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Abstract
The sum of the implicit generator log-density log pg of a GAN with the logit score
of the discriminator defines an energy function which yields the true data density
when the generator is imperfect but the discriminator is optimal. This makes it
possible to improve on the typical generator (with implicit density pg ). We show
that samples can be generated from this modified density by sampling in latent
space according to an energy-based model induced by the sum of the latent prior
log-density and the discriminator output score. We call this process of running
Markov Chain Monte Carlo in the latent space, and then applying the generator
function, Discriminator Driven Latent Sampling (DDLS). We show that DDLS is
highly efficient compared to previous methods which work in the high-dimensional
pixel space, and can be applied to improve on previously trained GANs of many
types. We evaluate DDLS on both synthetic and real-world datasets qualitatively
and quantitatively. On CIFAR-10, DDLS substantially improves the Inception
Score of an off-the-shelf pre-trained SN-GAN [1] from 8.22 to 9.09 which is
comparable to the class-conditional BigGAN [2] model. This achieves a new
state-of-the-art in the unconditional image synthesis setting without introducing
extra parameters or additional training.
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Introduction

Generative Adversarial Networks (GANs) [3] are state-of-the-art models for a large variety of tasks
such as image generation [4], semi-supervised learning [5], image editing [6], image translation [7],
and imitation learning [8]. The GAN framework consists of two neural networks, the generator G
and the discriminator D. The optimization process is formulated as an adversarial game, with the
generator trying to fool the discriminator and the discriminator trying to better classify samples as
real or fake.
Despite the ability of GANs to generate high-resolution, sharp samples, the samples of GAN models
sometimes contain bad artifacts or are even not recognizable [9]. It is conjectured that this is due
to the inherent difficulty of generating high dimensional complex data, such as natural images, and
the optimization challenge of the adversarial formulation. In order to improve sample quality, conventional sampling techniques, such as increasing the temperature, are commonly adopted for GAN
models [2]. Recently, new sampling methods such as Discriminator Rejection Sampling (DRS) [10],
Metropolis-Hastings Generative Adversarial Network (MH-GAN) [11], and Discriminator Optimal
∗
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Transport (DOT) [12] have shown promising results by utilizing the information provided by both
the generator and the discriminator. However, these sampling techniques are either inefficient or
lack theoretical guarantees, possibly reducing the sample diversity and making the mode dropping
problem more severe.
In this paper, we show that GANs can be better understood through the lens of Energy-Based
Models (EBM). In our formulation, GAN generators and discriminators collaboratively learn an
“implicit” energy-based model. However, efficient sampling from this energy based model directly in
pixel space is extremely challenging for several reasons. One is that there is no tractable closed form
for the implicit energy function in pixel space. This motivates an intriguing possibility: that Markov
Chain Monte Carlo (MCMC) sampling may prove more tractable in the GAN’s latent space.
Surprisingly, we find that the implicit energy based model defined jointly by a GAN generator and
discriminator takes on a simpler, tractable form when it is written as an energy-based model over the
generator’s latent space. In this way, we propose a theoretically grounded way of generating high
quality samples from GANs through what we call Discriminator Driven Latent Sampling (DDLS).
DDLS leverages the information contained in the discriminator to re-weight and correct the biases
and errors in the generator. Through experiments, we show that our proposed method is highly
efficient in terms of mixing time, is generally applicable to a variety of GAN models (e.g. Minimax,
Non-Saturating, and Wasserstein GANs), and is robust across a wide range of hyper-parameters. An
energy-based model similar to our work is also obtained simultaneously in independent work [13] in
the form of an approximate MLE lower bound.
We highlight our main contributions as follows:
• We provide more evidence that it is beneficial to sample from the energy-based model
defined both by the generator and the discriminator instead of from the generator only.
• We derive an equivalent formulation of the pixel-space energy-based model in the latent
space, and show that sampling is much more efficient in the latent space.
• We show experimentally that samples from this energy-based model are of higher quality
than samples from the generator alone.
• We show that our method can approximately extend to other GAN formulations, such as
Wasserstein GANs.

2
2.1

Background
Generative Adversarial Networks

GANs [3] are a powerful class of generative models defined through an adversarial minimax game
between a generator network G and a discriminator network D. The generator G takes a latent code
z from a prior distribution p(z) and produces a sample G(z) ∈ X. The discriminator takes a sample
x ∈ X as input and aims to classify real data from fake samples produced by the generator, while
the generator is asked to fool the discriminator as much as possible. We use pd to denote the true
data-generating distribution and pg to denote the implicit distribution induced by the prior and the
generator network. The standard non-saturating training objective for the generator and discriminator
is defined as:
LD = −Ex∼pdata [log D(x)] − Ez∼pz [log (1 − D(G(z)))]
LG = −Ez∼pz [log D(G(z))]

(1)

Wassertein GANs (WGAN) [14] are a special family of GAN models. Instead of targeting a JensenShannon distance, they target the 1-Wasserstein distance W (pg , pd ). The WGAN discriminator
objective function is constructed using the Kantorovich duality maxD∈L Epdata [D(x)] − Epg [D(x)]
where L is the set of 1-Lipstchitz functions.
2.2

Energy-Based Models and Langevin Dynamics

An energy-based model (EBM) is defined by a Boltzmann distribution p(x) = e−E(x) /Z, where
x ∈ X , X is the state space, and E(x) : X → R is the energy function. Samples are typically
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generated from p(x) by an MCMC algorithm. One common MCMC algorithm√in continuous state
spaces is Langevin dynamics, with update equation xi+1 = xi − 2 ∇x E(x) + n, n ∼ N (0, I)2 .
One solution to the problem of slow-sampling Markov Chains is to perform sampling using a
carfefully crafted latent space [15, 16]. Our method shows how one can execute such latent space
MCMC in GAN models.

3
3.1

Methodology
GANs as an Energy-Based Model

Suppose we have a GAN model trained on a data distribution pd with a generator G(z) with generator
distribution pg and a discriminator D(x). We assume that pg and pd have the same support. This can
be guaranteed by adding small Gaussian noise to these two distributions.
The training of GANs is an adversarial game which generally does not converge to the optimal generator, so usually pd and pg do not match perfectly at the end of training. However, the discriminator
provides a quantitative estimate for how much these two distributions (mis)match. Let’s assume the
pd (x)
discriminator is near optimality, namely [3] D(x) ≈ pd (x)+p
. From this equation, let d(x) be the
g (x)
pd (x)
logit of D(x), in which case pd (x)+p
=
g (x)

1
p (x)
1+ pg (x)

≈

1
1+exp(−d(x)) ,

and we have ed(x) ≈ pd /pg ,

d

and pd (x) ≈ pg (x)ed(x) . Normalization of pg (x)ed(x) is not guaranteed, and it will not typically
be a valid probabilistic model. We therefore consider the energy-based model p∗d = pg (x)ed(x) /Z0 ,
where Z0 is a normalization constant. Intuitively, this formulation has two desirable properties. First,
as we elaborate later, if D = D∗ where D∗ is the optimal discriminator, then p∗d = pd . Secondly,
it corrects the bias in the generator via weighting and normalization. If we can sample from this
distribution, it should improve our samples.
There are two difficulties in sampling efficiently from p∗d :
1. Doing MCMC in pixel space to sample from the model is impractical due to the high
dimensionality and long mixing time.
2. pg (x) is implicitly defined and its density cannot be computed directly.
In the next section we show how to overcome these two difficulties.
3.2

Rejection Sampling and MCMC in Latent Space

Our approach to the above two problems is to formulate an equivalent energy-based model in the
latent space. To derive this formulation, we first review rejection sampling [17]. With pg as the
proposal distribution, we have ed(x) / Z0 = p∗d (x) / pg (x). Denote M = maxx p∗d (x)/ pg (x) (this is
well-defined if we add a Gaussian noise to the output of the generator and x is in a compact space). If
we accept samples from proposal distribution pg with probability p∗d / (M pg ), then the samples we
produce have the distribution p∗d .
We can alternatively interpret the rejection sampling procedure above as occurring in the latent space
z. In this interpretation, we first sample z from p(z), and then perform rejection sampling on z with
acceptance probability ed(G(z)) / (M Z0 ). Only once a latent sample z has been accepted do we
generate the pixel level sample x = G(z).
This rejection sampling procedure on z induces a new probability distribution pt (z). To explicitly
compute this distribution we need to conceptually reverse the definition of rejection sampling. We
formally write down the “reverse” lemma of rejection sampling as Lemma 1, to be used in our main
theorem.
Lemma 1. On space X there is a probability distribution p(x). r(x) : X → [0, 1] is a measurable
function on X. We consider sampling from p, accepting with probability r(x), and repeating this
2
Langevin dynamics are guaranteed to exactly sample from the target distribution p(x) as  → 0, i → ∞. In
practice we will use a small, finite, value for  in our experiments. In this case, one can add an additional layer
of M-H sampling, resulting in the MALA algorithm, to eliminate biases.
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procedure until a sample is accepted. We denote the resulting probability measure of the accepted
samples q(x). Then we have q(x) = p(x)r(x) / Z, where Z = Ep [r(x)].
Namely, we have the prior proposal distribution p0 (z) and an acceptance probability r(z) =
ed(G(z)) / (M Z0 ). We want to compute the distribution after the rejection sampling procedure
with r(z). With Lemma 1, we can see that pt (z) = p0 (z)r(z) / Z 0 . We expand on the details in our
main theorem.
3.3

Main Theorem

Theorem 1. Assume pd is the data generating distribution, and pg is the generator distribution
induced by the generator G : Z → X , where Z is the latent space with prior distribution p0 (z).
Define Boltzmann distribution p∗d = elog pg (x)+d(x) / Z0 , where Z0 is the normalization constant.
Assume pg and pd have the same support. We address the case when this assumption does not
hold in Corollary 2. Further, let D(x) be the discriminator, and d(x) be the logit of D, namely
D(x) = σ (d(x)). We define the energy function E(z) = − log p0 (z) − d(G(z)), and its Boltzmann
distribution pt (z) = e−E(z) / Z. Then we have:
1. p∗d = pd when D is the optimal discriminator.
2. If we sample z ∼ pt , and x = G(z), then we have x ∼ p∗d . Namely, the induced probability
measure G ◦ pt = p∗d .
Proof. Please see Appendix A.
Interestingly, pt (z) has the form of an energy-based model, pt (z) = e−E(z) / Z 0 , with tractable
energy function E(z) = − log p0 (z) − d(G(z)). In order to sample from this Boltzmann distribution,
one can use an MCMC sampler, such as Langevin dynamics or Hamiltonian Monte Carlo. We defer
the proofs and the MCMC algorithm to our Supplemental Material.
3.4

Sampling Wasserstein GANs with Langevin Dynamics

Wasserstein GANs are different from original GANs in that they target the Wassertein loss. Although
when the discriminator is trained to optimality, the discriminator can recover the Kantorovich dual
[14] of the optimal transport between pg and pd , the target distribution pd cannot be exactly recovered
using the information in pg and D3 . However, in the following we show that in practice, the
optimization of WGAN can be viewed as an approximation of an energy-based model, which can
also be sampled with our method.
The objectives of Wasserstein GANs can be summarized as:
LD = Epg [D(x)] − Epd [D(x)] ,

LG = −Ep0 [D(G(z))]

(2)

where D is restricted to be a K-Lipschitz function.
On the other hand, consider a new energy-based generative model (which also has a generator and
a discriminator) trained with the following objectives (for detailed algorithm, please refer to our
Supplemental Material):
1. Discriminator training phase (D-phase). Unlike GANs, our energy-based model tries to
match the distribution pt (x) = pg (x)eDφ (x) / Z with the data distribution pd , where pt (x)
can be interpreted as an EBM with energy Dφ (x) − log pg (x). In this phase, the generator
is kept fixed, and the discriminator is trained.
2. Generator training phase (G-phase). The generator is trained such that pg (x) matches pt (x),
in this phase we treat D as fixed and train G.
In the D-phase, we are training an EBM with data from pd . The gradient of the KL-divergence (which
is our loss function for D-phase) can be written as [18]:
∇φ KL(pd ||pt ) = Ept [∇φ D(x)] − Epd [∇φ D(x)]

(3)

3
In Tanaka [12], the authors claim that it is possible to recover pd with D and pg in WGAN in certain metrics,
but we show in the Appendix that their assumptions don’t hold and in the L1 metric, which WGAN uses, it is
not possible to recover pd .
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Namely we are trying to maximize D on real data and trying to minimize it on fake data. Note
that the fake data distribution pt is a function of both the generator and discriminator, and cannot
be sampled directly. As with other energy-based models, we can use an MCMC procedure such as
Langevin dynamics to generate samples from pt [19].
In the G-phase, we can train the model with the gradient of KL-divergence KL(pg || p0t ) as our loss.
Let p0t be a fixed copy of pt , we can compute the gradient as (see the Appendix for more details):
∇θ KL(pg || p0t ) = −E[∇θ D(G(z))].

(4)

Note that the losses above coincide with what we are optimizing in WGANs, with two differences:
1. In WGAN, we optimize D on pg instead of pt . This may not be a big difference in practice,
since as training progresses pt is expected to approach pg , as the optimizing loss for the
generator explicitly acts to bring pg closer to pt (Equation 4). Moreover, it has recently been
found in LOGAN [20] that optimizing D on pt rather than pg can lead to better performance.
2. In WGAN, we impose a Lipschitz constraint on D. This constraint can be viewed as a
smoothness regularizer. Intuitively it will make the distribution pt (x) = pg (x)e−Dφ (x) / Z
more “flat” than pd , but pt (x) (which lies in a distribution family parameterized by D)
remains an approximator to pd subject to this constraint.
Thus, we can conclude that for a Wasserstein GAN with discriminator D, WGAN approximately
optimizes the KL divergence of pt = pg (x)e−D(x) / Z with pd , with the constraint that D is KLipschitz. This suggests that one can also perform DDLS on the WGAN latent space to generate
improved samples, using an energy function E(z) = − log p0 (z) − D(G(z)).
3.5

Practical Issues and the Mode Dropping Problem

Mode dropping is a major problem in training GANs. In our main theorem it is assumed that pg and
pd have the same support. We also assumed that G : Z → X is a deterministic function. Thus, if G
cannot recover some of the modes in pd , p∗d also cannot recover these modes.
However, we can partially solve the mode dropping problem by introducing an additional Gaussian
noise z 0 ∼ N (0, 1; z 0 ) = p1 (z 0 ) to the output of the generator, namely we define the new deterministic
generator G∗ (z, z 0 ) = G(z) + z 0 . We treat z 0 as a part of the generator, and do DDLS on joint latent
variables (z, z 0 ). The Langevin dynamics on this joint energy will help the model to move data points
that are a little bit off-mode to the data manifold, and we have the follwing Corollary:
Corollary 1. Assume pd is the data generating distribution with small Gaussian noise added.
The generator G : Z → X is a deterministic function, where Z is the latent space endowed
with prior distribution p0 (z). Assume z 0 ∼ p1 (z 0 ) = N (0, 1; z) is an additional Gaussian noise
variable with dim z 0 = dim X . Let  > 0, denote the distribution of the extended generator
G∗ (z, z 0 ) = G(z) + z 0 as pg . D(x) is the discriminator trained between pg and pd . Let d(x)
be the logit of D, namely D(x) = σ (d(x)). Define p∗d = elog pg (x)+d(x) / Z0 , where Z0 is the
normalization constant. We define the energy function in the extended latent space E(z, z 0 ) =
0
− log p0 (z) − log p1 (z 0 ) − d(G∗ (z, z 0 )), and its Boltzmann distribution pt (z, z 0 ) = e−E(z,z ) / Z.
Then we have:
1. p∗d = pd when D is the optimal discriminator.
2. If we sample (z, z 0 ) ∼ pt , and x = G∗ (z, z 0 ), then we have x ∼ p∗d . Namely, the induced
probability measure G∗ ◦ pt = p∗d .
Proof. Please see Appendix A.

4

Related Work

Previous work has considered utilizing the discriminator to achieve better sampling for GANs.
Discriminator rejection sampling [10] and Metropolis-Hastings GANs [11] use pg as the proposal
distribution and D as the criterion of acceptance or rejection. However, these methods are inefficient
as they may need to reject a wechlot of samples. Intuitively, one major drawback of these methods is
that since they operate in the pixel space, their algorithm can use discriminators to reject samples
5

when they are bad, but cannot easily guide latent space updates using the discriminator which would
improve these samples. The advantage of DDLS over DRS or MH-GAN is similar to the advantage
of SGD over zero-th order optimization algorithms.
Trained classifiers have similarly been used to correct probabilistic models in other contexts [21].
Discriminator optimal transport (DOT) [12] is another way of sampling GANs. They use deterministic gradient descent in the latent space to get samples with higher D-values, However, since pg
and D cannot recover the data distribution exactly, DOT has to make the optimization local in a
small neighborhood of generated samples, which hurts the sample performance. Also, DOT is not
guaranteed to converge to the data distribution even under ideal assumptions (D is optimal).
Other previous work considered the usage of probabilistic models defined jointly by the generator
and discriminator. In [22], the authors use the idea of training an EBM defined jointly by a generator
and an additional critic function in the text generation setting. [23] uses an additional discriminator as
a bias corrector for generative models via importance weighting. [24] considered rejection sampling
in latent space in encoder-decoder models.
Energy-based models [25–33] have gained significant attention in recent years. Most work focuses
on the maximum likelihood learning of energy-based models [34–36]. Other work has built new
connections between energy based models and classifiers [37]. The primary difficulty in training
energy-based models comes from effectively estimating and sampling the partition function. The
contribution to training from the partition function can be estimated via MCMC [35, 38, 39], via
training another generator network [40, 41], or via surrogate objectives to maximum likelihood
[42–44]. The connection between GANs and EBMs has been studied by many authors [45–48].
Our paper can be viewed as establishing a new connection between GANs and EBMs which allows
efficient latent MCMC sampling.

5

Experimental results

In this section we present a set of experiments demonstrating the effectiveness of our method on
both synthetic and real-world datasets. In section 5.1 we illustrate how the proposed method, DDLS,
can improve the distribution modeling of a trained GAN and compare with other baseline methods.
In section 5.2 we show that DDLS can improve the sample quality on real world datasets, both
qualitatively and quantitatively.
5.1

Synthetic dataset

Figure 1: DDLS, generator alone, and generator
+ DOT, on 2d mixture of Gaussians distribution

Figure 2: DDLS, the generator alone, and generator + DOT, on the swiss roll dataset.

Table 1: DDLS suffers less from mode dropping when modeling the 2d synthetic distribution in
Figure 1. Table shows number of recovered modes, and fraction of “high quality” (less than four
standard deviations from mode center) recovered modes.

Generator only
DRS
GAN w. DDLS

# recovered modes

% “high quality”

std “high quality”

24.8 ± 0.2
24.8 ± 0.2
24.8 ± 0.2

70 ± 9
90 ± 2
98 ± 2

0.11 ± 0.01
0.10 ± 0.01
0.10 ± 0.01

Following the same setting used in [10–12], we apply DDLS to a WGAN model trained on two
synthetic datasets, 25-gaussians and Swiss Roll, and investigate the effect and performance of the
proposed sampling method.
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Table 2: DDLS has lower Earth Mover’s Distance (EMD) to the true distribution for the 2d synthetic
distribution in Figure 1, and matches the performance of DOT on the Swiss Roll distribution.
EMD 25-Gaussian

EMD Swiss Roll

0.052(08)
0.052(10)
0.043(04)
0.036(04)

0.021(05)
0.020(06)
0.026(03)
0.020(05)

Generator only([12])
DOT([12])
Generator only(Our imple.)
GAN as EBM with DDLS

Table 3: Inception and FID scores on CIFAR-10 and CelebA (grouped by corresponding baseline
modles), showing a substantial quantitative advantage from DDLS, compared to MH-GAN [11],
DRS [10] and DOT [12] using the same architecture.
Model

CIFAR-10

CelebA

Inception

FID

Inception

DCGAN w/o DRS or MH-GAN
DCGAN w/ DRS(cal) [10]
DCGAN w/ MH-GAN(cal) [11]
WGAN w/o DRS or MH-GAN
WGAN w/ DRS(cal) [10]
WGAN w/ MH-GAN(cal) [11]

2.8789
3.073
3.379
3.0734
3.137
3.305

-

2.3317
2.869
3.106
2.7876
2.861
2.889

Ours: DCGAN w/ DDLS
Ours: WGAN w/ DDLS

3.681
3.614

-

3.372
3.093

PixelCNN [49]
EBM [35]
WGAN-GP [50]
ProgressiveGAN [51]
NCSN [52]
ResNet-SAGAN w/o DOT
ResNet-SAGAN w/ DOT

4.60
6.02
7.86 ± .07
8.80 ± .05
8.87 ± .12
7.85 ± .11
8.50 ± .12

65.93
40.58
36.4
25.32
21.53
19.71

-

8.22 ± .05
9.05 ± .11
9.09 ± 0.10

21.7
15.76
15.42

-

SNGAN w/o DDLS
Ours: SNGAN w/ DDLS
Ours: SNGAN w/ DDLS(cal)

Implementation details We follow the same synthetic experiments design as in DOT [12], while
parameterizing the prior with a standard normal distribution instead of a uniform distribution. Please
refer to C.1 for more details.
Qualitative results With the trained generator and discriminator, we generate 5000 samples from
the generator, then apply DDLS in latent space to obtain enhanced samples. We also apply the DOT
method as a baseline. All results are depicted in Figure 1 and Figure 2 together with the target dataset
samples. For the 25-Gaussian dataset we can see that DDLS recovered and preserved all modes while
significantly eliminating spurious modes compared to a vanilla generator and DOT. For the Swiss
Roll dataset we can also observe that DDLS successfully improved the distribution and recovered
the underlying low-dimensional manifold of the data distribution. This qualitative evidence supports
the hypothesis that our GANs as energy based model formulation outperforms the noisy implicit
distribution induced by the generator alone.
Quantitative results We first examine the performance of DDLS quantitavely by using the metrics
proposed by DRS [10]. We generate 10, 000 samples with the DDLS algorithm, and each sample is
assigned to its closest mixture component. A sample is of “high quality” if it is within four standard
deviations of its assigned mixture component, and a mode is successfully “recovered” if at least one
high-quality sample is assigned to it.
As shown in Table 1, our proposed model achieves a higher “high-quality” ratio. We also investigate
the distance between the distribution induced by our GAN as EBM formulation and the true data
distribution. We use the Earth Mover’s Distance (EMD) between the two corresponding empirical
distributions as a surrogate, as proposed in DOT [12]. As shown in Table 2, the EMD between our
sampling distribution and the ground-truth distribution is significantly below the baselines. Note that
we use our own re-implementation, and numbers differ slightly from those previously published.
7

5.2

CIFAR-10 and CelebA

In this section we evaluate the performance of the proposed DDLS method on the CIFAR-10 dataset
and CelebA dataset.
Implementation details We provide detailed description of baseline models, DDLS hyper-parameters
and evaluation protocol in C.2.
Quantitative results We evaluate the quality and diversity of generated samples via the Inception
Score [53] and Fréchet Inception Distance (FID) [54]. In Table 3, we show the Inception score
improvements from DDLS on CIFAR-10 and CelebA, compared to MH-GAN [11] and DRS [10],
following the same evaluation protocol and using the same baseline models (DCGAN and WGAN)
in [11]. On CIFAR-10, we applied DDLS to the unconditional generator of SN-GAN to generate
50000 samples and report all results in Table 3. We found that the proposed method significantly
improves the Inception Score of the baseline SN-GAN model from 8.22 to 9.09 and reduces the FID
from 21.7 to 15.42. Our unconditional model outperforms previous state-of-the-art GANs and other
sampling-enhanced GANs [10–12] and even approaches the performance of conditional BigGANs [2]
which achieves an Inception Score 9.22 and an FID of 14.73, without the need of additional class
information, training and parameters.
Qualitative results We illustrate the process of Langevin dynamics sampling in latent space in Figure
3 by generating samples for every 10 iterations. We find that our method helps correct the errors
in the original generated image, and makes changes towards more semantically meaningful and
sharp output by leveraging the pre-trained discriminator. We include more generated samples for
visualizing the Langevin dynamics in the appendix. To demonstrate that our model is not simply
memorizing the CIFAR-10 dataset, we find the nearest neighbors of generated samples in the training
dataset and show the results in Figure 4.
Mixing time evaluation MCMC sampling methods often suffer from extremely long mixing times,
especially for high-dimensional multi-modal data. For example, more than 600 MCMC iterations
are need to obtain the most performance gain in MH-GAN [11] on real data. We demonstrate the
sampling efficiency of our method by showing that we can expect a much shorter time to achieve
competitive performance by migrating the Langevin sampling process to the latent space, compared
to sampling in high-dimensional multi-modal pixel space. We evaluate the Inception Score and the
energy function for every 10 iterations of Langevin dynamics and depict the results in Figure 5 in
Appendix.
5.3

ImageNet
Table 4: Inception score for ImageNet, showing the quantitative advantage of DDLS.
Model

Inception

SNGAN [1]
cGAN w/o DOT
cGAN w/ DOT

36.8
36.23
37.29

Ours: SNGAN w/ DDLS

40.2

In this section we evaluate the performance of the proposed DDLS method on the ImageNet dataset.
Implementation details As with CIFAR-10, we adopt the Spectral Normalization GAN (SN-GAN)
[1] as our baseline GAN model. We take the publicly available pre-trained models of SN-GAN and
apply DDLS. Fine tuning is performed on the discriminator, as described in Section 5.2. Implementation choices are otherwise the same as for CIFAR-10, with additional details in the appendix. We
show the quantitative results in Table 4, where we substantially outperform the baseline.
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Conclusion and Future Work

In this paper, we have shown that a GAN’s discriminator can enable better modeling of the data
distribution with Discriminator Driven Latent Sampling (DDLS). The intuition behind our model
is that learning a generative model to do structured generative prediction is usually more difficult
than learning a classifier, so the errors made by the generator can be significantly corrected by the
8

discriminator. The major advantage of DDLS is that it allows MCMC sampling in the latent space,
which enables efficient sampling and better mixing.
For future work, we are exploring the inclusion of additional Gaussian noise variables in each layer
of the generator, treated as latent variables, such that DDLS can be used to provide a correcting signal
for each layer of the generator. We believe that this will lead to further sampling improvements.
Also, prior work on VAEs has shown that learned re-sampling or energy-based transformation of
their priors can be effective [55, 56]. It would thus be particularly interesting to explore whether
VAE-based models can be improved by constructing an energy based model for their prior based on
an auxiliary discriminator.

7

Broader Impact

The development of powerful generative models which can generate fake images, audio, and video
which appears realistic is a source of acute concern [57], and can enable fake news or propaganda.
On the other hand these same technologies also enable assistive technologies like text to speech [58],
new art forms [59, 60], and new design technologies [61].
Our work enables the creation of more powerful generative models. As such it is multi-use, and
may result in both positive and negative societal consequences. However, we believe that improving
scientific understanding tends also to improve the human condition [62] – so in the absence of a
reason to expect specific harm, we believe that in expectation our work will have a positive impact on
the world.
One potential benefit of our work is that it leads to better calibrated GANs, which are less likely to
simply drop under-represented sample classes from their generated output. The tendency of machine
learning models to produce worse outcomes for groups which are underrepresented in their training
data (in terms of race, gender, or otherwise) is well documented [63]. The use of our technique should
produce generative models which are slightly less prone to this type of bias.

Acknowledgments and Disclosure of Funding
The authors are grateful to Ben Poole and the anonymous reviewers for proof-reading the paper and
suggesting improvements. This work was supported by CIFAR and Compute Canada.

References
[1] Takeru Miyato, Toshiki Kataoka, Masanori Koyama, and Yuichi Yoshida. Spectral normalization
for generative adversarial networks. In 6th International Conference on Learning Representations, ICLR 2018, Vancouver, BC, Canada, April 30 - May 3, 2018, Conference Track Proceedings. OpenReview.net, 2018. URL https://openreview.net/forum?id=B1QRgziT-.
[2] Andrew Brock, Jeff Donahue, and Karen Simonyan. Large scale GAN training for high
fidelity natural image synthesis. In 7th International Conference on Learning Representations,
ICLR 2019, New Orleans, LA, USA, May 6-9, 2019. OpenReview.net, 2019. URL https:
//openreview.net/forum?id=B1xsqj09Fm.
[3] Ian Goodfellow, Jean Pouget-Abadie, Mehdi Mirza, Bing Xu, David Warde-Farley, Sherjil
Ozair, Aaron Courville, and Yoshua Bengio. Generative adversarial nets. In Advances in neural
information processing systems, pages 2672–2680, 2014.
[4] Anh Nguyen, Jeff Clune, Yoshua Bengio, Alexey Dosovitskiy, and Jason Yosinski. Plug & play
generative networks: Conditional iterative generation of images in latent space. In 2017 IEEE
Conference on Computer Vision and Pattern Recognition, CVPR 2017, Honolulu, HI, USA, July
21-26, 2017, pages 3510–3520. IEEE Computer Society, 2017. doi: 10.1109/CVPR.2017.374.
URL https://doi.org/10.1109/CVPR.2017.374.
[5] Zihang Dai, Zhilin Yang, Fan Yang, William W Cohen, and Ruslan R Salakhutdinov. Good
semi-supervised learning that requires a bad gan. In Advances in neural information processing
systems, pages 6510–6520, 2017.
9

[6] Zili Yi, Hao Zhang, Ping Tan, and Minglun Gong. Dualgan: Unsupervised dual learning for
image-to-image translation. In The IEEE International Conference on Computer Vision (ICCV),
Oct 2017.
[7] Jun-Yan Zhu, Taesung Park, Phillip Isola, and Alexei A Efros. Unpaired image-to-image
translation using cycle-consistent adversarial networks. In Proceedings of the IEEE international
conference on computer vision, pages 2223–2232, 2017.
[8] Jonathan Ho and Stefano Ermon. Generative adversarial imitation learning. In Advances in
neural information processing systems, pages 4565–4573, 2016.
[9] Tero Karras, Samuli Laine, Miika Aittala, Janne Hellsten, Jaakko Lehtinen, and Timo Aila.
Analyzing and improving the image quality of stylegan. arXiv preprint arXiv:1912.04958,
2019.
[10] Samaneh Azadi, Catherine Olsson, Trevor Darrell, Ian Goodfellow, and Augustus Odena.
Discriminator rejection sampling. arXiv preprint arXiv:1810.06758, 2018.
[11] Ryan Turner, Jane Hung, Eric Frank, Yunus Saatchi, and Jason Yosinski. Metropolis-Hastings
generative adversarial networks. In Kamalika Chaudhuri and Ruslan Salakhutdinov, editors,
Proceedings of the 36th International Conference on Machine Learning, volume 97 of Proceedings of Machine Learning Research, pages 6345–6353, Long Beach, California, USA, 09–15
Jun 2019. PMLR. URL http://proceedings.mlr.press/v97/turner19a.html.
[12] Akinori Tanaka. Discriminator optimal transport. arXiv preprint arXiv:1910.06832, 2019.
[13] Michael Arbel, Liang Zhou, and Arthur Gretton. Kale: When energy-based learning meets
adversarial training, 2020.
[14] Martin Arjovsky, Soumith Chintala, and Léon Bottou. Wasserstein gan. arXiv preprint
arXiv:1701.07875, 2017.
[15] Yoshua Bengio, Grégoire Mesnil, Yann N. Dauphin, and Salah Rifai. Better mixing via deep
representations. In Proceedings of the 30th International Conference on Machine Learning,
ICML 2013, Atlanta, GA, USA, 16-21 June 2013, volume 28 of JMLR Workshop and Conference
Proceedings, pages 552–560. JMLR.org, 2013. URL http://proceedings.mlr.press/
v28/bengio13.html.
[16] Matthew Hoffman, Pavel Sountsov, Joshua V Dillon, Ian Langmore, Dustin Tran, and Srinivas
Vasudevan. Neutra-lizing bad geometry in hamiltonian monte carlo using neural transport.
arXiv preprint arXiv:1903.03704, 2019.
[17] George Casella, Christian P. Robert, and Martin T. Wells. Generalized accept-reject sampling
schemes. Lecture Notes-Monograph Series, 45:342–347, 2004. ISSN 07492170. URL http:
//www.jstor.org/stable/4356322.
[18] David JC MacKay. Information theory, inference and learning algorithms. Cambridge university
press, 2003.
[19] Tijmen Tieleman. Training restricted boltzmann machines using approximations to the likelihood gradient. In Proceedings of the 25th international conference on Machine learning, pages
1064–1071, 2008.
[20] Yan Wu, Jeff Donahue, David Balduzzi, Karen Simonyan, and Timothy Lillicrap. Logan: Latent
optimisation for generative adversarial networks. arXiv preprint arXiv:1912.00953, 2019.
[21] Kyle Cranmer, Juan Pavez, and Gilles Louppe. Approximating likelihood ratios with calibrated
discriminative classifiers. arXiv preprint arXiv:1506.02169, 2015.
[22] Yuntian Deng, Anton Bakhtin, Myle Ott, Arthur Szlam, and Marc’Aurelio Ranzato. Residual
energy-based models for text generation. In International Conference on Learning Representations, 2020. URL https://openreview.net/forum?id=B1l4SgHKDH.
10

[23] Aditya Grover, Jiaming Song, Ashish Kapoor, Kenneth Tran, Alekh Agarwal, Eric J Horvitz, and
Stefano Ermon. Bias correction of learned generative models using likelihood-free importance
weighting. In H. Wallach, H. Larochelle, A. Beygelzimer, F. d'Alché-Buc, E. Fox, and R. Garnett,
editors, Advances in Neural Information Processing Systems 32, pages 11058–11070. Curran
Associates, Inc., 2019.
[24] Aditya Grover, Ramki Gummadi, Miguel Lazaro-Gredilla, Dale Schuurmans, and Stefano
Ermon. Variational rejection sampling. In Amos Storkey and Fernando Perez-Cruz, editors, Proceedings of the Twenty-First International Conference on Artificial Intelligence and Statistics,
volume 84 of Proceedings of Machine Learning Research, pages 823–832, Playa Blanca, Lanzarote, Canary Islands, 09–11 Apr 2018. PMLR. URL http://proceedings.mlr.press/
v84/grover18a.html.
[25] Geoffrey E Hinton and Ruslan R Salakhutdinov. Reducing the dimensionality of data with
neural networks. science, 313(5786):504–507, 2006.
[26] Chenyang Tao, Liqun Chen, Shuyang Dai, Junya Chen, Ke Bai, Dong Wang, Jianfeng Feng,
Wenlian Lu, Georgiy V. Bobashev, and Lawrence Carin. On fenchel mini-max learning. In
Hanna M. Wallach, Hugo Larochelle, Alina Beygelzimer, Florence d’Alché-Buc, Emily B. Fox,
and Roman Garnett, editors, Advances in Neural Information Processing Systems 32: Annual
Conference on Neural Information Processing Systems 2019, NeurIPS 2019, 8-14 December
2019, Vancouver, BC, Canada, pages 10427–10439, 2019. URL http://papers.nips.cc/
paper/9230-on-fenchel-mini-max-learning.
[27] Ruiqi Gao, Erik Nijkamp, Diederik P Kingma, Zhen Xu, Andrew M Dai, and Ying Nian
Wu. Flow contrastive estimation of energy-based models. In Proceedings of the IEEE/CVF
Conference on Computer Vision and Pattern Recognition, pages 7518–7528, 2020.
[28] Ruiqi Gao, Yang Lu, Junpei Zhou, Song-Chun Zhu, and Ying Nian Wu. Learning generative
convnets via multi-grid modeling and sampling. In Proceedings of the IEEE Conference on
Computer Vision and Pattern Recognition, pages 9155–9164, 2018.
[29] Jianwen Xie, Yang Lu, Ruiqi Gao, and Ying Nian Wu. Cooperative learning of energy-based
model and latent variable model via mcmc teaching. In AAAI, volume 1, page 7, 2018.
[30] Tian Han, Yang Lu, Song-Chun Zhu, and Ying Nian Wu. Alternating back-propagation for
generator network. In Thirty-First AAAI Conference on Artificial Intelligence, 2017.
[31] Tian Han, Erik Nijkamp, Xiaolin Fang, Mitch Hill, Song-Chun Zhu, and Ying Nian Wu.
Divergence triangle for joint training of generator model, energy-based model, and inferential
model. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition,
pages 8670–8679, 2019.
[32] Tian Han, Erik Nijkamp, Linqi Zhou, Bo Pang, Song-Chun Zhu, and Ying Nian Wu. Joint
training of variational auto-encoder and latent energy-based model. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition, pages 7978–7987, 2020.
[33] 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, 2020.
[34] Yann LeCun, Sumit Chopra, Raia Hadsell, M Ranzato, and F Huang. A tutorial on energy-based
learning. Predicting structured data, 1(0), 2006.
[35] Yilun Du and Igor Mordatch. Implicit generation and modeling with energy based models. In
Advances in Neural Information Processing Systems, pages 3603–3613, 2019.
[36] Ruslan Salakhutdinov and Geoffrey Hinton. Deep boltzmann machines. In Artificial intelligence
and statistics, pages 448–455, 2009.
[37] Will Grathwohl, Kuan-Chieh Wang, Jörn-Henrik Jacobsen, David Duvenaud, Mohammad
Norouzi, and Kevin Swersky. Your classifier is secretly an energy based model and you should
treat it like one. arXiv preprint arXiv:1912.03263, 2019.
11

[38] Geoffrey E Hinton. Training products of experts by minimizing contrastive divergence. Neural
computation, 14(8):1771–1800, 2002.
[39] Erik Nijkamp, Mitch Hill, Song-Chun Zhu, and Ying Nian Wu. Learning non-convergent
non-persistent short-run mcmc toward energy-based model. In Advances in Neural Information
Processing Systems, pages 5233–5243, 2019.
[40] Taesup Kim and Yoshua Bengio. Deep directed generative models with energy-based probability
estimation. arXiv preprint arXiv:1606.03439, 2016.
[41] Rithesh Kumar, Anirudh Goyal, Aaron Courville, and Yoshua Bengio. Maximum entropy
generators for energy-based models. arXiv preprint arXiv:1901.08508, 2019.
[42] Aapo Hyvärinen. Estimation of non-normalized statistical models by score matching. Journal
of Machine Learning Research, 6(Apr):695–709, 2005.
[43] Michael Gutmann and Aapo Hyvärinen. Noise-contrastive estimation: A new estimation
principle for unnormalized statistical models. In Proceedings of the Thirteenth International
Conference on Artificial Intelligence and Statistics, pages 297–304, 2010.
[44] Jascha Sohl-Dickstein, Peter B Battaglino, and Michael R DeWeese. New method for parameter
estimation in probabilistic models: minimum probability flow. Physical review letters, 107(22):
220601, 2011.
[45] Junbo Zhao, Michael Mathieu, and Yann LeCun. Energy-based generative adversarial network.
arXiv preprint arXiv:1609.03126, 2016.
[46] Chelsea Finn, Paul Christiano, Pieter Abbeel, and Sergey Levine. A connection between
generative adversarial networks, inverse reinforcement learning, and energy-based models.
arXiv preprint arXiv:1611.03852, 2016.
[47] Bo Dai, Zhen Liu, Hanjun Dai, Niao He, Arthur Gretton, Le Song, and Dale Schuurmans.
Exponential family estimation via adversarial dynamics embedding. In Advances in Neural
Information Processing Systems, pages 10977–10988, 2019.
[48] Shuangfei Zhai, Walter Talbott, Carlos Guestrin, and Joshua Susskind. Adversarial fisher
vectors for unsupervised representation learning. In Advances in Neural Information Processing
Systems, pages 11158–11168, 2019.
[49] Aäron van den Oord, Nal Kalchbrenner, Lasse Espeholt, Koray Kavukcuoglu, Oriol
Vinyals, and Alex Graves. Conditional image generation with pixelcnn decoders. In
Daniel D. Lee, Masashi Sugiyama, Ulrike von Luxburg, Isabelle Guyon, and Roman Garnett, editors, Advances in Neural Information Processing Systems 29: Annual Conference on Neural Information Processing Systems 2016, December 5-10, 2016,
Barcelona, Spain, pages 4790–4798, 2016. URL http://papers.nips.cc/paper/
6527-conditional-image-generation-with-pixelcnn-decoders.
[50] Ishaan Gulrajani, Faruk Ahmed, Martin Arjovsky, Vincent Dumoulin, and Aaron C Courville.
Improved training of wasserstein gans. In Advances in neural information processing systems,
pages 5767–5777, 2017.
[51] Tero Karras, Timo Aila, Samuli Laine, and Jaakko Lehtinen. Progressive growing of gans
for improved quality, stability, and variation. In 6th International Conference on Learning
Representations, ICLR 2018, Vancouver, BC, Canada, April 30 - May 3, 2018, Conference
Track Proceedings. OpenReview.net, 2018. URL https://openreview.net/forum?id=
Hk99zCeAb.
[52] Yang Song and Stefano Ermon. Generative modeling by estimating gradients of the data
distribution. In H. Wallach, H. Larochelle, A. Beygelzimer, F. d'Alché-Buc, E. Fox, and
R. Garnett, editors, Advances in Neural Information Processing Systems 32, pages 11895–
11907. Curran Associates, Inc., 2019.
12

[53] Tim Salimans, Ian J. Goodfellow, Wojciech Zaremba, Vicki Cheung, Alec Radford, and
Xi Chen. Improved techniques for training gans. In Daniel D. Lee, Masashi Sugiyama,
Ulrike von Luxburg, Isabelle Guyon, and Roman Garnett, editors, Advances in Neural Information Processing Systems 29: Annual Conference on Neural Information Processing
Systems 2016, December 5-10, 2016, Barcelona, Spain, pages 2226–2234, 2016. URL
http://papers.nips.cc/paper/6125-improved-techniques-for-training-gans.
[54] Martin Heusel, Hubert Ramsauer, Thomas Unterthiner, Bernhard Nessler, and Sepp Hochreiter.
Gans trained by a two time-scale update rule converge to a local nash equilibrium. In Isabelle
Guyon, Ulrike von Luxburg, Samy Bengio, Hanna M. Wallach, Rob Fergus, S. V. N. Vishwanathan, and Roman Garnett, editors, Advances in Neural Information Processing Systems 30:
Annual Conference on Neural Information Processing Systems 2017, 4-9 December 2017, Long
Beach, CA, USA, pages 6626–6637, 2017.
[55] Matthias Bauer and Andriy Mnih. Resampled priors for variational autoencoders. arXiv preprint
arXiv:1810.11428, 2018.
[56] John Lawson, George Tucker, Bo Dai, and Rajesh Ranganath. Energy-inspired models: Learning
with sampler-induced distributions. In Advances in Neural Information Processing Systems,
pages 8499–8511, 2019.
[57] Henry J. Farell and Rick Perlstein. Our hackable political future. https://www.nytimes.com/
2018/02/04/opinion/hacking-politics-future.html, November 2018. Accessed:
2018-02-07.
[58] Google Cloud. Wavenet and other synthetic voices, 2019. URL https://cloud.google.
com/text-to-speech/docs/wavenet.
[59] Jesse Engel, Cinjon Resnick, Adam Roberts, Sander Dieleman, Mohammad Norouzi, Douglas
Eck, and Karen Simonyan. Neural audio synthesis of musical notes with wavenet autoencoders.
In Proceedings of the 34th International Conference on Machine Learning-Volume 70, pages
1068–1077. JMLR. org, 2017.
[60] Kenny Jones and Derrick Bonafilia. Gangogh: creating art with gans. Towards Data Science,
2017.
[61] Jun-Yan Zhu, Philipp Krähenbühl, Eli Shechtman, and Alexei A. Efros. Generative visual
manipulation on the natural image manifold. In Proceedings of European Conference on
Computer Vision (ECCV), 2016.
[62] Steven Pinker. Enlightenment now: The case for reason, science, humanism, and progress.
Penguin, 2018.
[63] James Zou and Londa Schiebinger. Ai can be sexist and racist—it’s time to make it fair, 2018.
[64] Alec Radford, Luke Metz, and Soumith Chintala. Unsupervised representation learning with
deep convolutional generative adversarial networks. In Yoshua Bengio and Yann LeCun, editors,
4th International Conference on Learning Representations, ICLR 2016, San Juan, Puerto Rico,
May 2-4, 2016, Conference Track Proceedings, 2016. URL http://arxiv.org/abs/1511.
06434.
[65] Max Welling and Yee Whye Teh. Bayesian learning via stochastic gradient langevin dynamics.
In Lise Getoor and Tobias Scheffer, editors, Proceedings of the 28th International Conference
on Machine Learning, ICML 2011, Bellevue, Washington, USA, June 28 - July 2, 2011, pages
681–688. Omnipress, 2011. URL https://icml.cc/2011/papers/398_icmlpaper.pdf.

13

