N;Ayol2 + nl|M; AT zol|2 (41)

It follows from (40) and (41) that
Ay < (1+n)%A).

We use induction on ¢ to prove (35). We start our proof by showing the inductive step, and postpone
establishing the basis of our induction to the end of this proof. For the inductive step, we assume
that H(i,7) holds for all ¢ > O and 1 < 7 < t, for some ¢ > 3. Assuming this, we show next
that H (¢, t) holds for all <. To do this, we make use of a few lemmas, whose proofs are given in
Appendix D.3.

Lemma 4. Under the conditions of the theorem, for all i > 0,t > 2:
A= A < APATE] = 5P AT + P (AL + ALT)).
Lemma 5. Under the conditions of the theorem, for all i,t > 0: Ai‘“ < Ai.
Lemma 6. Under the conditions of the theorem, for all i > 0,t > 0:
i+2 L
AT > AL
Y

19



Given these lemmas, we show our inductive step. So for ¢t > 4:

Aj — Ai_y < 4P AFL 5P AL 4P (AL + AT (42)
< =0 0t (AE + ALY + 8007 AG (43)
< LA AR £ ALY 48077 &
< —%n%i:} + 17 (A + AY_y) +807° A (45)
< —%nQAii} + <2n3A8 + 2773;21677%8) +8017° AQ (46)
< —%nzAiii - <2n3(1 +1)* + 32773:;773 + 80775) Ag @7
< —%n%;’:} + (207 (1 + )" + 110° + 800°) AG (48)
< —%n%iii +167° A% (49)
<Ll +167a] o)

where for the first inequality we used Lemma 4, for the second inequality we used that Af‘/ﬂ <

AL 4+ 1613 AY (which is implied by the induction hypothesis), for the third inequality we used
Lemma 6, for the fourth inequality we used Lemma 5, for the fifth inequality we applied the in-
duction hypothesis iteratively, for the sixth inequality we used Eq. (34), for the seventh and eighth
inequality we used that 1 is small enough, and for the last inequality we used Lemma 5. Hence:

2
Al < (1 - "2> Al + 16m3A0.

Y

This completes the proof of our inductive step.

It remains to show the basis of the induction, namely that H (4, 3) holds for all ¢ € N. From Lemma 4
we have:

Ay — Ay <AL 5P AT+ (AT + AT (51)
S R (52)
_ —772A§H + 5772(A§+1 _ AéJrl) + 5773A6+1 (53)
< —nPALT 45072+ m)AGT + 50 AT (54)
= —P A 5 (3 4+ ) AT (55)
< —n? AT 4+ 1553(1 4 n/3) A (56)
2
< —%A;l T 1503(1 + /3)AY (57)
772 i 3 0
< —?AQ +151° (1 +n/3)Ag, (58)

where for the second equality we used that 0.5z _1 = z¢ = 1 and 0.5y_1 = yo = y1 (Which follow
from our initialization), for the third inequality we used that (34), for the fourth inequality we used
Lemma 5, for the fifth inequality we used Lemma 6, and for the last inequality we used Lemma 5.
Hence, for small enough 7, we have:

2
AL < (1 _ > AL+ 167°A0.

,)/2
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Corollary 7. Under the conditions of Theorem 3, A = ||ATxtH§ + \|Ayt||§ — O(ny2AY) as
t — —oo. In particular, for large enough t, the last iterate of OMD is within O (\/ﬁ . 7\/A8)

distance from the space of equilibrium points of the game, where +/ Ag is the distance of the initial
point (xg,yo) from the equilibrium space, and where both distances are taken with respect to the

norm \/xT AATx + yT AT Ay.

Proof of Corollary 7: 1t follows from (33), (34) and (35) that:

o\ t—2 [e'e] o2\t
A? < (1 - Zg> (1+7)°A8+16 <1 - Zg) P AY

t=0

2 t—2
"
= (1 - 72) (1+0)*Af + O (17*AQ)

which shows the first part of our claim. For the second part of our claim recall that the solutions
to (29) are all pairs (z,y) such that z is in the null space of AT and y is in the null space of A. [

D.2 GENERAL BILINEAR CASE

Theorem 8. Consider OMD for the min-max problem (30):
ir;f sup (J;TAy +bole+cly+ d) .
Yy
Under the same conditions as Corollary 7 and whenever (30) is finite, OMD exhibits last iterate
convergence in the same sense as in Corollary 7. In particular, for large enough t, the last iterate of
OMD is within O (\/ﬁ . vm) distance from the space of equilibrium points of the game, where
V/Ay is the distance of the point (zo + (AT) ¢, yo + ATb) from the equilibrium space, and where

both distances are taken with respect to the norm \/xT AATz + yT AT Ay. Whenever (30) is infinite
or undefined, the OMD dynamics travels to infinity and we characterize its motion.

Proof of Theorem 8: Trivially, we need only consider functions of the form 7 Ay + b7z + cTy. We
consider the following decompositions of b and c:

b=0by + by where by € R(A),by € N(AT)
c=c1+c where ¢; € R(AT), co € N(A)
Given the above we can also define b3 and c3 as follows:
Acs = by feasible since b; € R(A)
AThy = ¢4 feasible since ¢; € R(AT)

Then, we can make the following variable substition:
ap = x¢ + Ntba + bs
Bt =yt — nte2 + 3
so that:
AToy = ATz + ntATby + AT by
= ATz, + ¢ since by € N(AT)
APy = Ayy — ntAca + Acs

= Ay; + by since c3 € N(A)

We also state the OMD dynamics for x; and y; for problem (30):
e =41 — 20(Ay—1 +b) + n(Ays—2 + b)
=x—1 — 20Ayi—1 + nAy—2 — b
yr = yr—1 + 20(ATzi 1 4+ ¢) —n(ATz0 + )
=yi1+20A Tz —nA 2o + e
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Note that given this update step:
Ter1 = x¢ — 20Ay + nAye—1 —nb
Ter1 =z — nba — 2nAyr + nAy—1 — nAcs
T = 2 — nb2 — 20A(yr + ¢3) + nA(y—1 + c3)
Typ1 = xp — nbo — 20 A(ys — neat + c3) +NA(ys—1 — nea(t — 1) +c3)
Ti1 +nbe(t + 1) = x4 + nbat — 2nA(yr — neat + ¢3) + nA(Yr—1 — nea(t — 1) + c3)
Typ1 +nba(t + 1) + b3 = x4 + nbat + by — 2nA(ys — neat + ¢3) + nA(Ye—1 — nea(t — 1) + c3)
Q1 = ay — 2nABy +nAB1
Analogously:
Biv1 = B+ 2nAT oy — ATy
Note that these are precisely the dynamics for which we proved convergence in Theorem 1. Thus,

by invoking Theorem 3 and Corollary 7 on the sequence (v, 5;) and then substituting back (z¢, y¢),
we have that for all large enough ¢:

xy = —nbat — bz + €, (1)
Y = neat — ¢z + €, (t)

such that || AT e, (£)| |2, | Ae, (t)] |2 € O <\/77~7\/A8> ,
where Af = ||A (o + b3)|[3 + || A(yo + ¢3)|[3.
In particular, this shows that, whenever (30) is finite (i.e. bo = co = 0), OMD exhibits last iterate
convergence. For large enough ¢, the last iterate of OMD is within O ( NIE YA Ag) distance from

the space of equilibrium points of the game, where +/ A8 is the distance of (z¢ + bs,yo + ¢3) from

the equilibrium space in the norm /27 AATz 4 yT AT Ay. Whenever (30) is infinite or undefined,
the OMD dynamics travels to infinity linearly, with fluctuations around the divergence specified as
above. O

D.3 OMITTED PROOFS
Proof of Proposition 1: To show this, we consider the /5 distance of the solution at time ¢. First,
recall the GD update step in the special case of f(z,y) = z7y:

Tt = Tt—1 — NYt—1

Yo = Yt—1 +NTi—1

Then, note that the squared /5 distance of the running iterate (x¢,y;) to the unique equilibrium
solution (0,0) is given by d(t) := ||2¢||3 + ||y:||3, which we can calculate:

2|5 = llze-all5 = 202191 + 72 ||yeal3
ye-1ll5 = llye—1ll3 + 20y 1201 + 77 ||zea 3
d(t) =d(t —1) +n*d(t —1)
= (1+n*)d(t - 1)

This indicates that for any value of 1 > 0, the running iterate of GD diverges from the equilibrium.
O

Proof of Claim 1: For our first claim, observe that:
(Au, Av) g7 = ul AT AMF M; AT Av
= uT AT A(AT AR (AT A9 (AT A)* AT Av
= ul AT(AAT)F A(ATYT AT AT (AATF Av
uT AT[(AAT YR A(AN)T)[AT AT (AAT)*) Av
=ul AT N Nij1 Av

= <u7 U>ATN;";1
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Our second claim, (ATu, ATv) 47y = (u,0) 4 M, , - is proven analogously.
For our third claim:
(u, Av) gpyr = u” AMT M AT Av
=uT A(AT A)F(AT A)T (AT A)F AT Av

if j =0:
= uT A(AT A)F (AT A)* AT Av
= uT A[AT(AATYM[(AAT)E Ao
= uTA[ATNiT] [N; AJv
= <U7ATU>ATN7_.T
otherwise:
=uTAAT AP AT A(AT A)F AT Av
uT A[(AT A)F AT A)[(AT A)k AT Alv
= uT A[AT (AAT)* A AT (AAT)* AJv
= uT A[ATNT[N; Alv
= (v, AT’U,>ATNiT
O
Proof of Lemma 2: First, we note the following scaled update rule:
M; AT 2, = M; (ATxt,l - ZnATAyt,l + nATAyt,g)
N; Ay, = N; (Ayt,l +2mAAT 2, — nAATmt,g)
Then, taking the norm of both sides, and using the statements of Claim 1:
el anir = @1 | aper + 407 HythH,QATNiTH +7 ||yt72||,24TNi7jr1 — (@1, Ayr—1) anrr
+ 20(z4—1, Ayr—2) AT — An* (-1, Yr—2) ATNT, |
llyellar = el Car e +40° el Gngr, +07 ool laagr | +40(e—1, AT2e1) gryzr

+20(ye-1, AT we2) gty — 4P (@eo1, T2) AT

2 = el G + el e e
= Af_y 4P AE + P AT S+ 20 ((z, Ayi—2) apr — (Ye—1, ATi—2) g NT)
- 4772(<$t717$t72>AMﬂ1 + W1, y1-2) arnr )
Expanding the first pair of inner products above and using Claim 1 again:
(Te-1, Asz)AMiT —(Yt-1, ATﬂCt72>ATNiT = (T4—2 — 2nAYs 2 + Ay 3, Ayt72>AMiT
— (Ye—2 + 20A iy —nA )3, ATUCt72>ATNiT

2 2
= =20(|lye-2llarnz | +llze-2llanz ) + (@2, 2e-3) ansz, + (Y2, Yi-3) arn7,)

Then, multiplying by 27 and substituting into the previous derivation yields:
Ap = Ajy = 4P AL = 3P A + 207 (w2, 2e3) aner | + (Ye-2, Y-3)ar N )

_ 4772(<37t—17 l’t—2>AMiT+1 + <y75_17 yt—2>ATN;1:rl)
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Now, consider the following inner product:
(Ti—2, xt71>A]\/[$_1 + (Y2, yt71>ATNiT+1 = (42,42 — 20AY; 2 + ﬂAyt73>AM1.T+1

+ Wr—2, Y2+ 2nA 3o — nATxt—3>ATN,iT+1

= A5+ (<$t727 Ayr—3) amz,, — Ye-2, ATﬂCt73>ATNiTH)
Once again, we multiply by —4n? and substitute:
AL —A = 4772A§J—ri - 7772A§t§ + 2772(<93t72a55t73>AMg1 + <yt727yt73>ATNf;1)

+ 40 ((ye—2, ATaros) ar | — (-2, AYe-s) anz )
Now, we use the update step for time ¢t — 2. For all £ > 1, this is well-defined, since x_; and y_;
are defined. To ensure that this step is sound for ¢ = 0 requires we define the following, where X+

denotes the generalized inverse:

1
T_9o = 41‘0 + E(AT)—FyO
Lo+
Yy—2 =4yo — EA Zo

We define these such that: ATx_o = 4472, + %0 and Ay_o = 4Ayy — ”;7—0 (since xo € R(A) and
yo € R(AT), and thus the following equalities hold:

ro =21 — 2nAy_1 +nAy_2
Yo=1vy_1+ 277ATx,1 - nATx,g

This allows us to use the following expansion freely for all ¢t > 2:
Ty = Ty—3 — 20AY—3 + NAYL-4 = T3 — 20Ayr—3 = Ty—2 — NAY1-4
Yoo =yr_3 +20A 25 — ATz = ys+20A T2, 3=y, o+ A3y

We can gather the inner product terms and use this update rule to get our final desired result:
A} = Ay = 4P AL = TP A+ 20% (-2, @5 — 20AYe—3) anr, | + (Ye2, v-3 + 20AT 24 3) arnr )

= 4n? A = P A, = 20 (-, Ayt*4>AMi7:r1 - <yt—2,AT~Tt74>ATNiT+1)

Proof of Lemma 4: To prove this, first consider the following trivial inequality:
2 2
||yt—2 - ATxt—4||ATNiT+1 +||@i—2 + Ayt—4||,4]\/1iT+1
2 2
= Hyt72||ATNi'1:r1 - 2<yt727ATxt74>ATNi7;l + HAT%%‘ |ATN£rl

2 2
+lleeallanr | + 2@e2, Aye-a) anez,, + | Aye-allanr

>0
Rearranging:
2<yt,27ATxt,4>ATNiT+1 — 2(x¢—2, Ayt74>AMi7_}_1 <AL+ (‘ |ATxt*4| |ATN1.TJrl + ||Ayt’4”AMiT+1>

] 2 2
< A+ 2 (leeallngs, + vl az, )
< AT+ (WA
<A AT
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Now, we can apply this bound to the result of Lemma 2:

Allf - Aifl = 4"72Ai+1 — o 2Ai+1 - 2n3(<$t*27Ayt*4>A1\/fﬁr1 - <yt*27ATxt74>ATNiT+1)
< AP AT = 5P AT P (AT + A)

Which is what we sought out to prove. O

Proof of Lemma 5: Suppose j =4 mod 2 and k = (i — j)/2. Notice the following identities:

M; = AJ(AT A N, = (A7) (AAT)"
My = (AT)]A(ATA) Nipq = AJAT (AAT)k

Now:

A = || Nip Al + HMz‘HATfCtH;

= ||a7a” (a47)" Ay, z +|[(ATY A(AT A)F AT 2, ||

< <H<AT)j (4AT)" Ay,

2 ; 2
, T4 (ATA)’“ATxtH2>

<2 (1N Ayl + | [M: AT ]]7)

< A,

where for the last inequality we used that Ao, < 1. O

Proof of Lemma 6: Given our initialization, g € R(A). This implies z, € R(A),V t, due to the

update step of the dynamics. Recalling key properties of the matrix pseudoinverse, this implies:

xy = AATz, = AAT(AA q)+xt, for all ¢. Similarly, given our initialization, y; € R(AT), for

all t, which implies y; = A tyr = ATA(AT A)ty,, for all t. Letting Q = (AAT)T and
= (AT A)*, we get the followmg (where j =4 mod 2and k = (i — 5)/2):

A} = HMiATxtHz +||N; Ayl
= ||M AT AAT Q|2 + || N AAT APy,
= HMHQATthH; + || Nir2 APy |3
= || A7 (AT AYFLAT(AATY |5 + | [(AT) (AAT )R A(AT A) by, |
= || A (AT AT AT (AATY |5+ | [(AT) (AAT) T A(AT A)F Ly |
{|| (AT A)t Mo ATy |5 + || (AAT)F Nigo Ay, |2 ifj =0
|[(AAT)* My AT |2 + || (AT A)* Ny y2 Ay
< max (||QI], [|1PI))* - A7*,

||2 ifj=1

where for the fourth and fifth equality we used the following key property of pseudo-inverses: AT =
(AT AT AT = AT(AAT)*. O
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E DNA-GENERATION WGAN ARCHITECTURE

Operation Kernel Output Shape BatchNorm? Nonlinearity
Length of DNA sequence: L = 6
Gradient penalty: A = le=*
Batch size: 512
G(2):
z - 50 - -
Fully connected - 128 no tanh
Fully connected - 16 x % yes tanh
Reshape - 16 x 1 x % - -
Upsampling by 2 - 16 x1x L - -
Convolution [Ix3]x4 4x1xL no tanh
D(x):
T - 4x1xL - -
Convolution [1x3]x16 16x1xL no tanh
Fully connected - 32 no tanh
Fully connected - 1 no linear
F CIFAR10 WGAN ARCHITECTURE
Operation Kernel Output Shape BatchNorm? Nonlinearity
Gradient penalty: A = 10
Batch size: 64
G(z):
z - 100 - -
Fully connected - 1024 no LeakyReLU
Fully connected - 8192 yes LeakyReLU
Reshape - 128 x 8 x 8 - -
TransposedConv 5 x5 x128 128 x 16 x 16  yes LeakyReLU
Convolution 5xbx64 64x16x16  yes LeakyReLU
TransposedConv 5 X 5] x 64 64 x 32 x 32 yes LeakyReLU
Convolution 5 X9 x3 3 x 32 x 32 no tanh
D(z) :
T - 3% 32 x 32 - -
Convolution 5x5x64 64x32x32 no LeakyReLU
Convolution 5 x5 x128 128 x 14 x 14 no LeakyReLU
Convolution 5 x5 x128 128 x7x 7 no LeakyReLU
Fully connected - 1024 no LeakyReLU
Fully connected - 1 no linear
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G CIFAR10 GENERATOR IMAGE SAMPLES

(a) Sample of images from Generator of Epoch 94, which had the highest inception score.

Figure 10: Samples of images from Generator trained via Optimistic Adam on CIFAR10.

G.1 COMPARISON OF EARLY EPOCH IMAGES OF OPTIMISTIC ADAM VS ADAM

Below we give samples of images from an early epoch 19 Generator trained via Optimistic Adam
with 1:1 training ratio, Adam with 1:1 and Adam with 5:1 ratio on CIFAR10. We see that Optimistic
Adam has already achieved visually appealing results unlike the latter two vanilla Adam based
versions.
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Figure 12: Sample of images from Generator of Epoch 19 trained via Adam and 1:1 training ratio.
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Figure 13: Sample of images from Generator of Epoch 19 trained via Adam and 5:1 training ratio.
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H CIFAR10 ADAM VS. OPTIMISTIC ADAM COMPARISON

537 method
#® optimAdam_ratiol
504 @ adam

4.5 1

4.0 -

sCore

012345678 910111213141516171819202122232425262 72629
epach

Figure 14: The inception scores across epochs for GANSs trained with Optimistic Adam (ratio 1) and Adam (ra-
tio 5) on CIFAR10 (the two top-performing optimizers found in Section 6, with 10%-90% confidence intervals.
The GANs were trained for 30 epochs and results gathered across 35 runs.
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