In our paper, we perform an in-depth analysis to understand how SS tasks interact with the learning
of the generator. We analyze the issues of SS tasks and propose to improve it with a multi-class
minimax game. In this Appendix section, we provide detail information about our proofs, discussion,
ablation study, network parameters and network architectures of models.

A Appendix: Proofs for Sections 4 and 5|

Proposition 1] (Proof.)

Let T}, be the k-th type of transformation, and let P7 be the distribution of the transformed real
sample. This section shows the proof for optimal C*. Cj(.) is the k-th soft-max output of C, hence

Zszl Cr(x) = 1,V¥x. ¥(C) can be re-written as:

w0 = [ #ix)

where p(T}|x) is the probability that x belongs to class T}, which can be considered as the the k-th
output of “ground-truth” classifier on sample x we expect the classifier C' to predict. Assume that
U(C) has first-order derivative with respective to C(x). The optimal solution of Cy(x) can be
obtained via setting this derivative equal to zero:

K
(X w0 (Cu) (12)

k=1

K
Zp(Tk|x log C’k )>dx

— acf(x) /PdT(X) p(Th|x) log< ) +k§:_2p (Ti|x) log (Ck( )))dx
0 K K
- 0Ck(x) /pg(x) (p(T1|x) log (1 - Z Ck(x)) + ZP(THX) log (Ck(X))>dX

(13)
Forany k € {2,..., K}, setting % = 0, and the value of optimal C; has the following form:

p(Tilx) _ p(Telx) _ _ p(Tk|x)
Ci(x)  C5(x) Ck(x)

(14)

Note that Zszl C’*( ) = 1, according to Bayes’ theorem pJ (x) * p(Tx|x) = p(Tk) * py* (x), and
p(T;) = p(T;) = #,4,j € [1, K] (the probability we apply the transformations 7}, for sample x are

equal), We finally obtain the optimal C}(x) from Eq. 14; C}(x) = SK (T;(I;i| ) fodk (;2( -
k=1 x P (x

That concludes our proof.
Theorem [1| (Proof.) Substitute C* obtained above into ®(G, C):

K
#(G.0) = [ 60| S pltibetog (Ci()| (15)

k=1
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Substitute C* into (I3) we have:

> Ay
- é/ {p 7 0p(Tbe) o gg <X>)dx} (16)
<52 [t s (o

_ ;{g [ oot g_?i (53 )]

- ;1(2 Eri 8 (zgg) <x>)]

That concludes our proof.

Proposition [2| (Proof.) Training self-supervised task ¥ (G, C') with minimax game is similar to
previous objective, except the additional term of fake class as below:

U (G, C) = By pyEa 7108 (Ck(x)) + Bpy B o7 log (Cicia (%))

-/ <p5 (x) ipmx) log (C1()) + g (x) fpcrux) log (0K+1<x>)> dx

A7)

Assume that U" (G, C') has first-order derivative with respective to C,(x). The optimal Cj (x) can
be derived via setting derivative of U (G, C) equal to zero as follows:

0U+ (G, C)
IC(x)

9 K K
~ e/ <p5<x> > p(Tifx) g (Cu(x)) +p] (x) D p(Th[x) log (0K+1<x>)> dx
K

— e [ (roommpoten (1 -3~ it — Cucrat)

k=1

K K
+py (x Zp Ty|x) log (Ck ) -HUg Zp Tk |x) log (CK+1(X))>dX
k=2 k=1
(18)

Similar to above, for any k& € {2, ..., K}, we have the derivative %ﬁé)@:

19)

OFHC.0) _ oy (#T) _ pib0)

ICk(x) Ci(x)  Ci(x)
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Setting % = 0, and we get optimal C}', k € {1,..., K }:

pd (Ip(Tilx) _ pi(¥pra(x) __ pg(Op(Telx) _ py () X, p(Teb) o
Ci(x) C5(x) Ci (x) i Ci(x)
With k = K + 1, we obtain the derivative of 80(76(0))
K+1(x
vt (G, C) 7, P(T1x) 2o Kp(Th %)
A o = Pa(X)—; —py X) T (21)
00kt "o PTG
Setting 607() = 0, and finally we get optimal C}', k € {1,..., K 4+ 1}:
pECOP(Tix) _ s COp(Tilx) _ pf (0 Sl p(Tix) _ () My pUThlx)

Ci(x) Ci (%) S Cr(x) Crer (%)

Because Zle Cr(x) + Cj 1 (x) = 1, we finally obtain the optimal C}; () from Eq. 20; Cj;(x) =

T(x .| x " T(x x "
Z?gxi Z,’ng;(‘Ti\x) Cieiq1(x) = Z?Exg Z;:’i(TgC’KH( x). That concludes the proof.

Theorem (Proof.) Substitute optimal C* obtained above into ™ (G, C):

K K
(G, C*) = (]EXN pr > p(Thlx)10g (Ci(x)) — Exwry Y p(ThIx)log (C}}H(x))) (23)

k=1 k=1

The first term can be written as:

K
Exnpr Y p(Ti|x)log(C (x))

k=1
e )]

T X
p(Ty|x) log (C}k(ﬂ(x)) + log (£§EX;) +1log (%ﬂ

=Expr

= EXNPQT

K

P10 (Cin(9) | + e [ S T o (2415

k=1

M= I T

= EwagT

r
b
I

1

k=1 Zk 1 P(Ti[x)

|
|
Exwpg[ijj (Tilx) log (1 (%) } K{Z [ v E;) ]
|
|-

K Tk|X
+ Eopr | Y p(Tilx) log ( )} (24)
)

- p(Ti|x) * p¥ (x)

2 P(Tibe)log (Zi‘ 1p<Tk|x>ip§<x>)}
K

—Bary | S0 p(Tu10) g (Cicya ()

k=1

;{[ZKL PTK||PTk)}

K Tk (x
# 2 3 [ o (%)}

k=1Pa



With the note that pZ (x)  p(Tk|x) = p(T}) * py* (x) = £py* (x) and pI (x) * p(Ti|x) = p(T}) *
pa(x) = + pa*(x). Moving the first term of Eq. 24| from the right side to left side, it concludes the
proof.

Theorem 3 KL divergence is invariant to affine transform.

Proofs. Let x € R™*! be a random variable. p,(x) is a distribution defined on x. Let 7 be an affine
transform, i.e., T'(x) = Ax + b, where A € R™*" is a full rank matrix and b € R"*!, Then for a
random variable y = T'(x) = Ax + b, py(y) = |J|p (T‘l(y)), where J is the Jacobian matrix,
with its (¢, j)-th entry defined as:

8x,~
Jij= 25
i = By, (25)
Obviously, J = A™'. Then we have p,(y) = |A™'|p, (T‘l(y)).
Let pg, (x) and pg, (x) are two distributions defined on x. Then let py, (y) and py,(y) be the
corresponding distributions defined on y. Then we have p,, (y) = |A™'(ps, (T‘l(y)) and
Pus(y) = A7 pe, (T ().
Using the definition of the KL divergence between p,, and p,,, we have:
KL(py:[Ipy.) = / () log 22 gy (26)
Dy, (y)
_ _ A Y p, (T
- / A7y, (77 () 1og AP T ) g @7)
A7 Ipas (T1(9)
. B Pay (T*I(Y))
= [147 b, (1710 log Ly 28)
P (T _1()’)>
As x = T~ !(y), then we have:
» B Py (T_l(.V))
KL(py, [[py,) = / [A™ [pay (T (.V)) log 9 (29)
Pas (T - (y))
— 1A, (x)1og P13 (30)
[ 147 s )10 222y
According to the property of multiple integral, we have:
- Pz, (X
KLy i) = [ 147 e, () log 22209 ajax 61
Pz, (X)
Pay (X)
= [ py (x)log dx (32)
[ peso 10 22
= KL(pz, [|pz.) (33)

It concludes our proof.

Corollary 1 KL divergence between real and fake distributions is equal to that of rotated real and
rotated fake distributions by Tj,: KL(PngHPdT’“) = KL(P,||Py),k € [1: K]

Note that we apply the above theorem of invariance of KL, with p;, , p,, being Py, P; respectively,
and image rotation T}, as the transform.
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A.1 Implementation

Here, we discuss details of our implementation. For the SS tasks, we follow the geometric transfor-
mation of [[10]] to argument images and compute pseudo labels. It is simple yet effective and currently
the state-of-the-art in self-supervised tasks. In particular, we train discriminator to recognize the 2D
rotations which were applied to the input image. We rotate the input image with K = 4 rotations
(0°,90°,180°,270°) and assign them the pseudo-labels from 1 to K.

To implement our model, the GAN objectives for discriminator and generator can be the ones in
original GAN by Goodfellow et al. [12]], or other variants. In our work, we conduct experiments to
show improvements with two baseline models: original SSGAN [4] and DistGAN [42].

We integrate SS tasks into Dist-GAN [42] and conduct study with this baseline. In our experiments,
we observe that Dist-GAN has good convergence property and this is important for our ablation study.

mén V(D,C,G)=V(D,G)

+Ag

(EvaPgT Er, 7 log (Ok (X)) — ]EXNPQT]EkaVT log (CK+1 (X)) ) (34)

_ (EXNPJ]ETkNTlog (C,@(x))—EXNPTETWﬂog O (x )H

Second, in practice, achieving equilibrium point for optimal D, G, C is difficult. Therefore, inspired
by [42]l, we propose the new generator objective to improve Eq. [O]as written in Eq. [34] It couples
the convergence of &+ (G, C') and U (G, C) that allows the learning is more stable. Our intuition is
that if generator distribution is similar to the real distribution, the classification performance on its
transformed fake samples should be similar to that of those from real samples. Therefore, we propose
to match the self-supervised tasks of real and fake samples to train the generator. In other words, if
real and fake samples are from similar distributions, the same tasks applied for real and fake samples
should have resulted in similar behaviors. In particular, given the cross-entropy loss computed on
real samples, we train the generator to create samples that are able to match this loss. Here, we use
¢1-norm for the & (G, C) and V(D, G) is the objective of GAN task [42]. In our implementation, we
randomly select a geometric transformation 7}, for each data sample when training the discriminator.
And the same T}, are applied for generated samples when matching the self-supervised tasks to train
the generator.

For this objective of generator, similar to Eq. 24] we have:

K
Baery | 30T tog (Ci0) |

! K K
= Eyopr [Zp(mx) log (C}}H(x)ﬂ i {ZKL(PdiHPfk)} (35)
k=1

k=1
z[ " log(%)]

k=1Pqg

The objective of Eq. [34]can be re-written as:

K
- (KL PI*||PTx) + KL(PTk||PT‘))
k—

—

K ka K (36)
+ ZEwang 1Og (Zdi) ZEXNP T 1Og ( H
k=1 k=1P k=1

Py = Py is the solution that minimizes Eq. [36] In practice, we found that this is stable. It is due to
the stability of symmetric KL divergence (forward KL and inverse KL).
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Figure 5: From left to right: Real samples, argument real samples by rotation, mixed argument real
and fake samples, and generated images of CIFAR-10.

B Appendix: Experiments

B.1 Details of experiment setup

In our experiments, FID is computed every 10K iterations in training and visualized with the
smoothening windows of 5. The latent dimension is d,, = 128 and mini-batch size is 64 for our all
experiments. We visualize losses and FID scores in several figures. In these figures, the horizontal
axis is the number of training iterations, and the vertical axis is either the loss and FID score. We
compute the negative discriminator/classifier value function for the visualization. We investigate the
improvements of our proposed techniques on two baseline models:

Dist-GAN [42]]: We use Dist-GAN implemented with three network architectures: DCGAN, CNN in
SN-GAN and ResNet. We use standard “log" loss for DCGAN architecture, and with “hinge" loss
SN-GAN (the CNN network as in SN-GAN [31]]) and ResNet architectures. We use “hinge" loss
for SN-GAN and ResNet because it attains better performance than standard “log" loss as shown in
[31]]. We train models using Adam optimizer with learning rate Ir = 0.0002, 8; = 0.5, 82 = 0.9 for
DCGAN and SN-GAN architectures and 51 = 0.0, 82 = 0.9 for ResNet architecture [[13]]. If not
precisely mentioned, it means Dist-GAN is used for the experiments.
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Figure 6: From left to right: Real samples, argument real samples by rotation, mixed argument real
and fake samples, and generated images of STL-10.

SSGAN: We were unable to reproduce results as reported in the original paper with this codeEI,
although we have followed the best parameter settings of the paper and communicated with authors
of SSGAN regarding the issues. We achieve best results with another setting (spectral norm, A =
0,djter = 10,51 = 0.5, 52 = 0.999). We use this setting as the baseline and compare to the one
using our proposed SS tasks instead of the original SS tasks.

B.2 Ablation study SS in Discriminator and Generator Learning for the original SS
proposed in [4]

In this experiment, we analyze original SS tasks proposed in [4] to understand the effect of self-
supervised tasks. We aim to provide empirical observation of how the ¥(C') contributes to the
discriminator via changing A4 with fixed A, = 0. Experiments are on CIFAR-10 dataset using small
DCGAN architecture. For implementation, they are integrated into the discriminator of the baseline
model, Dist-GAN [42] as mentioned above. Through the experiment, we confirm that the contribution
of ¥(C) is important in Dist-GAN model. We should set the )\, attain the good trade-off between
GAN task and SS task because increasing A4 is not helpful. The SS task with Ay = 1.0 is good for
Dist-GAN model, which is also discussed in [4] with SN-GAN model [31].

Zhttps://github.com/google/compare_gan
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Figure 7: The ablation study of SS task W(C') as proposed in [4]. We analyze its effect via Ay
fine-tuning, A, = 0.0. (a) The discriminator losses of SS task, (b) The discriminator losses of GAN
task, (c) the feature representation quality and (d) FID scores. With A; = 7.0 for SS task, the model
becomes seriously collapsed with FID > 100. Experiments are conducted with the baseline model,
Dist-GAN. (Best view in color).

The results in Fig. [7|illustrate the effects of ¥(C') to GAN with different values of A;. Fig. [7p
represents the losses of the SS task of the discriminator. It shows that in most cases, the larger Ay
lead to faster ¥(C') loss converges. However, when Ay > 1.0, the FID is not improved. We observe
that once ) is higher, the loss of GAN task is dominated by the SS tasks. When )\, is too high, (e.g.,
Aq = 7.0), GAN loss is almost unchanged about first 10K iterations (Fig. [7p) in early iterations and
the model gets collapsed. This can be explained as follows. When the discriminator improvement
is slow due to the strong dominance of ¥(C), the learning of the generator faster. This serious
unbalance easily leads to the collapsed generator and the learning of generator gets stuck thereafter.
When the GAN loss is strongly dominated by SS loss, the loss of GAN is saturated.

To understand deeper, we evaluate the representation qualities of the intermediate layers of the
discriminator as in [4] in this experiment. Given the above pre-trained discriminators, we compute
features of train and test sets of CIFAR-10 via its last convolution layer. We evaluate the classification
performance as training logistic regression on these features and measure with top-1 accuracy. We
follow the experimental setup of parameters as in [4]. The result (Fig. [7k) that as \q >= 1.0, the
accuracy is also similar, except for the case A = 7.0, the quality of feature is slightly worse but not
too significant (although the GAN model is collapsed). It means increasing Ay does not necessarily
improve the feature representation quality of the discriminator.

Overall, with Dist-GAN as baseline, we observe that using the original SS tasks with Ay = 1.0
provide considerable improvement, and the results suggest that Az should not be too high, but instead
the one that provides a good trade-off between GAN and SS tasks.
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Figure 8: The ablation studies with (a) SSGAN™ using Ag and ours (SSGANT + MS) (b) Dist-GAN
with ®(C) and ¥ (G, C) as fine-tuning \,, fixed Ay = 1.0. (¢) Our model (Dist-GAN + MS) with
U (G, C) and &1 (G,C) with \; = 0.1 and Ay = 1.0. Experiments are with CIFAR-10 dataset.
(Best view in color)
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Figure 9: Our model (Dist-GAN + MS) with (a) with fine-tuning Ay, fixed Aq = 1.0. (b) fine-tuning
Ad, fixed Ay = 0.1. The baseline is Dist-GAN model, and we use DCGAN architecture. (Best view
in color)

B.2.1 SS task in Generator Learning

We continue to investigate the effects of A, with fixed Aq = 1.0 for the SS tasks proposed in [4]. The
experimental setup is similar to the previous one. The result represented in Fig. @ show that Ay > 0
still improves the baseline model, but higher than the case of A\; = 0. Note that [4] does not report
result with Ay = 0.0.

Following our discussion on Theorem applying ®(G, C) as proposed in [4] does not support the
matching between the generator and data distributions. From these experiments, we observe that
the generator and discriminator are unable to reach optimal points, and using large A, degrades the
quality of GAN task, and even leads to mode collapse. For example, as A, increases (eg. Ay = 0.3),
it seriously hurts the quality of GAN task of the generator.

In addition, we verify with original code of SSGAN [4] on CIFAR-10 using our best setting mentioned
above. Fig. @a confirms that with our best setting A, = 0.01 and A\, = 0.2 achieve similar FID and
increasing A\, = 0.5 degrades its performance, which is consistent to our analysis. In the same figure,
when we use our proposed MS, FID is improved.

B.3 Ablation study ()4, \;) with DCGAN for our proposed method

We first change the A\ according Aq = 1.0 (Fig. Eh). With minimax game, the result suggests that
Ag = 0.1 is the best for DCGAN architecture. Then, we seek \g with this A\, = 0.1 as shown in Fig.
Eb. Interestingly, now the best \; = 4.0, which is higher than A\; = 1.0 of the original SS (the best
with the original SS; Fig. [7d). This suggests that using our proposed mini-max game based SS enable
larger range of \; with stable performance.
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Figure 10: Understanding the effects of MS tasks (our proposed self-supervised tasks), by fine-tuning
Ag (first row) Ag (second row) for CIFAR-10 and STL-10 with other architectures. From left to
right: SN-GAN for CIFAR-10, ResNet for CIFAR-10, SN-GAN for STL-10 and ResNet for STL-10.
SN-GAN architecture referred as CNN architectures used in SN-GAN [31]].

B.4 Ablation study of our proposed method with SN-GAN and ResNet architectures

The detail of the ablation study of Aq and A\, for our proposed SS tasks using SN-GAN and ResNet
architectures are shown in Fig. [10]

C Appendix: Network architectures

C.1 DCGAN architecture
Our DCGAN architecture, which is used for ablation studies on CIFAR-10, are presented in Table. El
Table 4: Our DCGAN architecture is similar to [37] but the smaller number of feature maps (D = 64)

to be more efficient for our ablation study on CIFAR-10. The Encoder is the mirror of the Generator.
Slopes of IReLU functions are set to 0.2. 2/(0, 1) is the uniform distribution.

RGB image x € RM XM X3

RGB image = € RMXMx3 z € R'28 ~ U(0,1) 5x35, stride=2 conv. 1 X D IReLU
55, stride=2 conv. 1 x D ReLU dense 2 x2x 8 xD 5x5, stride=2 conv. BN 2 x D IReLU
5%5, stride=2 conv. BN 2 x D ReLU 5x5, stride=2 deconv. BN 4 x D ReLU 5x5, stride=2 conv. BN 4 x D IReLU
5x5, stride=2 conv. BN 4 x D ReLU 5x5, stride=2 deconv. BN 2 x D ReLU 5x5, stride=2 conv. BN 8 x D IReLU

5%5, stride=2 conv. BN 8 x D ReLU 5x35, stride=2 deconv. BN 1 x D ReLU dense — 1, dense — 5 (two heads)

dense — 128 5X%35, stride=2 deconv. 3 Sigmoid
(c) Discriminator, M = 32 for

CIFAR-10. Two heads for the
real/fake discriminator and multi-class
classifier.

(a) Encoder, M = 32 for CIFAR-10  (b) Generator for CIFAR-10

C.2 SNGAN architecture

Our SN-GAN architecture referred as CNN architectures of [31]] for CIFAR-10 and STL-10 datasets
are presented in Table. 5]

C.3 ResNet architecture

Our ResNet architectures for CIFAR-10 and STL-10 are presented in Table. [§and Table. [7]
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Table 5: Encoder, generator, and discriminator of standard CNN architectures for CIFAR-10 and
STL-10 used in our experiments. We use similar architectures as ones in [31]]. The Encoder is the
mirror of the Generator. Slopes of IReLU functions are set to 0.1. 2/(0, 1) is the uniform distribution.

RGB image z € RMXMX3

3 %3, stride=1 conv 64 IReLU
4 x4, stride=2 conv 64 IReLU

z € R ~ 14(0,1)
dense — My x My x 512

RGB image = € RM>*Mx3

3% 3, stride=1 conv 128 IReLU

3% 3, stride=1 conv. 64
4 x4, stride=2 conv 128 IReLU

4 x4, stride=2 conv. BN 128 ReLU 4 x4, stride=2 deconv. BN 256 ReLU
33, stride=1 conv 256 IReLU

4 x4, stride=2 conv 256 1ReLLU

4 x4, stride=2 conv. BN 256 ReLU 4 x4, stride=2 deconv. BN 128 ReLU

4 x4, stride=2 conv. BN 512 ReLU 4 x4, stride=2 deconv. BN 64 ReLLU 3x3, stride=1 conv. 512 IReLU

dense — 128 33, stride=1 conv. 3 Sigmoid dense — 1, dense — 5 (two heads)

(a) Encoder, M = 32 for CIFAR-10,(b) Generator, M, = 4 for CIFAR-(c) Discriminator, M = 32 for
and M = 48 for STL-10 10, and My = 6 for STL-10 CIFAR-10, and M = 48 for STL-
10. Two heads for the real/fake dis-

criminator and multi-class classifier.

Table 6: ResNet architecture for CIFAR10 dataset. The Encoder is the mirror of the Generator. We
use similar architectures and ResBlock to the ones used in [31]]. Z/(0, 1) is the uniform distribution.

RGB image = € R32%32%3

ResBlock down 128

z € R™8 ~ 14(0,1)
dense, 4 X 4 X 256

. 32x32x3
RGB image z € R ResBlock down 128

3% 3 stride=1, conv. 256 ResBlock 128

ResBlock down 256 ResBlock up 256 ResBlock 128

ResBlock down 256 ResBlock up 256 ReLU

ResBlock down 256 ResBlock up 256 Global sum pooling

dense — 128 BN, ReLU, 3 %3 conv, 3 Sigmoid dense — 1, dense — 5 (two heads)

(b) Generator (c) Discriminator. Two heads for the
real/fake discriminator and multi-

class classifier.

(a) Encoder

Table 7: ResNet architecture for STL-10 dataset. The Encoder is the mirror of the Generator. We use
similar architectures and ResBlock to the ones used in [31]]. 2/(0, 1) is the uniform distribution.

RGB image = € R48x48%3
ResBlock down 64

ResBlock down 128

2z € R ~ 1(0,1)

RGB image = € RA8X48%3

3% 3 stride=1, conv. 64 dense, 6 X 6 X 512 ResBlock down 256
ResBlock down 128 ResBlock up 256 ResBlock down 512
ResBlock down 256 ResBlock up 128 ResBlock 1024

ReLU

ResBlock down 512

dense — 128

(a) Encoder

ResBlock up 64

BN, ReL.U, 3 %3 conv, 3 Sigmoid

(b) Generator
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Global sum pooling

dense — 1, dense — 5 (two heads)

(c) Discriminator. Two heads for the
real/fake discriminator and multi-

class classifier.



