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ABSTRACT

We propose discriminator-only generation (DOG) as a generative modeling ap-
proach that bridges the gap between energy-based models (EBMs) and generative
adversarial networks (GANs). DOG generates samples through iterative gradient
descent on a discriminator’s input, eliminating the need for a separate generator
model. This simplification obviates the extensive tuning of generator architectures
required by GANSs. In the graph domain, where GANSs have lagged behind diffusion
approaches in generation quality, DOG demonstrates significant improvements over
GANSs using the same discriminator architectures. Surprisingly, despite its com-
putationally intensive iterative generation, DOG produces higher-quality samples
than GANs on the QM9 molecule dataset in less training time.

1 INTRODUCTION

Generative modeling approaches, such as denoising diffusion
(Sohl-Dickstein et al., 2015; [Ho et al.,[2020) and GANs (Goodfel+
low et al., 2014; [Sauer et al.| [2023)), have revolutionized content
creation across various domains. Given their wide-ranging poten-
tial, it is essential to thoroughly explore their design space.

GAN:Ss consist of a generator, which generates samples from noise
vectors to match a real data distribution, and a discriminator, which
assigns a realness score to distinguish between real and generated
samples. Notably, the discriminator is discarded after training,
leaving only the generator in use. Optimizing generator architec-
tures requires substantial effort (Karras et al., 2019;2020; 2021}
Walton et al.l 2022; |De Cao & Kipfl [2018}; [Krawczuk et al.| 2021)),
resulting in complex settings with multiple generators being used
in conjunction in recent graph GANs (Martinkus et al., |2022)). We
explore DOG, an approach that removes the need for a generator
altogether and instead directly leverages the information stored in
a discriminator, aligning it conceptually with EBMs (Ackley et al.,
1985}, Xie et al., 20165 |2017; Du & Mordatch, [2019), and with
refining generated samples using a discriminator (Tanaka, [2019).

DOG uses only a single discriminator model for generation. It
starts with a pure noise sample in the target domain and optimizes
it directly by gradient descent w.r.t. a generation loss on the output
of the discriminator. The generated samples, along with real
samples, are then used to train the discriminator by alternating
sample generation and discriminator updates, as shown in Figure [T}
In contrast to GANSs, where a generator and a discriminator act as
adversaries, the DOG discriminator serves as its own adversary.

Our primary contribution is demonstrating that DOG outperforms
GANSs in graph generation without necessitating adjustments to the
discriminator architecture or the original GAN hyperparameters.
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Figure 1: For generation, DOG
optimizes a sample directly
through gradient descent w.r.t. a
generation loss on the output of
the discriminator D. Training in-
volves alternating between sam-
ple generation (top) and discrim-
inator updates (bottom), akin to
a GAN, but without the need for
a generator model.

For deeper insight, we conduct a convergence analysis of DOG and illustrate it on a 2D toy dataset.
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Algorithm 1 Pseudocode for DOG with Wasserstein loss and a batch size of 1. For a PyTorch version,
see Algorithm 2| (Appendix).

1: function GO(Dyp , x5™) > Generation optimization
2 fort € [0,1,...,7 — 1] do

3: LG «— —Dg(Xfen)

4: xiy ¢ optimizer (x§™, Ve L) > E.g., Equation
5 end for

6 return x5

7: end function

8: Randomly initialize discriminator parameters 6 > Training
9: while training not done do
10: x™l ~ training set
11: x&" +— GO(Dg, €) with € ~ P
12: Lp < Dg(sg(x&")) — Dg(x") > sg: stop gradient

13: 0 + optimizer (0, VoLp)
14: end while

15: x2" +— GO(Dg, €) with e ~ P > Inference

2 METHOD: DISCRIMINATOR-ONLY GENERATION

GANS s rely on two loss functions: L, which incentivizes the generator G to generate samples x5"
that receive high scores from the discriminator D, and Lp, which encourages D to assign low scores
to x2°" and high scores to real samples x™. An example is the Wasserstein loss (Arjovsky et al.|
2017):

Lc = -E[Dx*"] and Lp = E[D(x&")] — E[D(x")] )

For DOG, we reuse these loss functions (with batch averaging instead of expectation), but replace
sample generation via a generator with a generation optimization (GO) process. GO aims to generate
samples x&" that (locally) minimize L¢, akin to samples from a GAN generator. As there is no
generator model G in DOG, we refer to L as a "generation" loss rather than a "generator” loss. GO
depends on the current discriminator D (initialized randomly before training) and a random starting
sample x5 ~ P = N(0,I). We iteratively generate a sample x&" = x5." = GO(D, x5 ") using
the gradient of L with respect to x§°". The sequence of samples x§*" forms a GO path. We optimize
for T' steps using gradient descent with a learning rate 7:

gen __ _gen
X1 = X

— NV La (%) (@
Using only the final x#°" and a x™%!, we train D to minimize the discriminator loss L p (x™, sg(x&")),
where sg stops the gradient. As outlined in Algorithm T} this process is repeated for each training
step.

We stop the gradient to prevent collapse. Suppose we retained the gradients from GO for the
discriminator weight update step and also required gradient computation for the weights of D. In that
case, the computational graph through which we backpropagate for a training step would encompass
all the T" forward and backward passes through D from GO. This would lead to memory issues.
Additionally, since Lp compels D to assign a lower score to the final generated sample x5, D
would have an advantage in altering its score surface to eliminate GO paths from noise to realistic
samples. For instance, by giving zero gradient to noisy inputs, the generated samples would remain
noisy and D could easily assign a low score to them. Therefore, we do not consider any intermediate
samples x§™" (¢t < T) or their gradients for updating D. D is also not conditioned on any timestep t,
and the same 7 is used for both training and inference.

DOG provides flexibility in the choice of P, L, and Lp. In practice, we may also incorporate
learning rate scheduling in GO, and Equation (2)) can be extended for advanced optimizers.
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3 CONVERGENCE ANALYSIS

To gain further insight, inspired by (Mescheder et al., 2018]), we provide a convergence analysis of
DOG using a straightforward dataset and a simple D). We show that in this setting, GO converges to
local minima of L (inner convergence), and that the discriminator training also converges (outer
convergence). Additionally, since EBMs are conceptually similar to DOG, we elucidate how an
EBM would falter here. For an experimental validation of the convergence analysis and a formal
examination of DOG, with a discussion of our assumptions, see Appendix [A]

We consider an underlying data distribution where samples lie on a regular 1-D grid, i.e., 2™ € {kn |
n € Z} (with a fixed scalar k). Suppose our training set only contains two real samples: x5 = 0 and
2% = 27, For the discriminator, we select D(x) = cos(fx) with a single learnable scalar parameter
f. Assuming suitable hyperparameters 7" and 7, GO converges to a local minimum of L (maximum
of D) from any starting sample 2§, i.e., 2&" € {27n /6 | n € Z} such that Lg (2&") = —1 (with
D(z#") = 1), showing inner convergence.

The expected value of the Wasserstein discriminator loss function can be computed as

E[Lp] = E[D(a*")] — E[D(z"")] 3
= E[D(28™")] — 0.5D(xf") — 0.5D () )
=E[1] — 0.5D(0) — 0.5D(27) ®)
=1-0.5—0.5cos(627). 6)

Differentiating E[L | with respect to 6 yields dE[Lp]/df = 7 sin(627). Training with stochastic
gradient descent on 6 converges to § = 1 if an appropriate learning rate is used and @ is initialized
sufficiently close, displaying outer convergence.

If we choose a broad distribution P for 25", DOG generalizes to the underlying grid data distribution
because we can also generate samples that are not among the real samples. For instance, 2" =
GO(D, 47 + €) = 47 for 5™ = 47 + € and a small e. Note that other values, such as § = 2, would
also minimize L and can be reached by training with an appropriately initialized 6. The choice of
the discriminator and the initialization leads to different generalization patterns.

We could define an EBM by interpreting the model output as negative energy with corresponding
density p(x) o exp(cos(fz)) (Du & Mordatch, 2019). However, such an EBM would fail for this
setting: Even if the modes with high density lie on the grid-points, the density between the grid points
is never zero. Therefore, any faithful sampling approach will also yield invalid samples between the
grid-points. In contrast, DOG’s GO only generates valid samples, showing an advantage of DOG
over EBMs in this discrete setting.

4 EVALUATION

We evaluate DOG on datasets from multiple domains, including a 2D toy dataset with 25 Gaussians
(Tran et al.,|2018) and several graph datasets such as QM9, a molecule dataset (Ramakrishnan et al.|
2014). For a proof of concept with limited generation quality in the image domain, see Appendix

Based on the results of early experiments, we generally use Adam (Kingma & Bal [2015)) as the
optimizer for the GO process with 7' = 100 and a OneCycle learning rate schedule (Smith & Topin,
2019) (max_Ir = 1.0 and a warm-up ratio of 0.3) for faster convergence compared to constant
learning rate gradient descent. An implementation can be found in the supplementary material.

4.1 25-GAUSSIANS TOY DATASET

To generate a 25-Gaussians dataset, we independently draw 2000 samples from a Gaussian with
covariance 3 = I x 0.0001 for each mean g in [—1.5, —0.75, 0, 0.75, 1.5]? to obtain 50, 000 samples,
similar to|Tran et al.| (2018). As in/Wang et al.| (2022}, we use a discriminator with 2 hidden linear
layers of 128 units each and LeakyReLU activations between them. We set max_Ir = 0.1 for the
OneCycle in the GO process and train with a batch size of 128 for 50 epochs using Adam with
Ir = 1075, (B1, B2) = (0,0.9), and Wasserstein losses (Arjovsky et al., 2017).
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Figure 2: Results of DOG on the 25-Gaussians toy dataset. |(a)| The background colors represent the
discriminator scores, with brighter colors indicating higher scores. The black crosses represent the
50, 000 real samples, while the white crosses represent 1, 280 generated samples. The colored lines
show a subset of the GO paths, which start at random locations x5 and end at the generated samples
x5 Typical GO loss curves, colored according to the paths shown in Both the initial and
final scores vary, and all GOs have converged. |[(c)| Discriminator training loss of 25-Gaussians for

DOG. A loss close to zero indicates that generated and real samples receive similar scores.

As shown in Figure 2] DOG covers all modes of the data, and most of the generated samples are
close to the real modes. Note that the discriminator scores (and the resulting loss surface) provide
numerous GO paths to each mode, even though they are not perfectly symmetric, and some modes
receive higher scores than others. In particular, the central mode at (0, 0) is still covered, even though
it receives a lower score than others, since GO often ends at local maxima. Furthermore, since the
starting point density is A/(0, I), which is highest at (0, 0), we already initialize many GO paths close
to this mode.

4.2 GRAPH DATA

To generate graphs with DOG, we directly optimize both the node feature matrix and the edge feature
matrix (or adjacency matrix in the absence of edge features). After each generation step in GO, we
apply constraints to the edge matrix by setting its diagonals to zero and ensuring symmetry. We also
mask the edge matrix and the node feature matrix based on the given number of nodes for each batch
element. This is similar to the post-processing step used by Martinkus et al.| (2022)) for SPECTRE,
which is the current state-of-the-art for graph generation using GANs.

Model Although DOG could use the more advanced discriminator of SPECTRE, which uses condi-
tioning on eigenvalues and eigenvectors generated by a complex multi-step generator, for simplicity,
we opt for the simple discriminator architecture of GG-GAN (Krawczuk et all [2021). Specifically,
we use the GG-GAN (RS)* reference implementation, introduced by Martinkus et al.| (2022), with
default hyperparameters. For example, for QM9, we use a discriminator with 3 PPGN layers
[2019), each with 64 channels, and a batch size of 128.

Data For a detailed description of each dataset used for evaluation, data splits, and statistics, we
refer toMartinkus et al.| (2022)). In short, we evaluate DOG on all the benchmark datasets on which
SPECTRE was evaluated, including both artificial and real-world graphs. The artificial datasets
are Community-small 2018)), with 12-20 nodes; SBM, which includes graphs sampled
from stochastic block models; and Planar, containing only planar graphs. The two real-world
datasets are Proteins (Dobson & Doig} [2003)), containing proteins with hundreds of nodes, and QM9
(Ramakrishnan et al.| |2014), an exhaustive dataset of molecule graphs with up to 9 heavy atoms.

Metrics Following [Martinkus et al.| (2022)), we generate as many graphs for each dataset as there are
in the test set. For the set of generated graphs, we report the percentage of valid, unique, and novel (V.,
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Table 1: QM9 results. °As discussed by [Vignac

et al.| (2023), novelty is a problematic metric for s i R /@
QMO. Therefore, we report it here only for com- \@ » CN i\m HO'% W o [,

pleteness. -
o N— . .
METHOD VA Veut v.uens \%// N \e\< f(\
DIGRESS 99.0 ~95.2 - — 5
SPECTRE 87.3 31.2 29.1
GG-GAN (RS)*  51.2 24.4 24.4 .
DOG3L. 64 CH.  93.8+13  91.7+09 58.1124  Figure 3: Uncurated set of DOG generated sam-
DOG 6L. 128 CH.  98.9 95.8 42.0 ples for QM.

U. & N.) graphs, as well as the maximum mean discrepancy (MMD) for various statistics (Degree,
Clustering, Orbit, Spectrum, and Wavelet) between the generated set and the test set, where applicable.
We also report the average ratio among all statistics between the MMD of the generated set and the
MMD of the training set, where a ratio of 1.0 indicates that the generated set is as distinguishable
from the test set as the training set. For Community-small, we use the earth mover’s distance (EMD)
instead of MMD to maintain consistency with Martinkus et al.| (2022).

Baselines As baselines, we compare the perfor- Table 2: Community-small results. We explain the
mance of DOG with those of SPECTRE and  extraordinarily small ratio of EMD scores by the
GG-GAN (RS)*, as reported by [Martinkus et al| small number of test samples (and thus generated
(2022). Note that they use the node number samples), as well as the fact that we use the node
distribution of the test set to generate samples, distribution of the test set to be consistent with
which we also adopt for consistency. Addi- |[Martinkus et al| (2022). Our results, as well as
tionally, we include GG-GAN* or MolGAN*  those of DiGress indicate that the performance is
(De Cao & Kipt} 20138; Martinkus et al.,2022) saturated for this toy dataset.

where they perform better. Where available, we
also include the results of DiGress (Vignac et al.}
2023), a recent diffusion-based approach that
does not use a discriminator and updates the ~ DIGRESS

METHOD DEG.] CrLus.| OrsBIT] RATIO|
~0.018 =0.0643 =~0.006 1.0

. : SPECTRE 0.02 0.21 001 17
graph in discrete steps. Note that|Vignac et al| Ggg-GaN ®Rs)*  0.08 0.22 008 55
(2023)) report the MMD ratios directly instead of =~ DOG (0URs) 0.003 0.006 0.002  0.16

the raw MMD values. Therefore, we calculate

them using the training MMD values of Martinkus et al. (2022), which may introduce rounding errors.
The comparability of the results is further limited because DiGress uses different splits for some
datasets and uses the node distribution of the training set for sampling.

Other Settings Like Martinkus et al.| (2022), we train for 30 epochs for QM9 and 12, 000 epochs
for Community-small and Planar. Due to the expensive GO, we use only 130 epochs for Proteins
(instead of 1,020) and 2, 400 for SBM (instead of 6, 000). Each run uses a single Nvidia A40, except
for Proteins where we use 2 GPUs (and maintain a total batch size of 4 as in SPECTRE). Training on
our default QM9 configuration takes about 15 hours. We keep the seeds constant as in the reference
implementation and, like Martinkus et al.|(2022), select a checkpoint for testing according to the
validation performance. As the validation metric, we use the mean MMD ratio, except for QM9,
where we choose the ratio of valid and unique generated graphs. Like Martinkus et al.|(2022), we
use WGAN-LP (A p = 5) and gradient penalty as losses (Petzka et al., 2018). We train using Adam
with Ir = 10™* and (81, 32) = (0.5,0.9).

Results As shown in Table[I] DOG outperforms all GAN approaches on QM9, including GG-GAN
(RS)* and SPECTRE, while being competitive with DiGress when using a larger discriminator (6
layers, 128 channels each), closing the substantial performance gap between diffusion models and
discriminator-based GANs. For our main experiment with the default configuration, we report the
mean and standard deviation for five seeds. Examples of generated graphs are provided in Figure[3]

The results for other graph datasets also demonstrate DOG’s superior graph generation performance
over GANS, as can be observed in Table [2] (Community-small), Table [3] (Planar), Table @] (SBM,
max_Ir = 0.1), and Table [5 (Proteins, max_Ir = 0.1). Notably, DOG achieves this high performance
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Table 3: Planar results.

METHOD DEG. | CLus. | ORBIT]  SPEC.] WAVELET| RATIO] V.1 U.t N. 1t V,U.&N. 1
DIGRESS ~0.00028 =~0.0372  =~0.00085 - - - - - - 75
SPECTRE 0.0005 0.0785 0.0012 0.0112 0.0059 29 25.0 100.0 100.0 25.0
GG-GAN (RS)* 0.1005 0.2571 1.0313  0.2040  0.3829 586.3 0.0 100.0 100.0 0.0

DOG (OURS) 0.00023 0.0827 0.0034  0.0067 0.0029 2.78 67.5 100.0 100.0 67.5

Table 4: SBM results.

METHOD DEG. | CLus. | ORBIT |} SPEC. | WAVELET| RATIOl V.T+ U.t N. 1 V,U.&N. 1
DIGRESS ~0.00128 =0.0498 ~0.04335 - - - - - - 74
SPECTRE 0.0015 0.0521 0.0412 0.0056 0.0028 2.0 52.5 100.0 100.0 52.5
GG-GAN (RS)* 0.0338 0.0581 0.1019 0.0613 0.1749 61.5 0.0 100.0 100.0 0.0
GG-GAN* 0.0035 0.0699 0.0587 0.0094  0.0202 7.8 25.0 100.0 100.0 25.0

DOG (OURS) 0.0003 0.0508 0.0401 0.0039 0.0013 1.15 725 1000 100.0 72.5

Table 5: Proteins results.
Martinkus et al.| (2022).

°Note that novelty is severely limited for MolGAN* as discussed by

METHOD DEG.| Crus.| ORrBIT] SpPEC.] WAVELET] RaTio|l U.?1 N. 1t U.&N. 1
SPECTRE 0.0056 0.0843 0.0267 0.0052  0.0118 16.9 100.0  100.0 100.0
GG-GAN (RS)* 0.4727 0.1772 0.7326 0.4102  0.6278 875.8 100.0  100.0 100.0
MOLGAN* 0.0008  0.0644 0.0081 0.0021 0.0012 4.2 97.3  100.0° 97.3
DOG (OURS) 0.0022 0.0682 0.0202 0.0014  0.0023 6.75 100.0  100.0 100.0

using only the simple GG-GAN (RS)* discriminator, and we did not tune any GAN-specific hyperpa-
rameters. We only tuned the DOG-specific max_Ir and kept 7' = 100 constant. For examples of both
real and generated graphs, see Figure [I0] (Appendix).

Table 6: Hyperparameter study for DOG on QM9.
Each change to the default setting is indicated in
the first column. Default: 7" = 100, OneCycle
(max_Ir = 1.0), Adam, 3 layers, 64 channels,
WGAN-LP losses. °Not comparable because dif-
ferent loss functions or number of epochs are used.

Hyperparameter Study We evaluate the impact
of our design choices on DOG’s performance
on QM9. In Table [6] we compare against the
default model w.r.t. the fraction of valid and
unique graphs. We also analyze the discrimina-
tor’s smoothed Wasserstein loss L at the end
of training, as we observed in early experiments

that a low loss correlates with poor samples. _ SETTING V.&U.1 FINAL Lp
This suggests that it is undesirable for GO if DEFAULT DOG 91.7+0.9 -0.17+0.04
the dlscnémngtor q,an easllly distinguish between 128 cH. 938 20.08
generated and real samples. 6 LAY. 943 2021
First, we investigate the model size by doubling 128 CH., 6 LAY. 95.8 -0.14
the number of channels and layers, both indepen- T=200 92.0 -0.07
T=50 81.3 -0.79
dently and together. Models larger than those B
d by the GAN baseli f b T=25 34.1 -44
used by the aselines perform better. MAX_LR = 0.1 90.2 -0.29
Next, we examine our choices for GO: While ADAM — SGD 91.1 -0.16
increasing the number of steps 7' may result NO ONECYCLE 36.9 -15
. . . NO CONSTRAIN 81.8 -0.34
in better convergence to local minima of Lg o
. in D’ " it also i NS LOSSES 84.4 1.27
(maxima in D’s score surface), it also increases | EPOCH TRAINING 434 -0.04°

the computational cost of DOG, posing a trade-
off. Doubling the number of steps to 7' = 200

results in higher discriminator losses but similar quality, indicating that 7" = 100 is sufficient. In
contrast, halving the number of steps to 1" = 50 leads to worse performance. An even lower number
of steps (I" = 25) leads to a failure mode where GO ends before the discriminator can be fooled,
giving the discriminator a low loss. Reducing the learning rate in GO by a factor of 10 leads to only
slightly worse results, indicating that GO is not overly sensitive to learning rates, at least when using
Adam with OneCycle learning rate scheduling as the optimizer. However, not using learning rate
scheduling (but tuned Ir = 0.1) significantly reduces the sample quality, suggesting that learning rate
scheduling is crucial for GO, as again implied by the low discriminator loss. Replacing Adam with
stochastic gradient descent (SGD) in the GO process performs similarly to the default setting but
requires more learning rate tuning (max_Ir = 100). Not constraining the edge matrix after each GO
step has a negative effect, demonstrating the benefit of staying within the data domain during GO.
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Replacing WGAN losses with non-saturating (NS) GAN losses (Goodfellow et al.; 2014; [Karras et al.
2019)) (but keeping App and other hyperparameters) leads to only a moderate degradation, supporting
our claim that DOG, like GANs (Qin et al., [2018)), is flexible w.r.t. the choice of Lp and L¢.

While individual training steps of DOG take more time due to the iterative GO, we find that the
overall training nevertheless progresses faster compared to SPECTRE. Although SPECTRE trains
by default for 30 epochs (= 8 hours) on QM9, DOG achieves better test performance after only one
epoch (< 0.5 hours), indicating faster convergence.

5 RELATED WORK

GANs & EBMs From a GAN perspective (Goodfellow et al.l 2014), DOG can be obtained by
removing the generator model and, to generate samples, replacing it with GO, a multi-step gradient-
based optimization utilizing the current discriminator. For training, the generator optimization step is
removed without replacement, as only one model, the discriminator, remains. In the discriminator
update step, the generated samples and real samples are processed in the same way as for GANs.

In EBMs (Ackley et al., |1985; Xie et al.,[2016}[2017; |Du & Mordatch, |2019)), an energy estimation
model is trained to assign low energy scores to real samples and high energy scores to generated
samples, essentially using a Wasserstein loss (Arjovsky et al.| 2017). A main difference between
DOG and EBMs lies in the sampling procedure, particularly in the absence of noise. EBMs interpret
the model’s output as energy that determines the (unnormalized) density at each location. An ideal
sampler would therefore draw samples from this density. An example of such a sampler is Langevin
dynamics (LD) (Welling & Tehl 2011}, which utilize noise and the gradient of the energy score with
respect to the input sample to update the input sample in several steps. Potentially, such a sampling
approach can be paired with a sample replay buffer (Du & Mordatch, [2019) to facilitate faster mixing
of the underlying Markov chain and therefore save expensive generation steps during training. In
practice, however, the sampling from the density is often not perfect: LD may use a limited number
of steps (Nijkamp et al.,|2019), or smaller noise than theory requires (Xiao et al.||2021), introducing
a distribution shift. However, without any noise in the LD (Xiao et al.| (2021)) term this “EBMs w/
noise-free dynamics” and [Nijkamp et al.[(2019) argue that the gradient dominates the noise in certain
settings), we perform gradient descent on the energy model’s input and, assuming convergence,
only obtain samples that lie at local minima of the energy surface. Therefore, we no longer attempt
to acquire samples accurately following the energy-defined density. This minimization is akin to
minimizing a generation loss with Wasserstein GAN losses, as also pointed out by [Xiao et al.| (2021)).
Due to this difference in acquired samples, we abandon the “EBMs w/ noise-free dynamics” (Xiao
et al.| 2021) interpretation and instead consequently interpret it as a special case of DOG.

This shift in interpretation from imperfect sampling from an energy-defined density via impaired LD
(or any other technique) to optimizing the sample by locally minimizing a generation loss (maximizing
a discriminator’s score) motivates the other distinctions between EBMs and DOG: Namely, we
can employ tools developed for efficient gradient-based optimization, such as momentum-based
optimizers and learning rate schedulers. Also, GAN losses, discriminator architectures, regularization
techniques such as gradient penalty and other hyperparameters largely transfer, as demonstrated in
our graph experiments. Furthermore, local minima can possess the same sampling density even if
they receive different absolute scores from the discriminator/energy model (refer to Figure[2). Finally,
a sample replay buffer is not required since DOG aims to converge to a local minimum instead of
striving for a mixed Markov chain.

Overall, DOG combines concepts from both GANs and EBMs. It repurposes GAN loss functions and
discriminator architectures but generates samples iteratively using a single scalar prediction model
like EBMs. Unlike GANs, DOG does not require a separate generator architecture and training
process, and unlike EBMs, it does not involve sample replay buffers for training or random noise in
the generation process. Instead, DOG employs direct gradient descent with respect to a generation
loss, potentially combined with momentum-based optimizers and learning rate scheduling.

EBMs and GANSs are also related. While they can be combined (Zhao et al.| 2017} [Pang et al.|
2020), [Che et al.|(2020) show how a GAN can be interpreted as an EBM, and Xiao et al.|(2021)
indicate that EBMs are self-adversarial like DOG. Additionally, [Tanaka (2019) and |Ansari et al.
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(2020) demonstrate how to use the gradient of a discriminator to refine the generation, which may
come from a GAN generator.

Other Generative Modeling Approaches Other approaches related to EBMs and DOG include
score-based generative modeling (Song & Ermon, [2019;Song et al.| 2021)) and denoising diffusion
approaches (Sohl-Dickstein et al.,|2015; [Ho et al., 2020). All of these methods generate samples
incrementally by making dense predictions on the input, starting from noise. They allow for correc-
tions of previous inaccuracies during generation, unlike GANs, which generally generate samples
in a one-shot fashion. Diffusion models typically predict the remaining noise, while score-based
models estimate the gradient of the energy surface. Unlike EBMs and DOG, the dense prediction in
these methods does not come from a backward pass through a scalar prediction model but from a
forward pass through a dense prediction model. In addition, these settings do not require expensive
iterative sample generation during training but cheaply noise real samples. For inference, the updates
of denoising diffusion follow a pre-determined schedule similar to a learning rate scheduling in GO.

Further, Diffusion-GAN (Wang et al., 2022) and discriminator guidance (Kim et al.| 2022) combine
ideas from diffusion and GANSs by using a discriminator to refine partially denoised samples generated
by a diffusion model. Complementary to our work, [Franceschi et al.| (2023)) provide a formal
connection between GANs and score-based diffusion. DOG is similar to a particle model. However,
the DOG discriminator is not conditioned on timesteps, and the samples may be updated with
momentum and learning rate scheduling instead of just the gradients. In contrast to DOG, their
Discriminator Flow approach requires this conditioning for the discriminator and uses the intermediate
samples for training, making DOG conceptually simpler.

Besides these, a range of other popular generative approaches have been explored, including nor-
malizing flows (Rezende & Mohamed, 2015; Kobyzev et al., 2019; Xie et al., |2022), variational
autoencoders (Kingma & Welling| [2014; [Vahdat & Kautzl, 2020), autoregressive generation (Brown
et al.,[2020; |Lee et al., [2022), and masked modeling (Chang et al., 20225 2023).

Adversarial Attacks DOG is also related to adversarial robustness (Song et al., | 2018};|Dong et al.,
2020): Both settings use the gradient of a model’s input to perturb samples, resulting in a change
in the model’s predictions. GO is essentially an unrestricted adversarial attack on the discriminator
D starting at noise, as it aims to maximize D’s scores. D is trained to be robust to these attacks.
However, the goal of DOG is different: it aims at de novo content generation and receives only noise
as input during inference, no adversarially perturbed samples. In contrast, adversarial reconstruction
attacks (Balle et al.| [2021; |[Haim et al., [2022)) aim to generate realistic samples, like DOG. While
reconstruction attacks aim to retrieve training samples, DOG’s goal is to generalize.

Graph Generation Specifically for the graph domain, besides the multi-step GAN-based SPECTRE
(Martinkus et al.,|2022) and the state-of-the-art diffusion-based approaches such as DiGress (Vignac
et al.,|2023) or follow-ups (Chen et al., 2023} Kong et al.| 2023)), other methods have been proposed.
These include score-based generative modeling (N1u et al., 2020; Jo et al.,2022) and autoregressive
models (Liao et al.| 2019). Earlier graph GANs are based on recursive neural networks (You et al.|
2018)) or random walks (Bojchevski et al.l [2018). Other approaches utilize normalizing flows
(Madhawa et al.| 2020) or focus on permutation invariance (Vignac & Frossard, [2022). While these
approaches are tailored to graphs, sometimes even limited to molecule graphs, DOG is a more general
approach that works well on graphs.

6 DISCUSSION

Training Efficiency DOG outperforms approaches like SPECTRE (Martinkus et al.,|2022) on graphs
without requiring an elaborate multi-step approach where some generators and discriminators need
to be trained before others. This greatly simplifies the setting by using only a single discriminator
model. Moreover, unlike the extensive journey of different generators from GraphGAN (Wang et al.,
2018) to SPECTRE, there is no need to tune the generator architecture for DOG.

Furthermore, DOG has an advantage over DiGress in that it requires fewer parameters and significantly
fewer training epochs (Vignac et al.l [2023). For QM9, DiGress was trained for 1000 epochs using an
expensive transformer model with 4.6 million parameters. In contrast, DOG achieves the same sample
quality with only 30 epochs and 1.1 million parameters for the large discriminator configuration (and
merely 145 thousand parameters for the default configuration).
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Another conceptual advantage of DOG is its ability to instantly update GO with D, directly taking
advantage of the adjusted discriminator weights from the previous training step, potentially providing
high-quality training samples (namely those that maximally fool D) to D early on. This is in contrast
to GANs, where the generator model must first learn from the discriminator and always lags behind.
As aresult, DOG may require fewer training steps to achieve good performance, as demonstrated on
QMO (see Section[@. This observation suggests that in DOG, inner (generation) and outer (training)
optimization are closely related.

Nevertheless, while DOG shows advantages over GANs on graphs regarding the outer optimization,
one of its main limitations is the currently expensive training steps that include GO in the inner
optimization. A detailed analysis of the computational cost can be found in Appendix [C]

A potential solution to improve training efficiency is to reuse generated samples during training. By
using a sample replay buffer, such as (Du & Mordatch, 2019), the starting point for GO could be
closer to realistic samples, thus requiring fewer GO steps to achieve convergence. Another approach
could be to use the intermediate samples and their gradients, instead of discarding them altogether
with the stop gradient operator, to regularize and potentially shorten the GO paths. Additionally,
we expect that more hyperparameter tuning for Adam and OneCycle, or using a more suitable GO
approach altogether, could further reduce the number of steps required. By analogy, note that earlier
denoising diffusion approaches used thousands of steps, which could be reduced to only a handful by
skipping steps and increasing the step size (Meng et al.| [2022).

GO Paths While DOG is seemingly more parameter-efficient than GANs since it does not require
the parameters of a generator, the DOG discriminator has a different task to solve. Given a broad
distribution P, GO can start anywhere and, assuming appropriate hyperparameters, will eventually
reach all local maxima in the score surface of D. Thus, a good discriminator should have local maxima
only at realistic samples and should be robust to the adversarial attack GO performs. This observation
suggests that the score surface of a DOG discriminator must provide meaningful gradients over the
entire target domain for the GO path from each noisy sample to a realistic one. This is in contrast to
the score surface of a GAN discriminator, which only needs to provide meaningful gradients on the
subset of the domain currently covered by the generator. The generator is restricted by its architecture
and its current parameters and therefore many local maxima in the GAN discriminator’s score surface
are not sampled and L p is not computed at these locations. For example, for face image data, after
teaching a generator the global structure of a face, a GAN discriminator could adapt to focus on the
local texture but struggle with less structured data (as can be seen in Appendix [B.I)). Therefore, we
speculate that a DOG discriminator might benefit from an architecture and regularization techniques
that are optimized to accommodate this difference.

Assuming good performance, where the distribution of generated samples largely follows the real
data distribution, the GO paths must be meaningful. The emergence of these paths is non-trivial:
it is not enough to have realistic samples at local maxima; they must also be reachable via the GO
paths with an appropriate probability. In particular, the loss function Lp only applies directly to
the real and generated samples, not to distant locations (i.e., x%en ). However, the gradient at these
locations may already determine the general direction of many GO paths. For larger settings than the
one described in Section 3] investigating how these paths emerge, such that the generated samples
follow the underlying data distribution using only L p, is left for future work. Potentially, these paths
emerge in a manner similar to the paths taken by adversarial reconstruction attacks in classification
models (Haim et al., [2022).

7 CONCLUSION

Overall, DOG’s ability to provide high-quality training samples directly to the discriminator D,
along with its simplified setting that eliminates the need to tune a generator architecture, makes it a
promising generative approach. On graphs, we demonstrate that high-quality sample generation is
possible with the conceptually simple self-adversarial approach, outperforming GANs while being on
par with state-of-the-art diffusion approaches. Further improvements to the discriminator architecture,
regularization techniques, and DOG’s speed may also enable competitive performance in other
domains.



Under review as a conference paper at ICLR 2024

REFERENCES

David H Ackley, Geoffrey E Hinton, and Terrence J Sejnowski. A learning algorithm for boltzmann
machines. Cognitive science, 9(1):147-169, 1985.

David Alvarez-Melis, Vikas Garg, and Adam Tauman Kalai. Why gans are overkill for nlp. arXiv
preprint arXiv:2205.09838, 2022.

Abdul Fatir Ansari, Ming Liang Ang, and Harold Soh. Refining deep generative models via discrimi-
nator gradient flow. In International Conference on Learning Representations, 2020.

Martin Arjovsky, Soumith Chintala, and Léon Bottou. Wasserstein generative adversarial networks.
In International conference on machine learning, pp. 214-223. PMLR, 2017.

Borja Balle, Giovanni Cherubin, and Jamie Hayes. Reconstructing training data with informed
adversaries. In NeurIPS 2021 Workshop Privacy in Machine Learning, 2021. URL https:
//openreview.net/forum?id=Yi2DZTbnB14.

Aleksandar Bojchevski, Oleksandr Shchur, Daniel Ziigner, and Stephan Giinnemann. Netgan:
Generating graphs via random walks. In International conference on machine learning, pp.
610-619. PMLR, 2018.

Andrew Brock, Jeff Donahue, and Karen Simonyan. Large scale GAN training for high fidelity
natural image synthesis. In International Conference on Learning Representations, 2019. URL
https://openreview.net/forum?id=Blxsqgj09Fm.

Tom Brown, Benjamin Mann, Nick Ryder, Melanie Subbiah, Jared D Kaplan, Prafulla Dhariwal,
Arvind Neelakantan, Pranav Shyam, Girish Sastry, Amanda Askell, et al. Language models are
few-shot learners. Advances in neural information processing systems, 33:1877-1901, 2020.

Huiwen Chang, Han Zhang, Lu Jiang, Ce Liu, and William T Freeman. Maskgit: Masked generative
image transformer. In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern
Recognition, pp. 11315-11325, 2022.

Huiwen Chang, Han Zhang, Jarred Barber, AJ Maschinot, Jose Lezama, Lu Jiang, Ming-Hsuan Yang,
Kevin Murphy, William T Freeman, Michael Rubinstein, et al. Muse: Text-to-image generation
via masked generative transformers. arXiv preprint arXiv:2301.00704, 2023.

Tong Che, Ruixiang Zhang, Jascha Sohl-Dickstein, Hugo Larochelle, Liam Paull, Yuan Cao, and
Yoshua Bengio. Your gan is secretly an energy-based model and you should use discriminator
driven latent sampling. Advances in Neural Information Processing Systems, 33:12275-12287,
2020.

Xiaohui Chen, Jiaxing He, Xu Han, and Liping Liu. Efficient and degree-guided graph generation
via discrete diffusion modeling. In Andreas Krause, Emma Brunskill, Kyunghyun Cho, Barbara
Engelhardt, Sivan Sabato, and Jonathan Scarlett (eds.), International Conference on Machine
Learning, ICML 2023, 23-29 July 2023, Honolulu, Hawaii, USA, volume 202 of Proceedings of
Machine Learning Research, pp. 4585-4610. PMLR, 2023. URL https://proceedings,
mlr.press/v202/chen23k.html.

Nicola De Cao and Thomas Kipf. MolGAN: An implicit generative model for small molecular graphs.
ICML 2018 workshop on Theoretical Foundations and Applications of Deep Generative Models,
2018.

Paul D Dobson and Andrew J Doig. Distinguishing enzyme structures from non-enzymes without
alignments. Journal of molecular biology, 330(4):771-783, 2003.

Yinpeng Dong, Qi-An Fu, Xiao Yang, Tianyu Pang, Hang Su, Zihao Xiao, and Jun Zhu. Benchmark-
ing adversarial robustness on image classification. In Proceedings of the IEEE/CVF Conference on
Computer Vision and Pattern Recognition, pp. 321-331, 2020.

Yilun Du and Igor Mordatch. Implicit generation and modeling with energy based models. Advances
in Neural Information Processing Systems, 32, 2019.

10


https://openreview.net/forum?id=Yi2DZTbnBl4
https://openreview.net/forum?id=Yi2DZTbnBl4
https://openreview.net/forum?id=B1xsqj09Fm
https://proceedings.mlr.press/v202/chen23k.html
https://proceedings.mlr.press/v202/chen23k.html

Under review as a conference paper at ICLR 2024

Emilien Dupont, Hyunjik Kim, S. M. Ali Eslami, Danilo Jimenez Rezende, and Dan Rosenbaum.
From data to functa: Your data point is a function and you can treat it like one. In International
Conference on Machine Learning, 2022. URL https://api.semanticscholar.org/
CorpusID:249395684.

Jean-Yves Franceschi, Mike Gartrell, Ludovic Dos Santos, Thibaut Issenhuth, Emmanuel de Bézenac,
Mickaél Chen, and Alain Rakotomamonjy. Unifying gans and score-based diffusion as generative
particle models. Advances in Neural Information Processing Systems, 2023.

Ian Goodfellow, Jean Pouget-Abadie, Mehdi Mirza, Bing Xu, David Warde-Farley, Sherjil Ozair,
Aaron Courville, and Yoshua Bengio. Generative adversarial nets. In Z. Ghahramani, M. Welling,
C. Cortes, N. Lawrence, and K.Q. Weinberger (eds.), Advances in Neural Information Processing
Systems, volume 27. Curran Associates, Inc., 2014. URL https://proceedings.neurips.
cc/paper/2014/file/5ca3e9b122f61f8f06494c97blafccf3-Paper.pdf.

Ishaan Gulrajani, Faruk Ahmed, Martin Arjovsky, Vincent Dumoulin, and Aaron C Courville.
Improved training of wasserstein gans. Advances in neural information processing systems, 30,
2017.

Niv Haim, Gal Vardi, Gilad Yehudai, Ohad Shamir, and Michal Irani. Reconstructing training
data from trained neural networks. Advances in Neural Information Processing Systems, 35:
22911-22924, 2022.

Martin Heusel, Hubert Ramsauer, Thomas Unterthiner, Bernhard Nessler, and Sepp Hochre-
iter. Gans trained by a two time-scale update rule converge to a local nash equilibrium. In
I. Guyon, U. Von Luxburg, S. Bengio, H. Wallach, R. Fergus, S. Vishwanathan, and R. Gar-
nett (eds.), Advances in Neural Information Processing Systems, volume 30. Curran Asso-
ciates, Inc., 2017. URL https://proceedings.neurips.cc/paper_files/paper/
2017/file/8al1d694707eb0fefe65871369074926d-Paper .pdfl

Jonathan Ho, Ajay Jain, and Pieter Abbeel. Denoising diffusion probabilistic models. Advances in
Neural Information Processing Systems, 33:6840-6851, 2020.

Emiel Hoogeboom, Jonathan Heek, and Tim Salimans. simple diffusion: End-to-end diffusion for
high resolution images. arXiv preprint arXiv:2301.11093, 2023.

Jaehyeong Jo, Seul Lee, and Sung Ju Hwang. Score-based generative modeling of graphs via the
system of stochastic differential equations. In International Conference on Machine Learning,
2022.

Minguk Kang, Jun-Yan Zhu, Richard Zhang, Jaesik Park, Eli Shechtman, Sylvain Paris, and Taesung
Park. Scaling up gans for text-to-image synthesis. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition (CVPR), 2023.

Tero Karras, Samuli Laine, and Timo Aila. A style-based generator architecture for generative
adversarial networks. In Proceedings of the IEEE/CVF conference on computer vision and pattern
recognition, pp. 4401-4410, 2019.

Tero Karras, Samuli Laine, Miika Aittala, Janne Hellsten, Jaakko Lehtinen, and Timo Aila. Analyzing
and improving the image quality of stylegan. In Proceedings of the IEEE/CVF conference on
computer vision and pattern recognition, pp. 8110-8119, 2020.

Tero Karras, Miika Aittala, Samuli Laine, Erik Harkonen, Janne Hellsten, Jaakko Lehtinen, and Timo
Aila. Alias-free generative adversarial networks. Advances in Neural Information Processing
Systems, 34:852-863, 2021.

Dongjun Kim, Yeongmin Kim, Wanmo Kang, and II-Chul Moon. Refining generative process with
discriminator guidance in score-based diffusion models. ArXiv, abs/2211.17091, 2022.

Diederik P. Kingma and Jimmy Ba. Adam: A method for stochastic optimization. In Yoshua
Bengio and Yann LeCun (eds.), 3rd International Conference on Learning Representations, ICLR
2015, San Diego, CA, USA, May 7-9, 2015, Conference Track Proceedings, 2015. URL http
//arxiv.org/abs/1412.6980.

11


https://api.semanticscholar.org/CorpusID:249395684
https://api.semanticscholar.org/CorpusID:249395684
https://proceedings.neurips.cc/paper/2014/file/5ca3e9b122f61f8f06494c97b1afccf3-Paper.pdf
https://proceedings.neurips.cc/paper/2014/file/5ca3e9b122f61f8f06494c97b1afccf3-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2017/file/8a1d694707eb0fefe65871369074926d-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2017/file/8a1d694707eb0fefe65871369074926d-Paper.pdf
http://arxiv.org/abs/1412.6980
http://arxiv.org/abs/1412.6980

Under review as a conference paper at ICLR 2024

Diederik P. Kingma and Max Welling. Auto-encoding variational bayes. In Yoshua Bengio and
Yann LeCun (eds.), 2nd International Conference on Learning Representations, ICLR 2014,
Banff, AB, Canada, April 14-16, 2014, Conference Track Proceedings, 2014. URL http:
//arxiv.org/abs/1312.6114.

Ivan Kobyzev, Simon Prince, and Marcus A. Brubaker. Normalizing flows: Introduction and ideas.
ArXiv, abs/1908.09257, 2019.

Lingkai Kong, Jiaming Cui, Haotian Sun, Yuchen Zhuang, B. Aditya Prakash, and Chao Zhang. Au-
toregressive diffusion model for graph generation. In International Conference on Machine Learn-
ing,2023. URL https://api.semanticscholar.org/CorpusID:259299519.

Igor Krawczuk, Pedro Abranches, Andreas Loukas, and Volkan Cevher. {GG}-{gan}: A geometric
graph generative adversarial network, 2021. URL https://openreview.net/forum?id=
giAxL3Xgxlo.

Doyup Lee, Chiheon Kim, Saehoon Kim, Minsu Cho, and Wook-Shin Han. Autoregressive image
generation using residual quantization. In Proceedings of the IEEE/CVF Conference on Computer
Vision and Pattern Recognition, pp. 11523-11532, 2022.

Renjie Liao, Yujia Li, Yang Song, Shenlong Wang, Will Hamilton, David K Duvenaud, Raquel
Urtasun, and Richard Zemel. Efficient graph generation with graph recurrent attention networks.
Advances in neural information processing systems, 32, 2019.

Ziwei Liu, Ping Luo, Xiaogang Wang, and Xiaoou Tang. Deep learning face attributes in the wild. In
Proceedings of the IEEE international conference on computer vision, pp. 3730-3738, 2015.

Ilya Loshchilov and Frank Hutter. Sgdr: Stochastic gradient descent with warm restarts. arXiv
preprint arXiv:1608.03983, 2016.

Kaushalya Madhawa, Katsuhiko Ishiguro, Kosuke Nakago, and Motoki Abe. Graph{nvp}: an invert-
ible flow-based model for generating molecular graphs, 2020. URL https://openreview,
net/forum?id=ryxQ6T4YwB.

Haggai Maron, Heli Ben-Hamu, Hadar Serviansky, and Yaron Lipman. Provably powerful graph
networks. Advances in neural information processing systems, 32, 2019.

Karolis Martinkus, Andreas Loukas, Nathanael Perraudin, and Roger Wattenhofer. Spectre : Spec-
tral conditioning helps to overcome the expressivity limits of one-shot graph generators. In
International Conference on Machine Learning, 2022.

Chenlin Meng, Ruiqi Gao, Diederik P. Kingma, Stefano Ermon, Jonathan Ho, and Tim Salimans. On
distillation of guided diffusion models. ArXiv, abs/2210.03142, 2022.

Lars Mescheder, Andreas Geiger, and Sebastian Nowozin. Which training methods for gans do
actually converge? In International conference on machine learning, pp. 3481-3490. PMLR,
2018.

Takeru Miyato, Toshiki Kataoka, Masanori Koyama, and Yuichi Yoshida. Spectral normalization for
generative adversarial networks. In International Conference on Learning Representations, 2018.
URLhttps://openreview.net/forum?id=B1QRgziT—-.

Alexander Mordvintsev, Christopher Olah, and Mike Tyka. Inceptionism: Going deeper into neural
networks. 2015.

Erik Nijkamp, Mitch Hill, Song-Chun Zhu, and Ying Nian Wu. Learning non-convergent non-
persistent short-run memc toward energy-based model. In Neural Information Processing Systems,
2019. URL https://api.semanticscholar.org/CorpusID:159040565.

Chenhao Niu, Yang Song, Jiaming Song, Shengjia Zhao, Aditya Grover, and Stefano Ermon. Permu-

tation invariant graph generation via score-based generative modeling. In International Conference
on Artificial Intelligence and Statistics, pp. 4474-4484. PMLR, 2020.

12


http://arxiv.org/abs/1312.6114
http://arxiv.org/abs/1312.6114
https://api.semanticscholar.org/CorpusID:259299519
https://openreview.net/forum?id=qiAxL3Xqx1o
https://openreview.net/forum?id=qiAxL3Xqx1o
https://openreview.net/forum?id=ryxQ6T4YwB
https://openreview.net/forum?id=ryxQ6T4YwB
https://openreview.net/forum?id=B1QRgziT-
https://api.semanticscholar.org/CorpusID:159040565

Under review as a conference paper at ICLR 2024

Xingang Pan, Ayush Tewari, Thomas Leimkiihler, Lingjie Liu, Abhimitra Meka, and Christian
Theobalt. Drag your gan: Interactive point-based manipulation on the generative image manifold.
In ACM SIGGRAPH 2023 Conference Proceedings, pp. 1-11, 2023.

Bo Pang, Tian Han, Erik Nijkamp, Song-Chun Zhu, and Ying Nian Wu. Learning latent space
energy-based prior model. Advances in Neural Information Processing Systems, 33:21994-22008,
2020.

Henning Petzka, Asja Fischer, and Denis Lukovnikov. On the regularization of wasserstein GANs.
In International Conference on Learning Representations, 2018. URL https://openreviewl
net/forum?id=B1hYRMbCW.

Yipeng Qin, Niloy J. Mitra, and Peter Wonka. Do GAN loss functions really matter? CoRR,
abs/1811.09567, 2018. URL http://arxiv.org/abs/1811.09567.

Raghunathan Ramakrishnan, Pavlo O Dral, Matthias Rupp, and O Anatole Von Lilienfeld. Quantum
chemistry structures and properties of 134 kilo molecules. Scientific data, 1(1):1-7, 2014.

Danilo Rezende and Shakir Mohamed. Variational inference with normalizing flows. In International
conference on machine learning, pp. 1530-1538. PMLR, 2015.

Axel Sauer, Tero Karras, Samuli Laine, Andreas Geiger, and Timo Aila. Stylegan-t: Unlocking the
power of gans for fast large-scale text-to-image synthesis, 2023. URL https://arxiv.org/
abs/2301.09515.

Leslie N Smith and Nicholay Topin. Super-convergence: Very fast training of neural networks using
large learning rates. In Artificial intelligence and machine learning for multi-domain operations
applications, volume 11006, pp. 369-386. SPIE, 2019.

Jascha Sohl-Dickstein, Eric Weiss, Niru Maheswaranathan, and Surya Ganguli. Deep unsupervised
learning using nonequilibrium thermodynamics. In International Conference on Machine Learning,

pp. 2256-2265. PMLR, 2015.

Yang Song and Stefano Ermon. Generative modeling by estimating gradients of the data distribution.
Advances in Neural Information Processing Systems, 32, 2019.

Yang Song, Rui Shu, Nate Kushman, and Stefano Ermon. Constructing unrestricted adversarial
examples with generative models. Advances in Neural Information Processing Systems, 31, 2018.

Yang Song, Jascha Sohl-Dickstein, Diederik P Kingma, Abhishek Kumar, Stefano Ermon, and Ben
Poole. Score-based generative modeling through stochastic differential equations. In International
Conference on Learning Representations, 2021. URL https://openreview.net/forum?
1d=PxTIG12RRHS.

Jost Tobias Springenberg, Alexey Dosovitskiy, Thomas Brox, and Martin A. Riedmiller. Striving for
simplicity: The all convolutional net. In Yoshua Bengio and Yann LeCun (eds.), 3rd International
Conference on Learning Representations, ICLR 2015, San Diego, CA, USA, May 7-9, 2015,
Workshop Track Proceedings, 2015. URL http://arxiv.org/abs/1412.6806.

Akinori Tanaka. Discriminator optimal transport. Advances in Neural Information Processing
Systems, 32, 2019.

Ngoc-Trung Tran, Tuan-Anh Bui, and Ngai-Man Cheung. Dist-gan: An improved gan using distance
constraints. In European Conference on Computer Vision, 2018.

Arash Vahdat and Jan Kautz. Nvae: A deep hierarchical variational autoencoder. Advances in Neural
Information Processing Systems, 33:19667-19679, 2020.

Clement Vignac and Pascal Frossard. Top-n: Equivariant set and graph generation without ex-

changeability. In International Conference on Learning Representations, 2022. URL https:
//openreview.net/forum?id=—-Gk_IPJWvkl.

13


https://openreview.net/forum?id=B1hYRMbCW
https://openreview.net/forum?id=B1hYRMbCW
http://arxiv.org/abs/1811.09567
https://arxiv.org/abs/2301.09515
https://arxiv.org/abs/2301.09515
https://openreview.net/forum?id=PxTIG12RRHS
https://openreview.net/forum?id=PxTIG12RRHS
http://arxiv.org/abs/1412.6806
https://openreview.net/forum?id=-Gk_IPJWvk
https://openreview.net/forum?id=-Gk_IPJWvk

Under review as a conference paper at ICLR 2024

Clement Vignac, Igor Krawczuk, Antoine Siraudin, Bohan Wang, Volkan Cevher, and Pascal Frossard.
Digress: Discrete denoising diffusion for graph generation. In The Eleventh International Confer-
ence on Learning Representations, 2023. URL |https://openreview.net/forum?id=
UaAD-Nu8oWX.

Steven Walton, Ali Hassani, Xinggian Xu, Zhangyang Wang, and Humphrey Shi. Stylenat: Giving
each head a new perspective. arXiv preprint arXiv:2211.05770, 2022.

Guangrun Wang and Philip HS Torr. Traditional classification neural networks are good generators:
They are competitive with ddpms and gans. arXiv preprint arXiv:2211.14794, 2022.

Hongwei Wang, Jia Wang, Jialin Wang, Miao Zhao, Weinan Zhang, Fuzheng Zhang, Xing Xie,
and Minyi Guo. Graphgan: Graph representation learning with generative adversarial nets. In
Proceedings of the AAAI conference on artificial intelligence, volume 32, 2018.

Zhendong Wang, Huangjie Zheng, Pengcheng He, Weizhu Chen, and Mingyuan Zhou. Diffusion-gan:
Training gans with diffusion. arXiv preprint arXiv:2206.02262, 2022.

Max Welling and Yee W Teh. Bayesian learning via stochastic gradient langevin dynamics. In
Proceedings of the 28th international conference on machine learning (ICML-11), pp. 681-688,
2011.

Han Xiao, Kashif Rasul, and Roland Vollgraf. Fashion-mnist: a novel image dataset for benchmarking
machine learning algorithms. arXiv preprint arXiv:1708.07747, 2017.

Zhisheng Xiao, Qing Yan, and Yali Amit. EBMs trained with maximum likelihood are generator
models trained with a self-adverserial loss. In Energy Based Models Workshop - ICLR 2021, 2021.
URL https://openreview.net/forum?id=0sPDkDQXgI7.

Jianwen Xie, Yang Lu, Song-Chun Zhu, and Yingnian Wu. A theory of generative convnet.
In Maria Florina Balcan and Kilian Q. Weinberger (eds.), Proceedings of The 33rd Inter-
national Conference on Machine Learning, volume 48 of Proceedings of Machine Learn-
ing Research, pp. 2635-2644, New York, New York, USA, 20-22 Jun 2016. PMLR. URL
https://proceedings.mlr.press/v48/xiecl6.htmll

Jianwen Xie, Song-Chun Zhu, and Ying Nian Wu. Synthesizing dynamic patterns by spatial-
temporal generative convnet. In Proceedings of the ieee conference on computer vision and pattern
recognition, pp. 7093-7101, 2017.

Jianwen Xie, Yaxuan Zhu, Jun Li, and Ping Li. A tale of two flows: Cooperative learning of langevin
flow and normalizing flow toward energy-based model. In International Conference on Learning
Representations, 2022. URL https://openreview.net/forum?id=31d5RLCUUXC

Abhay Yadav, Sohil Shah, Zheng Xu, David Jacobs, and Tom Goldstein. Stabilizing adversarial nets
with prediction methods. In International Conference on Learning Representations, 2018. URL
https://openreview.net/forum?id=Skj8Kag0Z.

Jiaxuan You, Rex Ying, Xiang Ren, William Hamilton, and Jure Leskovec. Graphrnn: Generating
realistic graphs with deep auto-regressive models. In International conference on machine learning,

pp. 5708-5717. PMLR, 2018.

Pengchuan Zhang, Qiang Liu, Dengyong Zhou, Tao Xu, and Xiaodong He. On the discrimination-
generalization tradeoff in GANSs. In International Conference on Learning Representations, 2018.
URL https://openreview.net/forum?id=Hk9Xc_1R-.

Junbo Zhao, Michael Mathieu, and Yann LeCun. Energy-based generative adversarial networks. In
International Conference on Learning Representations, 2017. URL https://openreview,
net/forum?id=ryh9pmceel

Zhengli Zhao, Sameer Singh, Honglak Lee, Zizhao Zhang, Augustus Odena, and Han Zhang.
Improved consistency regularization for gans. In Proceedings of the AAAI Conference on Artificial
Intelligence, volume 35, pp. 11033-11041, 2021.

14


https://openreview.net/forum?id=UaAD-Nu86WX
https://openreview.net/forum?id=UaAD-Nu86WX
https://openreview.net/forum?id=osPDkDQXgI7
https://proceedings.mlr.press/v48/xiec16.html
https://openreview.net/forum?id=31d5RLCUuXC
https://openreview.net/forum?id=Skj8Kag0Z
https://openreview.net/forum?id=Hk9Xc_lR-
https://openreview.net/forum?id=ryh9pmcee
https://openreview.net/forum?id=ryh9pmcee

Under review as a conference paper at ICLR 2024

A METHOD ANALYSIS

This section provides theoretical insights into DOG’s workings. While we utilize Wasserstein GAN
loss terms (Arjovsky et al.,[2017)) for simplicity, similar derivations are also applicable to other terms.

For Wasserstein losses, DOG’s update rule (Equation (2)) can be simplified to:
X =X + 0V D(x™) 0

A.1 MIN-MAX OPTIMIZATION

To better understand DOG from the perspective of saddle-point min-max optimization (Yadav et al.,
2018), we consider the Wasserstein GAN. The optimization problem is defined with %) and 6
representing the generator and discriminator parameters respectively, and Z and R representing the
latent and real data distribution respectively:

minymaxgExr [De(x)] — Bz z[Do(Gy(2))] ®)

We could replace G with a perfect adversary of D, which always finds a global maximum in the
score surface of D (global minimum for L). This adversary thus acts as a better G, directly
knowing everything that D has learned, without being limited by its inductive biases such as model
architecture:

maxgExr[Deg(x)] — D (argmax, Dg(x)) ©)

However, perfect adversaries are not practical, hence we use GO to approximate argmax, Dg(X):

maxgEx~r [Do(x)] — Eysnp[Do(sg(GO(De, x5)))] (10)

In practice, we alternate between obtaining a x&" = GO(Dg, x5 ") and optimizing 6 with a gradient

descent step. As described in Section 2] during training, we must prevent gradient computation
through GO to ensure that GO remains a good approximator for the argmax.

A.2 SCORE SURFACE

Consider the score surface defined by D (see Figure 2(a)) to gain another perspective. Assuming a
smooth surface and converging GO, the generated samples lie at local maxima of the score surface
(local minima of the L surface). The gradient from Lp on D’s parameters increases the scores of
the real samples, potentially creating new local maxima, while it decreases the scores of the generated
samples, potentially destroying their corresponding local maxima. While this process could introduce
new local maxima elsewhere, which might then be destroyed again, consider a situation where there
is exactly one strict local maximum at each real sample, and no other local maxima after training.
This means that D has memorized every sample in the training set since, by assumption, GO always
ends at local maxima.

Note that GAN optimization seeks a Nash equilibrium (Heusel et al., 2017) between G and D, where
neither has an advantage by changing its weights. Suppose further that all local maxima are sampled
with equal probability for DOG, i.e., the real and generated samples are drawn from the same uniform
distribution R over the set of real training samples. In this situation, we would have reached a Nash
equilibrium between GO and D: In this game, only one player, D, can choose its action (by changing
its weights), and the other player, GO, is fixed given D as it has no learnable parameters and therefore
cannot gain an advantage. For D, the terms of Lp cancel out and there is no incentive to change its
weights. For example, for Wasserstein losses, we have, in expectation,

Lp = Eyenp[Do(sg(GO(De, X)) = Egea o [Do (x™)] (11)
= Eyenr [Do(XE")] — Eyrea o [Do (x)] = 0 (12)
and hence VgLp = 0.

However, in practice, pure memorization of the training samples is not desirable, as we want the
distribution of the generated samples from GO(D, P) to match the underlying distribution of the real
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samples. We are interested in generating new samples from the domain and thus in generalization.
For GANSs, generalization comes from an imperfect discriminator or an imperfect generator (Zhang
et al.| 2018} Brock et al.l[2019). Similarly, generalization in DOG must originate from an imperfect
D that also has other local maxima at other realistic samples from the domain (such as the one in
Section [3) or from an imperfect GO that does not converge to local maxima but still ends at a realistic
sample.

A.3 DENSITY

We can obtain the density p(x2") of a generated sample x5°" by counting the GO paths that end there
gen,

and weighting them by the density of their start points x :
p(E") o Engn nro,n) [1(GO(Dg, x57), x5)] (13)

Here, I(a,b) is the indicator function that returns 1 if @ = b and 0 otherwise.

We define the set of local maxima of the discriminator D as locmax(D) =
{x|x is a local maximum of D(x)}.  Assuming that the gradient descent GO always con-
verges to a local maximum x € locmax (D), we can partition the space of starting locations according
to the local maxima that are reached, turning the density p into a probability if the set is discrete (i.e.,
if all local maxima are strict). Note, however, that p(x) may be higher for some x than for others,
meaning that more gradient descent paths (weighted by their starting density P(x5 ")) end at some x
than at others.

If we further assume that D is smooth, all local maxima are strict, and 7 is sufficiently small, then
there exists a small radius r around each x € locmax(D) such that for every x5 in this radius
(||x5" — z||2 < ), we have I(GO(D,x5™"),x) = 1, i.e., the GO paths lead to the closest local
maximum. This implies that every local maximum will eventually be sampled, i.e., Vx € locmax(D) :
p(x) > 0, since the starting distribution P = N(0,1) is positive everywhere. This affects both
training and inference: Only those local maxima that actually receive samples x#" can be used by
the loss function L p during training and are relevant for inference.

A.4 ASSUMPTIONS

We will now assess the validity of the previously made assumptions.

Firstly, the assumption of smoothness holds for all discriminators that utilize differentiable (activation)
functions. Furthermore, for discriminators that are almost everywhere differentiable, such as those
using ReLUs, it is unlikely to encounter non-differentiable points due to numerical reasons.

Regarding the assumption of GO convergence, as long as 7 is appropriately small and 7' is sufficiently
large, the GO process will come arbitrarily close to a local maximum in the score surface. In practice,
however, we often empirically select 7 and 7" for good generation performance without necessarily
ensuring full convergence.

Finally, we assume the absence of non-strict local maxima, which can be avoided by training
discriminators with a gradient penalty (Gulrajani et al., [2017). With this technique, the gradients
provided by the discriminator on its inputs maintain specific values almost everywhere, thus preventing
the existence of flat regions required for non-strict local maxima.

While these assumptions are useful for theoretical analyses, they may not always hold true in practice.
As discussed in Appendix [A.2] an imperfect GO for example might even be a requirement for
generalization.

A.5 EMPIRICAL VALIDATION OF CONVERGENCE ANALYSIS

In practice, DOG’s behavior on the 1D toy dataset aligns with the theory described in Section [3}
We use P = N(0,1), T = 100, n = 1.0, and learning_rate_d = 0.05, a batch size of 2, and
SGD for both the discriminator and GO. As expected, the generation loss always converges to
Lg = —1.0 for GO, i.e., the generated samples lie at the local maxima of the cosine discrimi-
nator. The discriminator’s parameter (initialized at 1.1) converges to (numerically) 1.0 in fewer
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than 20 training steps: [1.100000023841858, 1.0261367559432983, 1.0158647298812866,
1.009611964225769, 1.009611964225769, 1.00581955909729, 1.0012255907058716,
1.000257968902588, 1.0001561641693115, 1.0001561641693115, 1.0000945329666138,
1.000019907951355, 1.0000041723251343, 1.0000008344650269, 1.0000004768371582,
1.000000238418579, 1.0000001192092896, 1.0, 1.0, 1.0, 1.0].

A.6 TRAINING DYNAMICS

Note that for successful DOG training runs, we are usually able to obtain samples with realness
scores close to random guessing. For example, in Figure 2(c) and Table[6] the Wasserstein L is
close to zero but not substantially below it, indicating that the generated and real samples receive
similar scores. If the generated samples were given low scores by the discriminator, the training
would collapse because the discriminator would only be trained to assign low scores to samples it had
already assigned low scores to before. However, if GO can find holes in the loss surface by achieving
higher realness scores than real samples, there is an incentive for the discriminator to fill the holes by
ignoring the input or by outputting a score close to random guessing.

These considerations further motivate the use of gradient penalty (Gulrajani et al., 2017) or spectral
norms (Miyato et all [2018)) in the discriminator to avoid having zero gradients on its input for GO.
In practice, we also observe that the loss of the DOG discriminator varies less compared to GAN
training, which is potentially relevant for tuning the weights of regularization terms such as balanced

consistency regularization (bCR) 2021).

B DOG ON IMAGE DATA

B.1 FIXED GAN-TRAINED DISCRIMINATOR

Similar to early visualization techniques (Springenberg et al.,[2015; Mordvintsev et al., 2015)), we
establish a baseline for DOG’s performance by using a discriminator that was trained in the default
StyleNAT (GAN) setting (Walton et al.},[2022)) without any further training for sampling with DOG’s
GO without constraints. The results can be observed in Figure 4] (Adam+OneCycle, max_Ir = 1.0,
T = 100, other max_Ir values lead to similar results). We see that a GAN-trained discriminator does
not produce meaningful images, indicating that DOG’s gradient-based GO struggles to find a path to
a realistic sample when using a GAN-trained discriminator. However, this result is intriguing because
it suggests that the DOG training process leads to a fundamentally different discriminator that enables
GO paths to more realistic samples, as discussed in Section

Following GAN training, the generator ideally generates high-quality samples. GAN discriminators
are trained to differentiate real samples from those high-quality samples. They are not necessarily
able to detect low-quality samples anymore because they did not see them as training samples recently
(unlike earlier in training). Consequently, these discriminators might assign higher scores to such
low-quality samples than to real or high-quality ones.

Figure 5: Generated samples for FFHQ using a DOG-trained discriminator.
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B.2 MODERN GAN DISCRIMINATOR

For a first demonstration of DOG on image data, we utilize FFHQ (2562 pixels) (Karras et al.,
2019) and largely follow the settings of StyleNAT (Walton et al., 2022)). However, due to the high
computational cost of DOG, we use a slimmer discriminator architecture with a quarter of the
channels and train the model for only 100 epochs, which is about an order of magnitude less than
StyleNAT. Other hyperparameters and regularization terms, such as NS GAN losses, horizontal flips
for data augmentation, bCR, R1 regularization (Mescheder et al,[2018), a batch size of 64, and Adam
with Ir = 2 x 1074 and (81, B2) = (0,0.9), remain the same. While an exponential moving average
was used for the generator in the original setting, we do not apply it to the discriminator for DOG.

Although the displayed images in Figure [5] show faces, their quality is not competitive with the
current state of the art, as quantified by a FID-50k of 142.86 for DOG versus 2.05 for StyleNAT.
Since discriminators have only been used in conjunction with generators so far, they may implicitly
exploit the generator’s architecture.

B.3 EBM BASELINE

(a) CelebA (b) FashionMNIST

Figure 6: Generated samples using DOG with EBM settings. For a qualitative comparison with
EBMs, refer to (Xiao et al., 2021).

We report further experi-
ments on smaller image Table 7: FIDs |. EBM values from (Xiao et al.,|2021).
datasets to compare DOG
with EBMs. We use the

settings from (Xiao et al.} CELEBA  FASHIONMNIST
%(1)321\1/1) to corlgpagg Dﬁ%?;% EBMS W/ NOISY DYNAMICS 61.7 69.6

VIS on tashionivinl, EBMS W/ NOISE-FREE DYNAMICS ~ 50.1 56.6
(resized to 32x32) (Xiao DOG 530 53 3

et al., |2017) and CelebA
(64x64) (Liu et al. 2015).
Specifically, we employ the
same model architecture of the EBM as a discriminator, a batch size of 64, and Adam (Kingma & Ba]
2015) with a learning rate of 5 * 10~%4. We train for 8,000 and 30, 000 steps for FashionMNIST and
CelebA, respectively. We utilize the same number of generation steps (1" = 40 for FashionMNIST
and T = 60 for CelebA) as their EBMs for the generation optimization (GO). We use Wasserstein
losses as they yield gradients for the model parameters that are equivalent to the gradients in EBM
training (Equation 1 in (Xiao et al.,[2021))). For these experiments, we utilize SGD in GO and cosine
annealing (Loshchilov & Hutter, 2016) as the learning rate scheduler. We tuned the learning rates for
GO: 20.0 for FashionMNIST and 0.5 for CelebA. For the generated images, please refer to Figure [f]
In Table [/} we present results from (Xiao et al.,[2021) for EBMs ("EBM w/ noisy dynamics"), and
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standard deviation are calculated over the batch.

for comprehensiveness, we include results for "EBM w/ noise-free dynamics," which, as discussed in
Section[3] can be seen as a special case of DOG (without learning rate scheduling or momentum-based
optimizers). Our findings demonstrate that DOG can outperform EBMs with noisy dynamics and
yields similar performance to "EBM w/ noise-free dynamics" on images. For a visualization of
the generation optimization with intermediate samples, refer to Figure[7] The global structure is
determined before local refinements are performed. For further insights, Figure [§|shows that both the
corresponding generation loss and the norm of the gradients on the samples converge with minimal
changes in the later time steps.

B.4 FUNCTA LATENT SPACE

Moreover, for CelebA, we also perform an experiment in a latent space. We utilize the 256-
dimensional functa representations for each image provided by (Dupont et al, 2022)) and train
a 4-layer MLP with a hidden size of 4096 and leaky ReLUs for 210, 000 steps to generate such repre-
sentations. We employ a batch size of 128, Adam (Kingma & Bal [2015)) with (31, 32) = (0,0.9), and
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a learning rate of le — 5. In GO, we use our default OneCycle (Smith & Topin, [2019)) learning rate
schedule with Adam and max_Ir = 0.1. After training, decoding the generated representations yields
face images. As shown in Figure[9] they appear to have higher quality than the ones in Figure [6(a)}
but they are evidently still worse than the current state of the art. Due to image blurriness caused by
functa representations, Dupont et al.| (2022) argue that an FID evaluation does not provide meaningful
insights; hence, we do not report it. This experiment showcases that DOG is also applicable to a
latent space domain.

felalel & 508 35

Figure 9: Generated samples for CelebA using DOG on functa.

B.5 DISCUSSION

It is important to note the significant progress that has been made in generative modeling over the
years, with numerous innovations required from early GANs (Goodfellow et al., 2014)) to GigaGAN
(Kang et al.| [2023)), and from early diffusion models (Sohl-Dickstein et al.,|2015)) to simple diffusion
(Hoogeboom et al.,[2023)). Given the heavily studied field of image generation, we would be surprised
to see near state-of-the-art results in the first paper exploring a generative modeling approach.
We argue that extensive hyperparameter tuning, including substantial changes to the discriminator
architecture and regularization techniques, may be required for DOG. For this demonstration, in
Appendix [B:2] we have only used StyleNAT’s GAN-specific hyperparameters without modification
and a slim version of the discriminator architecture and in Appendix [B:3|we used very similar settings
to EBMs, which typically also lag behind GANSs in image generation.

Although some approaches developed for image GANs may be transferable to DOG, an exhaustive
evaluation of them is beyond the scope of this paper. We believe that this should be addressed after
making DOG faster by finding ways to reduce the number of GO steps 7', as discussed in Section [6]
Furthermore, it could be beneficial to employ regularization techniques, such as blurry gradients or
progressive resolution, as utilized in (Wang & Torr}, [2022)) for generating images with pre-trained
classification models. Additionally, methods that perform optimization in latent space, such as
DragGAN (Pan et al.,[2023), could prove advantageous.

The fact that existing GAN discriminator architectures (and also EBM energy estimator architectures)
yield sub-par samples both in an EBM and in the DOG setting may also hint at the limited capacity
of these architectures. Therefore, better DOG discriminator architectures that produce higher-quality
samples may also be used to improve the performance of GANs.

Currently, DOG outperforms GANSs on graphs, but not on images. We offer two potential reasons
for this. First, the graph discriminators are much lighter than image discriminators, which means
that we are not computationally limited by slow training steps. In fact, we trained DOG for the same
number of steps, sometimes even using larger discriminators than the best graph GAN (SPECTRE)
for QM9. However, for FFHQ, we used an order of magnitude fewer training steps and a much
smaller discriminator than the best GAN, as we trained on a single Nvidia A40 for about a week. The
second reason is that, given our assumptions, the GO process prefers to reach strict local maxima.
Therefore, DOG may be better suited for generating discrete data (such as graphs where there is
either an edge or none between two nodes) rather than continuous data such as images. There, a small
amount of noise € added to an image x would still be considered a valid sample, whereas DOG would
only return x + € for a fixed subset of €, where x + € is a local maximum in the discriminator’s score
surface. To address this limitation, there are two potential remedies that can be explored in future
work. One option is to use inference-time dropout in D to create different local maxima for each GO.
Another approach is to model pixel values as discrete rather than continuous.

Overall, DOG’s strengths in graph generation showcase its potential. While most generative ap-
proaches are general in theory, some are better suited for specific domains than others. For example,
GANs work well for images (Kang et al.| [2023)), but currently not for text (Alvarez-Melis et al.|
2022).
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Generated  Real Generated  Real Generated  Real Generated

Real

Figure 10: Uncurated set of DOG-generated and real samples for Community-small, Planar, SBM,
and Proteins (from top to bottom). Many properties of the real data are covered by the generated
samples. However, for example, for Proteins, disconnected components can occur: When a graph
is approximately disconnected upon initialization, the message passing in the graph neural network
discriminator does not allow for communication between the components. A simple solution would
be to only keep the largest connected component. Alternatively, a thoughtful initialization of the
adjacency matrix or constraining it during the generation optimization could help. For visualizations

of generated graphs from GAN approaches, refer to (Martinkus et al., 2022).

C COMPUTATIONAL COST

To obtain an approximate comparison of the computational cost between DOG and GANSs, we
assume that the cost of each optimizer (i.e., weight/sample and momentum updates) is negligible.
Additionally, we assume that the cost of a forward pass through D is equal to the cost of a forward
pass through a corresponding GAN generator model G, as G and D are often designed to be similar
in size (Karras et al.| [2020). Furthermore, we assume that a backward pass is twice as expensive as a
forward pass.

For inference, a DOG GO requires 71" forward and backward passes through D. Therefore, a single
DOG generation costs 37" times as much as a generation with a G that requires only a single forward
pass through G. This brings the DOG inference cost closer to the cost of denoising diffusion models

that perform dozens to thousands of forward passes (Ho et al.,[2020).

When it comes to training, assuming a vanilla GAN with no augmentations or regularizations, we
have a G update step with one forward and backward pass through G and D (cost 6), and a D update
step with one forward pass through G and two forward and backward passes through D, one for x5"
and one for x™ (cost 7). DOG does not perform a generator update step like GANSs since there is no
G. The discriminator update step includes a GO to obtain x2°" (37 passes) and again two forward
and backward passes through D (cost 6). In total, we have 13 passes for a GAN training step versus
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Algorithm 2 Pseudocode for DOG in PyTorch-style. Here with P = A/ (0, I), Wasserstein losses,
and SGD without learning rate scheduling.

d = Discriminator () # Randomly initialized model

def generation_optimization (shape): # Generate samples, don’t update d
# Randomly initialize x_gen(=x_gen_0) as a parameter to be optimized
X_gen = Parameter (randn (shape))
x_gen_opt = SGD ([x_gen], learning_rate_qg)

for t in range(T):
x_gen_opt.zero_grad()
loss_g = —-d(x_gen) .mean () # Uses current parameters of d
loss_g.backward()
x_gen_opt.step() # Update x_gen = x_gen_t+1l
return x_gen.detach() # Detach: stop gradient; d is not updated

# Discriminator training

d_opt = Adam(d.parameters (), learning_rate_d)

for x_real in dataloader:
X_gen = generation_optimization (x_real.shape)
d_opt.zero_grad()
loss_d = d(x_gen) .mean() - d(x_real) .mean ()
loss_d.backward ()
d_opt.step ()

3 # Inference

X_gen = generation_optimization (x_real.shape)

3T + 6 passes for a DOG training step. For a typical T' = 100, this theoretically makes DOG = 23.5
times slower than GANS.

In practice though, we could achieve higher accelerator utilization since no data loading bottlenecks
can occur in the GO. Additionally, as quantified in the hyperparameter study (see Section[4.2)), overall
fewer training steps (and less time) might be needed for DOG.

D LIMITATIONS & SOCIETAL IMPACT

Like other generative approaches such as GANs or denoising diffusion approaches, DOG poses the
risk of misuse or deception by malicious actors and may introduce biases from the training data into
the generated samples. However, currently, the quality of the generated samples is only on par with
diffusion approaches in the graph domain. Additionally, DOG training steps are computationally
expensive, although fewer of them might be necessary compared to GANS.
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