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A MORE RELATED WORKS

We briefly review related works in the following categories: normalization and regularization ap-
proaches; preconditioning in machine learning; related works on GAN training. Related works on
the theoretical analysis of gradient descent for neural nets are briefly discussed in Appendix [D!

Normalization and regularization. Bounding the weight matrices during training or at initializa-
tion has been studied for a long time. These approaches consider mainly three questions: what time
range (controlling initial point or all iterates); what modification (built-in layer or regularization);
and what goal (upper bound on Frobenious norm, orthogonal matrix, or control spectrum). We com-
pare a few popular methods in Table 3] To our knowledge, our method is the first one that applies
a built-in layer to control the spectrum over all training iterations. In Table ] we show empirical
results of BN, GP, WN, orthogonal regularization, SN, SVD with D-Optimal Regularizer and our
PC methods (FPC and APC) on standard CNN for CIFAR-10 and STL-10.

Lin et al. (2020) analyzed why SN works well for GAN, and proposed a variant of SN called bidi-
rectionalSN (BSN). The improvement of BSN over SN is similar to the improvement of Xavier
initialization over LeCun initialization: BSN considers both the input dimension and the output di-
mension and scales the weight tensor by two versions of the reshaped matrices. This technique is
somewhat orthogonal to our PC technique, and these two techniques can potentially be combined
together. We leave the exploration of the combination to future work.

Preconditioning in machine learning. In a broad sense, any method that aims to reduce the con-
dition number of a matrix can be viewed as preconditioning. Researchers sometimes call a method
0+ 0 —nM(0)VL() a “preconditioned” gradient descent, such as Li et al.| (2015). In this sense,
adaptive gradient methods such as AdaGrad (Duchi et al.||2011)) are also viewed as “preconditioned”
gradient descent. These methods are universal to any optimization problem and do not utilize the
structure of neural nets. In contrast, we apply preconditioning to weight matrices, which rely on the
fact that the neural net consists of multiple weight matrices.

Odena et al.|(2018)) encourage the generator to be well-conditioned. They compute the condition
number of the input-output Jacobian, which is based on an earlier understanding of the training
(small condition number of input-output Jacobian). In contrast, our result is based on a more recent
understanding of the training (small condition number of NTK).

Improving GANs by resolving target issues. Identifying the training issues of GANs is often the
first step to understanding. We briefly review three types of issues identified for GAN training.

First: undesirable property of the loss function. Early work on GANs (Goodfellow et al., [2014)
studied a loss related to the J-S (Jenson Shannon) distance. |Arjovsky & Bottou (2017) pointed out
that the J-S distance is ill-defined for two distributions with disjoint support, and proposed to use a
loss function based on the Wasserstein distance, which is referred to as WGAN.

Second: cyclic behavior (non-convergence). This issue has been well recognized (Mescheder et al.|
2018} |Balduzzi et al., 2018; |Gidel et al., 2019; Berard et al.,[2019). This is a generic issue for min-
max optimization: a first-order algorithm may cycle around a stable point, converge very slowly or
even diverge. This convergence issue can be alleviated by some advanced optimization algorithms
such as optimism (Daskalakis et al.| 2018), averaging (Yazici et al., 2019) and extrapolation (Gidel
et al.,[2018).

Third: mode collapse. Mode collapse is long known to be a challenge for GANs (Goodfellow et al.,
2014)). It means that some “modes” of the true data distribution are not generated, thus the diversity

14



Under review as a conference paper at ICLR 2021

Method | Range | Modification | Goal | Quantity |
Orthogonal-ini Initial - orthogonal weights weight
BatchNorm (BN) All built-in layer bounded norm postactivation

WeightNorm (WN) All built-in layer | bounded Frobenious norm weight
Weight clipping All projection bounded weight norm weight
Gradient penalty (GP) | All | regularization bounded grad norm gradient
Orthogonal-reg All | Regularization orthogonal weights weight
SpectralNorm (SN) All | Built-in layer | bounded spectral norm weight

SVD All Regularize control spectrum weight -

PC All | Built-in layer Control spectrum weight -

Table 3: Comparison of Orthogonal initialization (Xiao et al., 2018), batch normalization (loffe & Szegedyl,
2015), weight normalization (Salimans & Kingmal 2016)), weight clipping (Arjovsky & Bottou,|2017), gradient
penalty (Gulrajani et al.| 2017)), orthogonal normalization (Brock et al., 2016), spectral normalization (Miyato
et al.| |2018), SVD (Jiang et al.| 2019), and our PC layer. The first three methods are originally designed for
general-purpose use; the other methods are commonly used in GANs. Note that all methods can be used in
both supervised learning and GANs. Their practical performance on common applications may differ. Some
notes: BN is originally designed for postactivation (output of each activation layer), but it can also be used for
preactivation (input of each activation layer). SVD is actually a mixture of a regularization and a built-in layer:
for USV'T SVD regularizes U, V, and either regularizes S or uses a built-in layer to adjust S. For simplicity,
we call it “regularize.”

of the generated images is not high. The cause of mode collapse is not well understood and there are
a few hypotheses, such as improper loss functions (Arjovsky & Bottoul 2017} |Arora et al.| |2017),
weak discriminators (Metz et al., [2017; [Salimans et al., [2016; |Arora et al., [2017; |[Li et al., 2018),
and inherent property of the loss function (Lin et al.| 2018). A few empirical solutions have been
proposed, including unrolled GAN (Metz et al., 2017)), minibatch discrimination (Salimans et al.|
2016) and PacGAN (Lin et al., 2018)).

Other GAN Variants. Many different GANs have been proposed over the last few years. These
include WGAN (Arjovsky et al.,2017;|Arjovsky & Bottou, |[2017; |Gulrajani et al.,2017), other vari-
ants of WGAN (Wu et al.,2019; Kolouri et al., 2018 |Adler & Lunz, [2018;|Deshpande et al.,|2018)),
least-squares GAN (Mao et al., 2017), f-GAN (Nowozin et al., |2016), and many more (Mroueh
& Sercu, 2017; Berthelot et al., 2017; Mroueh et al., 2017} [Cully et al., 2017} [Li et al., [ 2017bza;
Salimans et al., [2016; [Nowozin et al., [2016; [Poole et al., [2016; [Metz et al., 2017; [Radford et al.,
2016; Bengio & LeCun, 2007). As mentioned in the main text, our approach falls into the category
of “normalization and regularization.” It is hence relatively orthogonal to these approaches.

B PRECONDITIONING: INTRODUCTION

Consider a linear system of equations
QU) = ba

where Q € R™ " is real symmetric, and b € R"*!. Conjugate gradient (CG) is one of the most

popular methods to solve the system of equations. It has iteration complexity O(4/x(Q)log1/e),
where k(@) is the condition number of (). For ill-conditioned problems (i.e., large x(Q)), the
convergence can be slow. Thus, in practice, preconditioned CG is commonly used instead of the
original CG.

Suppose there is a certain way to find a preconditioner M that reduces the condition number, i.e.,
K(MQ) < £(Q). Define Q = MQ and b = Mb, then we can solve an alternative problem

Qu =",

for which CG (and other gradient methods) converges faster. One simple example is Jacobi pre-
conditioning (closely related to whitening in machine learning) where M is a diagonal matrix with

M = 1/1/Qi .
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B.1 POLYNOMIAL PRECONDITIONER

We review the polynomial preconditioners proposed by |Johnson et al. (1983). However, we do not
directly utilize the polynomials proposed by Johnson et al.| (1983) since our setting differs. But we
do borrow two lessons, which we will explain at the end of this subsection.

Consider a linear system of equations

Qu =1,
where Q € R™*" is real symmetric, and b € R"*!. To find a polynomial preconditioner p(Q) such
that g(@Q) = p(Q)Q is well-conditioned, we only need to find a polynomial p such that g(z) =
p(x)z maps [A1, Ap,] to [1 — €, 1]. This can be formulated as an approximation theory problem: find
a polynomial g(z) that approximates a function f where f(0) = 0, f([A1, An]) = 1.

Define
P, = {p(z chx} Py = {g(z chx}

P;f ={g(x) € Py | g(x) > 0,Vx € [m’m]}-
Here, Pj is the set of all polynomials with degree no more than k&, f’k contains all elements of P,
that vanish at 0, and P,j contains all elements of Py, that are positive in [yr,, yu].

Johnson et al.|(1983) consider two polynomial preconditioners: minimax and least-squares polyno-
mials. Minimax polynomials are the solution to the following problem:

min max |1 — Ap(N)|. 6

PEPK Ae[vL U] | p( )| ©
Note that there should be an extra constraint that Ap(\) € Pyy1, but as we see shortly the solu-
tion automatically satisfies this constraint. Denote g(A) = Ap(A), then the above problem can be
rewritten into

min  max |1 —g¢q(N)]. (7
quk+1 )\E["{L,’YU]

Trt1(p(A=L))
Tit+1(p(A—1))’

-1+ Qﬁ maps [y, vu] to [—1,1], and Tk (z) is the Chebyshev polynomial of the first kind
satisfying Ty (cos(z)) = cos(kz). The first four Chebyshev polynomials are To(xz) = 1,71 (z) =
x,Ty(x) = 22% — 1, T3(z) = 423 — 3z. This polynomial ¢* happens to lie in P, thus it is the
desired solution.

There is a closed-form solution to the above problem: ¢*(\) = 1 — where u(\) =

Johnson et al.|(1983)) also consider least-squares polynomials, which are the solutions to the problem

min / 11— gV |w(A)dA. ®)
q€Pyy1 Sy yu

There is a closed-form solution to the above problem since it is a quadratic problem in the coeffi-
cients of q. A major theoretical challenge for Johnson et al.|(1983) is to find whether the solution is

in the set Pk 1> 1.e., whether it stays positive in [vL, vu]. Johnson et al. (1983)) provided a sufficient

condition for the optimal solution to be in ]3,: +1- In particular, for the Jacobian weight function
w(A) = (yu — A\ — 1) where a > 3 > —1/2, the optimal solution is in P,:’_H

As we will explain in the next subsection, we cannot directly borrow the polynomials used by |{John-
son et al.| (1983). Nevertheless, we borrow two lessons for our design. First, the polynomial pre-
conditioner can be designed by solving an optimization problem (either minimax or least squares).
Second, they found that least-squares polynomials perform better than minimax polynomials for it-
erative algorithms. For this reason, we adopt the least-squares polynomials instead of the minimax
polynomials.

B.2 PRECONDITIONING A RECTANGULAR MATRIX: LINEAR REGRESSION
Our problem: how to precondition a rectangular matrix. This differs from the problem considered by

Johnson et al.|(1983). In this subsection, we explain why we cannot directly apply the polynomials
designed by Johnson et al. (1983).
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Preconditioning rectangular matrices is often not explicitly discussed in polynomial preconditioning
literature. This is partially because for linear models, it is easy to transform a rectangular matrix to
a square symmetric matrix. We will discuss this point below.

Consider a linear regression problem
min F(w) = [|Aw — y*, ©)

weR4
where A € R"*? ¢ € R™*!. Suppose we want to apply preconditioning to speed up a gradient-
based method. There are two different methods: (i) preconditioning A” A; (ii) preconditioning A.

Method 1: Precondition A7 A. We write the optimality condition of the problem is
AT Aw = ATy, (10)

Thus solving the original problem (Eq. (9)) is equivalent to solving (Eq. (10)). We design a
polynomial preconditioner p(Q% for the matrix Q = ATA € R%*9, and obtain a new linear
system p(ATA)AT Aw = p(AT A)ATy. The preconditioned GD proceeds as follows: wWyey =
w — ap(AT A)[AT Aw — ATy].

Note that in practice, we rarely form the matrix A7 A directly since it is time consuming. Instead, we
multiply each matrix with a vector sequentially. For instance, when p(A” A) = AT A, we implement
AT A[AT Aw— ATy as AT (A(AT (Aw—1))), where each bracket is a matrix-vector product. From
a neural-net perspective, the computation of the gradient consists of: a forward pass that computes
e = Aw — y; an extra preconditioner é = A(A” (e)); a backward pass ATé.

Method 2: Precondition A. Now we consider the second choice: precondition A directly. We use
a preconditioner M € R™*™ and solve a new problem

min F(w) = ||MAw — My|?. (11)
wER?

The optimality condition of the new problem is
ATMTMAw = ATMT My. (12)

Although Eq. seems different from Eq. (10), it is easy to show that they are equivalent when
M = p(AAT) is a polynomial function of AAT". In fact, in this case Eq. is equivalent to

MTMAT Aw = MTMATy.

Therefore, applying preconditioner M to A in the original problem is equivalent to applying pre-
conditioner M1 M to AT A in the optimality condition.

The preconditioned GD proceeds as follows: wpew = w — (AT MT M Aw — AT MT My). Again,
the real implementation consists of a series of matrix-vector products. It can be decomposed into two
steps: a forward pass of computing é = M (Aw — y), and a backward pass of computing A7 M7é.

Comparison of both methods. For linear regression problems, preconditioning AT A is slightly
better than preconditioning A since the former covers the latter as a special case. More specifically,
suppose we use p1, po to denote the precoditioning polynomial for method 1 and 2 respectively. For
method 1, the preconditioned matrix is Z; = p; (ATA)ATA while for method 2, the preconditioned
matrix is Zo = po(ATA)2AT A. Note that {p2(AT A)2AT A | deg(p2) < k} is a proper subset of
{p1(ATA)AT A | deg(p1) < 2k}. This means that method 1 can cover method 2 but not the other
way. For this reason, there is little motivation for most linear system researchers to study direct
preconditioning of A.

Nevertheless, a major advantage of directly preconditioning A is that it can be applied to general
parameterized models such as neural nets. The method of preconditioning A7 A relies on the special
property of linear regression that A” A appears in the optimality condition, which does not hold in
more general problems.

C DETAILS OF ALGORITHMS

C.1 POLYNOMIAL FITTING ALGORITHM

The whole procedure of identifying polynomial g is summarized in Alg.
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Algorithm 1 POLY-FITTING

: Input: a target function f(z) : R — R. Default choice: f(z) = PLy(z).
: Hyper-parameters: segment [yr,, yu], degree k, o appearing in w(A) = A%,
: Solve the convex problem (5) to obtain ¢*.

: Output: a polynomial g(\) = Zfiol cENL.

AW N =

Algorithm 2 Fixed Preconditioning (FPC) for Neural Net

1: Input: a deep net D(6), with @ = (W7, ..., W) the collection of trainable weights. For GAN
training, we use the discriminator net D.

2: Dependent algorithm: polynomial generating method POLY-FITTING; spectral-norm estima-
tor SN(W).

3: Step 1: generate a polynomial g by POLY-FITTING. This g is a (2k + 1)-th order polynomial
of the form g(x) = xh(x?), where h is k-th order polynomial.

4: Step 2: Build a preconditioned neural net Dpc(0) = D(g(SN(W1)), ..., g(SN(Wy))).

5: Output: Dpc(6).

C.2 DETAILED DESCRIPTION OF FPC AND APC

As stated in the main paper, g(x) are fitted to different piecewise linear functions (Fig.|3) via Alg.
Here we provide the formulations of go(z), g1(x), g2(), g3(z), ga(x) corresponding to the cutoff
b=1,0.8,0.6,0.4,0.3.

go(z) = =,

g1(x) = 1.5072 — 0.507z3,

ga() = 2.083x — 1.6432> + 0.5602°, (13)
g3(z) = 2.9092 — 4.6492° + 4.0232° — 1.28327,

ga(z) = 3.625x — 9.2612° + 14.0972° — 10.3512" + 2.890z°

For go(z) = =, we recover SN; thus SN is a special case of PC. We can even allow continuous
transformation from SN to PC: using g(x;a) = (1 + o)z — az?® in PC layer, then for a = 0 we
have SN and for o # 0 we have other PC. In our implementation of APC, we do not use continuous
change of g, though this can be a potential future research direction.

The detailed procedure of FPC is summarized in Algorithm 2} it just describes how we obtain a new
neural net with a fixed PC layer added to each layer. The detailed procedure of APC is summarized
in Algorithm (3} it describes how to implement APC during training.

In our implementation of APC, the values of 79, 71, T2, 73, T4 are 0, 5, 10, 20, 30 respectively. That is
to say, if the condition number % (W) < 5, no preconditioner will be applied; if 5 < &(WW) < 10, g4
will be applied on the weight W; if 10 < £(W) < 20, go will be applied on the weight W if 20 <
R(W) < 30, g3 will be applied on the weight W; if K(1W) > 30, g4 will be applied on the weight
W. We do not heavily tune these values 7;’s; it seems that the performance of APC is relatively
robust to different values. In our implementation, we use the average of the condition numbers of
the last 5 iterations (to replace Line 9); for simplicity, we do not add this small modification into the
table. This may improve the performance a bit, though we did not perform a through ablation study.

C.3 IMPLEMENTATION OF PC LAYER

We discuss a few computational tricks for implementing the PC layer. These tricks can greatly
reduce the computation time.

Suppose we decided to use a polynomial g(x) = zp(x?) to implement a PC-layer.

For a convolutional layer, W is a tensor, and we will follow [Miyato et al.|(2018) to reshape the tensor
into a matrix flat(TV), and apply an SN layer to obtain A = SN(flat(WW)). For the fully connected
layer, W is a matrix, and we can define A = SN(W).
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Algorithm 3 Adaptive Preconditioned (APC) Neural Net

1: Preparation: A neural net D(6), where § = (W7, ..., W) is the collection of all weights. An
algorithm A that updates 6 and other parameters (e.g. generator parameter), such as SGD and
Adam.

Dependent functions: spectral norm estimator SN(W); preconditioners g1, go, - . . , g, With
increasing preconditioning power, i.e., g1 (z) < ga(z) < ... gm(x),Vz € [0, 1].

N

3: Hyper-parameters: T,q; € Z, 7 < --- < 7 € R4,

4: fort =1,2,... do

5. Set the function g'(W) = SN(W);

6: if mod (t,Thq;) == 0 then

7: for/ =1,2,...,Ldo

8: Compute the condition number &(WV;).

9: If #(W;) € [r},7j+1], set the function g' (W) = g;(SN(W)).
10: end for

11:  endif

12:  Update parameter  in the precondtioned neural net D(g*(SN(W})), ..., g*(SN(W7)), and
other parameters by one iteration of the algorithm A.
13: end for

The first trick is to choose one of the two equivalent expressions depending on whether A is wide
or tall. More specifically, note that g(A) = p(AAT)A = Ap(AT A). We call p(AAT)A the AAT-
form and we call Ap(AT A) the AT A-form. Although the two forms give the same value, their
implementation time can vary a lot: suppose A € R™ ™ where n > m, then evaluating AT A
takes O(m?n) operations while evaluating AA” takes O(nm?) operations. In an extreme case
where A € R1000x1 AT A takes 2000 multiplications and 999 additions, while AA” takes 10002
multiplications. Therefore, if A is tall (n > m), we pick the AT A-form; otherwise we pick the
AAT form. We checked a 100 x 1000 random matrix in PyTorch, and found that AA” takes time
0.0018 sec while AT A takes time 0.0078, a 4-times gap.

The second trick, which is quite straightforward, is to store the product B = ATAor B = AAT,
and re-use the product. We will examine the implementation of p(B) = p(AT A) next.

The third trick is to use Horner’s method to evaluate the polynomial. The basic idea of Horner’s
method is that a polynomial can be decomposed into the following form:
k
Zaix’ =ap+x(a; + z(ag + ... x(ap_1 + agzx)...)).
i=0
For instance, ag + a12 + asx? + a3z = ag + (a1 + 2(az + azx))). Suppose p(z) = Zf:o et
A naive implementation of

k
p(B) = Z ¢; B
i=0

requires Zle(i —-1) = @ matrix multiplications and k additions. Using Horner’s method,
we only need k£ matrix multiplications. For a degree 4 polynomial p (corresponding to degree-9
polynomial g(x) = xp(x?)), Horner’s method can reduce 6 matrix multiplications to 4 matrix mul-
tiplications. It will save more time for higher degree polynomials; e.g., for a degree-15 polynomial
(k = 7), Horner’s method can reduce 21 matrix multiplications to 7 matrix multiplications. There-
fore, we have strong power to mimic most target functions with relatively small cost of computation
(see[C.4 for discussion of computation time). We have not explored too many target functions, and
future users of PC-layers can design their own target functions and use higher-degree polynomials.

We summarize the three tricks for computing p(A) = p(AAT) A as follows:
o Use AT A-form Ap(AT A) if Ais tall, and the AAT -form p(AAT) A if A is wide.
e Store B = AAT or B = AT A, and compute p(B)A or Ap(B), respectively.

e Use Horner’s method to evaluate p(B).
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Example: Suppose we have determined a polynomial g(x) = cox + c12% + cox® + 327, and want
to apply it to a wide matrix A. There are two steps: (i) Compute B = AAT’; (ii) Compute

(co+ (c1 + B(eg + B(es + B))))A.

If we apply it to the tall matrix A, the two steps are: (i) Compute B = AT A; (ii) Compute
A(co + (1 + B(ez + Bles + B)))).

C.4 COMPUTATION TIME

We discuss the computation time of POLY-FITTING, FPC and APC. POLY-FITTING solves a con-
vex quadratic problem with dimension being the number of samples (e.g., 300) in [y, yu] = [0, 1.1].
This takes little time to run and is done offline.

The extra computation time due to a PC-layer depends on the degree 2k + 1 of the preconditioning
polynomial g. We use a few implementation tricks, including Horner’s method for implementing
the polynomial evaluation, which only requires k& + 1 matrix multiplications. See Appendix|C.3 for
details. In our implementation of FPC with a degree 3, 5, 7 or 9 polynomial, the actual added time is
around 20 — 30% (Fig. E| (a)) of the original training time of SN-GAN. Interestingly, the extra time
for degrees 3, 5, 7,9 polynomials are quite close (less than 5% difference).

The computation time of APC is smaller than FPC. Since most layers during practical training are
well-conditioned, APC essentially applies nothing to most layers, and only applies PC to few layers.
Compared to FPC, APC requires an extra step of computing the condition number of each layer. We
only perform this extra step every 1000 iterations, thus the amortized extra cost over all iterations is
small (contributing less than 1% to the total time). Fig. El (b) shows that the extra time of APC over
SN is often less than 10%.

D GLOBAL CONVERGENCE: PROOFS AND OTHER RESULTS

In this section, we will provide a proof of Theorem [I] as well the discussions of the theorem and a
few related technical results. We will first review the notion of NTK (neural tangent kernel) and a
basic convergence result. Then we prove the global convergence of continuous gradient dynamics
under assumptions on minimal singular values of weights. Finally, we prove the global convergence
of discrete gradient descent, i.e., Theoremm

D.1 BASICS: NEURAL TANGENT KERNEL AND CONVERGENCE LEMMA

Neural tangent kernel (NTK) is introducd in Jacot et al.| (2018)) (see also |Du et al. (2018))). We

briefly review some basics of NTK. The gradient is % € RP*dy where P is the number of
parameters. Define the Jacobian

a0 08
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and define the neural tangent kernel (NTK)
K(0) =GO)TG). (15)
Lemma 1 Define Wntk (ko) = {0 : Amin(K(0)) > Ko}. Suppose the optimization trajectory 6(t)
stays in Wntk (ko) for 1 <t < T, then
[E(0() —yll < [I1F(6(0)) — yl exp(—2tro), VO<t<T.

Proof of Lemma [T}
Let e(t) = F(0(t)) — y and K(t) = K(6(t)). We have “0 = _G(9(1))TG(O(t))e(t) =
—K(t)e(t). Therefore,
DI ooy K 1)e(t) < ~2Ain KOOI < 20 ()]
This implies

d(exp(2tro) [le(t)|”)
dt

dlle(t)|
dt
< 20 exp(2trg) |le(t)||* — 2k0lle(t)]|? exp(2trg) = 0.

Therefore exp(2tro)||le(t)]|? < [|e(0)]|?, i.e

1E0(8) = yll < [1F(0(0)) — yl| exp(—2tr0).
This proofs the lemma. O

= 2k exp(2tro)|le(t)||* + exp(2tko)

A common trick is to show that for ultra-wide neural-nets, all iterates stay in the set Wxrk; see,
e.g., work by Du et al.| (2018)); |/Arora et al.| (2019); |Lee et al. (2019). However, this requires a very
large width, in order to ensure that the weights move little (i.e., the NTK stays positive definite).
We assume the weights are well conditioned, thus we allow the weights to freely move away as
long as they stay in the well-conditioned region. This permits to provide a simpler proof of global
convergence. Note that we do not view this simplicity as a major contribution in theory, since we
do need extra assumptions; instead, this simplicity is helpful for non-theory readers to understand
the essence of the convergence analysis, and also helpful for them to understand the importance of
weight spectrum.

D.2 CONVERGENCE OF CONTINUOUS DYNAMICS

For linear networks, the expression of the Jacobian is
( ) 8f9(x) x ®(WLWL,1...WQ> xn@(WLWL 1- Wg)
G(0) = (’) = e e
8Wj WL,1...W1(E1®I W Wll'n®f

There are P = dody + - - - 4+ d—1dy, rows, and ndy, = nd,, columns.

The assumption on the architecture is that it is a pyramid-like structure.

Assumption D.1 (Pyramid net) There exists some v € {1,...,L}, such that d,, = dr, < dr,—1 <
. Sd’r’anddx:dogdl <--- Sd'r

Define

Wlow(uh e 7“[1) = {9 = (Wh e 7WL) ‘ Umin(Wl) Z M, l= 1727 .. L}
Given a deep net that satisfies these assumptions, the exponential convergence of the gradient flow
defined via 0 — —VL(0(t)) can be shown:

dt

Theorem 2 Consider a deep linear network that satisfies Assumption [D.1] Assume n < d, and
suppose omin(X) > po > 0. Suppose the optimization trajectory (¢ ) of the gradient dynamics
satifiy 0(t) € Wiow (i1, - -, p1),0 < t < T. Define A = (pop1 - - - pr)?, then

I (0(t)) = F(07)]| < [|F(6(0)) — F(07) ] exp(—2tA),0 <t < T.
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Below, we provide the proof of the theorem. We present two technical results, and then provide the
proof at the end of this subsection (one line proof).

Claim D.1 Suppose A, Ap—1, ..., A1 are matrices of Size Ny X Ny —1, M—1 X Myp—2,  « -, N1 X
ng, where ny, > nyp—1 > ng. Suppose omin(A;) > wi,t = 1,...,m. Then the product M =
A A1 ... Aq satisfies omin(M) > pipis ... fom.

Proof of Claim D.lﬁ We first prove the following result: for a k1 x ko matrix A and ko X k3 matrix
B, where k1 > ko > ks,
Umin(AB) 2 Umin(A)Umin(B)~ (16)

This is proved by the following chain of inequalities:

Amin(BTATAB) = min u? BT AT ABu > Apin (AT A)|| Bul|? = Muin (AT A)u” BT Bu

flull=1

Z )\min (ATA) )\min (BTB) = Omin (A)ngill (B)2 .
Applying the result multiple times, we immediately obtain the desired result. a

Lemma 2 Consider a deep linear network that satisfies Assumption Assume n < d, and
Omin(X) > po. If a point 0 = (Wh,..., W) satisfies omin(W;) > for each l, then

Amin (K (0)) > (pop - - pur ).

Proof of Lemma Define Wy; = W;W;_1...W;. We write the [-th row as G| =
(Wi—11X) ® (Wry)T. which is a (dj—1d; x dyn) matrix. Then we can write the matrix
G(0) = [G1(0);G2(0);...;GL(0)]. According to Assumption and Claim we have
Omin(Wr1X) > popq ... . and amin(WEH_l) > Mpi1pt1 ---pr. By Theorem 4.2.15 of

Horn et al.| (1994), omin(Wya X ® Wg—:m_l) > pop1 - .. pr. Therefore, K = Zle GZTGZ =
GI+1GT+1 = (,UO,Ufl cee ,UL)QIH- |

Proof of Theorem |2 By Lemma[2|and Lemma|l} we immediately obtain the desired result. O

D.3 CONVERGENCE OF DISCRETE TIME GD: THEOREM AND DISCUSSION

Motivating works for the result. The idea of bounding spectrum has been around for a long time,
but rigorous theory only appears quite recently to our knowledge. |Pennington et al.| (2017); Xiao
et al. (2018;[2020) suggested that the spectrum of the input-output Jacobian or neural tangent kernel
(NTK) is important for training. Jacot et al. (2018)); |Du et al.| (2018); |/Allen-Zhu et al. (2019); Zou
et al. (2018) proved that if the NTK stays full rank, then gradient descent on wide neural networks
converges to global minima. Directly manipulating the spectrum of NTK is hard, thus one may
wonder whether manipulating the spectrum of weight matrices can ensure a full-rank NTK. For
multi-layer wide linear neural nets, [Hu et al.| (2020) proved that starting from orthogonal weight
matrices, the initial NTK is full-rank and stays full rank during training, thus converging to a global
minimum.

Our Theorem [I]is strongly motivated by the aforementioned progress in neural net theory, and the
proof framework somewhat resembles that of (Hu et al., [2020). The main differences with (Hu
et al.,[2020) are two-fold: first, they assume orthogonal initial point, and we assume arbitrary initial
spectrum (as long as weight matrices are full-rank); second, they directly prove convergence to
global-min, i.e., K = oo, but we do not provide a bound on K. It is not hard to derive our proof
based on (Hu et al.} 2020). Our contribution is not on presenting new proof techniques; rather, our
contribution mainly lies in proposing PC layer, and this theorem is just a direct motivation for our

purpose.

Previous theoretical works on convergence analysis [Hu et al. (2020); Jacot et al. (2018)); Du et al.
(2018); |Allen-Zhu et al. (2019); |Zou et al.| (2018)) are mainly interested in proving theoretical con-
vergence and do not directly relate the weight spectrum during training to to convergence rate; note
that of course the NTK spectrum is related to the convergence rate but these works do not present
direct methods to manipulate NTK spectrum during training. (Xiao et al., 2020), in some sense,
provides some “control” of the spectrum of the NTK by analyzing the condition number of the NTK
for difference cases, then potentially they provided guidance on how to choose a setting with good
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NTK spectrum. However, their result mainly applies to the initial NTK and requires large-width-
assumption to show NTK spectrum moves little during training, thus is not directly applicable for
controlling the spectrum during practical training.

In light of the above discussion, we choose to present Theorem [T]explicitly, to single out the impor-
tance of the weight matrix condition numbers.

Restatement of the theorem. Denote the initial point as ¢(0). Consider gradient descent with
constant stepsize

O(k+1)=0(k) —nVL®O)).
For any positive numbers 7y, . . ., 77, define the set

Wup(ﬁ, e ,TL) = {9 = (Wl, ey WL> | Umax(Wl) S Tl,Vl}.
We restate Theorem [T]using different notation.

Theorem 3 (restatement of Theorem (I) Consider a deep linear network that satisfies Assump-
tion Assume n < d, and suppose oyin(X) > po > 0. Assume

{0}y € Wap(T1, -+, 72) O Wiow (1, -+, ),k =0,1,..., K.
Assume 7, > 1and juy > 0,1 =1,..., L. Denote e(k) = F(0(k); X) — y. Suppose

B =LlXllorp .71 (le@O)I + [ X prr - 71) 0= (- 12)*Tmin (X)

Suppose the learning rate n = % Then we have

llek +1)]1* < (1—%)||€(k)|\27 k=1..., K (17)

Remark 1: Our result is really about a one-step reduction: if using stepsize 7, = 1/8; where
Bk = L| X|larr ... 71 (Jle(@(k)|| + | X ||F7L - - - 1), then Eq. holds. For simplicity of pre-
sentation, we use a fixed stepsize 1/8, where 5y = [ defined in the theorem statement. As
the algorithm converges, the error ||e(6(k))|| diminishes to 0, thus the dominant term should be
LI X |2l X # (1L - - - 71)2 If omin(Wi(k))|| > p and k(W (k)) < k; for k = 0,1,..., then the
2 2

asymptotic convergence rate is 1 — L‘ﬁ“x“ﬁiﬁ())(”(;‘@;’fﬁl)z <1— (Lyn(kr ... k1)%k(X)?)~L. The
total number of iterations to achieve error ||e(T)|| < e is at most

1
Lyn(ky ... 51)%k(X)?log ~.
€

This number is proportional to the product of the squared condition numbers of all weight matrices.
Thus reducing the condition numbers can reduce the number of iterations, and consequently increase
the convergence speed.

Remark 2: The extra assumption 7; > 1 is added to simplify the original constant 8 =
VL|X||27r - .71 /Zle ﬁ (lle(60)|l + [| X || FTL - - - 71) to the current form.

Remark 3: We fix § = L|| X |27z, ... 71 (||e(6(0))]| + || X ||p7r - . . 1) and pick a fixed stepsize n =
1/8. This is just for simplicity, and we can strengthen the statement a bit like many optimimzation
papers. First, we can pick any n < 1/ and then prove Eq. with a rate that depends on
n,p and 8. Second, we can change 8 = L|| X|l27r ... 71 (Jle(@O)|| + | X Frr ... 71) to 8 >
L X|lo7r ... 71 (|e(8(0))|| 4 || X|| 7 - . . 1) and then prove the same result.

Assumption of pyramid networks: Hu et al. (2020) analyze an equal-width linear network with
n < dy. We analyze a pyramid linear network, which covers the equal-width network as a special
case. Our assumption n < dj is the same as that of [Hu et al. (2020). This pyramid structure and
the assumption n < dy are used in lower bounding the minimum singular value of the NTK matrix.
The pyramid structure has been used in neural network theory studies (Nguyen & Hein,[2017). Note
that the assumption n < dj is less desirable; anyhow, we follow Hu et al. (2020) and keep this
assumption.

Assumption of bounded spectrum for K iterations: To understand the assumption and the essence
of the theorem, one needs to understand that there is a certain order of picking parameters. We first
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pick an initial point (0), then pick m1,...,7p, 1, ..., pr, such that the spectrum of W;(0) lie
n [, 7). These 7;’s and ;s can be larger than the spectrum range of W;(0). We then pick S
according to 7;’s, L, || X]||2, || X||F and the initial loss e(0). Then we run GD with the stepsize
1 = 1/ and generate a sequence (k). This sequence starts in the region R = Wy, (71,...,71) N
Wiow (41, - - -, o1 ), and may stay in R forever, or leave R at some point K. Within the region R, the
loss diminishes at a geometric rate. In case K = oo, the algorithm converges to global minimum;
even if K is not infinity but quite large, the algorithm can generate very small loss after K iterations.
Note, however, that we do not know a priori when the iterates will leave R. This is why other works
on neural networks try hard to bound the movement of the weights. We do not attempt to prove the
iterates stay in R; instead, we use this as a motivation: if we could improve the spectrum of weights
during training, then they may stay in R for longer time, and thus lead to smaller loss values.

Theory for networks with PC layers: Intuitively, adding PC layers can allow the weights to stay
in the region R for a longer time, but directly proving this is not easy and requires extra work. One
challenge is that the added PC layer has changed the structure of the neural net, thus the gradient has
a different form. Note that analyzing gradient descent with normalization layers is typically harder,
thus it is not surprising that the analysis of PC layers is also harder than the case without any extra
normalization. We leave the theoretical analysis of PC-layers for future study.

D.3.1 PROOF OF THEOREM/[I]

To prove this result, we need a few bounds.

Claim D.2 (G spectral norm bound) Consider a deep linear network of any shape. Assume
Umax(X) < 7o. If a POim 0 = (W17-~-aWL) satisﬁes O-max(VVl) < 7 fOr each 1, then
Amax (K (0)) < L(7o71 ... 71)?, or equivalently,

IG(0)]2 < VLtri ... 7L

Claim D.3 (F' is Lipschitz continuous) Consider a deep linear network of any shape. If a point
0 = (Wy,...,Wy) satisfies omax(W;) < 7, for each l, then

« A 1
|F(6:X) = F 6 X) | < 16 = 011X pre oy | =5

>

Claim D4 (G is Lipschitz continuous) Consider a deep linear network of any shape. Assume
Omax(X) < 719. If a point § = (Wy,..., W) satisfies omax(W;) < 7 for each l, then

1G©O) - G@)ll2 < V7 .. ﬁm@L”)W ol

Z

Lemma 3 Consider a deep linear network F(0;x) = Wy, ... Wix. Then
IVL(0; X) = VLEO; X)|| < BO)10 -0, V0,0 € Wap(r, ..., 70), (18)

where

0) = VLIX o7z .74 | Y =5 (le@) + 72 .. 7| X 7).

1
T2
i=1 T

Here e(6) = vec(F(0; X) —Y) is the estimation error and we consider 0 as a vectorized version of
all parameters, thus V L(0; X) is a vector.

Proof of Theorem [1}

The proof is a simple application of the standard convergence proof of gradient descent. Denote
dr = |le(k)]|*.

We prove by induction. Assume the result holds for 0,1,...,k — 1. Then we have F(0(k)) <
F(0(0)), i.e., e(6(k)) < e(0). This implies

BO(K)) < 5. (19)
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For simplicity, let us denote g(0) = VL(), and g, = VL(0(k)).
Denote 6, = —ngi = w(k + 1) — w(k). We obtain

L(w(k +1)) = L{w(k)) + gi 0% + /0 [9(0(k) + t1) — g(0(k))]" dpdt

1
< L(w(k)) + gi O +/O l9(0(k) + tdx) — g(0(k))|I[|o | dt.

According to Lemma3|and Eq.[19] we have ||g(6(k) +t0x) — g(0(k))|| < B(0(k))|[tox]| < BI[tdx]-
Plugging into the previous inequality, we get

1
Lluw(h + 1)) < Lw() +gFo+ [ B]t6] 15 ds
0
= Llw(k) — nllgell> + 3 877lgel?

— L(w(k)) %Hgkn?.

Recall that [lg(k)[* = [GO(K)e(@k)* > Aun(GOK)TGO(K)))|e(O(k ))II2 >
ulle(0(k))||?> = ¢r. Combining the two relations above, and by replacing £(w(k)), £(w(k + 1))

with 205, 20541, We get
I

Frsr < b — gm = (1= 3.

This completes the proof. o

D.3.2 PROOF OF CLAIMS ON LIPSCHITZ CONTINUITY

Proof of Claim [D.2}
We have |[W—1.1 X[ < [Wi—1[[[Wi[[IX]] < 7o71...7—1, and [[Wry|| < [[Wi|...[W] <
TLTL—1 .. T, thus Amax(Ki(0)) = Amax([(Wi= 11X) Wi— 11 X)) Amax([(Wra WE) <
Ve N
nXdj—1 di_1Xn ddel ledy
(re7—1...1)*(t0m1 ... 71-1)> = (7071 ...70)% Since this holds for each [, we have
Amax (K(0)) < L(ro71 ... 71)2. O
Proof of Claim [D.3}

|F(0; X) = F0; X)||p = |[Wr .. Wi X —WE. _ WX|p
<HWL W= WE W o X (|

_HZWL W W, = WHWiy . WA X | e

1 ~
<Tp...T1 E :HWz_Wz”Z”XHF
i=1 "

< TL...71|X||FJZLJ \IZIIW Will3-

zll

We can relax \/Zle |W; — W32 < \/ZZ.LZI |W; — Wil|2 = [|6 — ]|, thus obtaining the desired
result.

Proof of Claim Recall that G(6) = [G1(0); G2(0);...;GL(0)], in which Gi(0) =
(Wi—14X) @ (Wry)T. Similarly, denote Gy(0) = (W,_ 11X) (Wr.)T. We bound ||Gy(6) —
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Gy(6)]|2 as follows:

(Wi ... WiX —Wi_y ... Wi X||

-1
= > Wiy Wia (Wi = W) Wiy .. W X
=1
-1
< Z Wil [Wiga [[IWi = Will[[[Wi—|| ... [[Wal]| X]]
=1

-1 1
S ZTlfl .. .’7'1’7'0*||W7; —_ qu
i=1 Ti

Combining with W2 < TIf_[|[W;lla < TIi_,7;, we get

-1

o 1 -
I(Wi-1a X = Wi X) [l Wealle < 7o 1m0 Y :HWz - Will. (20)
i=1 "
Similarly,
L
. . 1 R
IWi—ia X2 Wea = Wralla < 7o .m0 Y ;HWz — Will. 2n
i=l "

1Gu(8) = Gi(O)l2 = (Wi 14 X) ® (Wra)" = (W11 X) @ (W) " |2
= [|[(Wic1aX = Wit1aX) @ (Wr)" + (W10 X) @ (Wra — Wea) ¥
<N (Wim1aX = Wit1aX) @ (W) 2 + (W10 X) @ (Wea = Wra) 72
= (W10 X = Wimia X) 2l Weallz + [Wimia X (|2l Wea — Wl

L
1 o
<TL...T1To *HWz'—WiHQ
T

i=1 "

L

L
< TL---TlTo\ X;:E\J Z; Wi — Wz“%

1 .
<7Tp...T1To ﬁ”‘g*@H-

=1 1

M=

In the last inequality we used \/Zle [W; — W2 < \/Zle Wi — W;||2 = |60 — 4]

Now we have

16(0) ~ GOl =\ hwex [(G0) - G107 (G10) - G0)]

= \l )\max

S \FLmlaxHGl(Q) — Gl(é)||2 S \/ETL ...T1To

> (Gu() — Gu(0)) T (Gu(6) — Gu(0)

=1

L

1 -
> Slo -9l
i=1 't

This completes the proof. o
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Figure 5: True spectrum and spectrum estimated by SN with one power iteration along the 100k iterations
training on CIFAR-10 with CNN (above) and ResNet (bottom).

Proof of Lemma [3} Recall that VL(6; X) = G(6)e(6), where e(f) = vec(F(0; X) — Y). When
6 € Q(c), by the definition of 2(c) we have ||e(0)| < ¢. Thus

IVL0; X) = VLEO:; X)|| = |G (0)e(0) — G(é)e(t‘))l\
< |G®) -G I+ 1G©)llzlle(6) — @)
=[lG(6) - G(0 I+ 1G(O) 2 [Ivee(F (65 X) — F(0; X))

Denote

N 1
F=VLIX|orp . iy | Y = Torod =7 - 71| X]|F,
i 7

Applying Claim [D.3] Claim[D.4]and Claim[D.2] we get
IVL(©0: X) = VLG; X)|

< #10=0lllle@®) + 16 — Ol X || rF —=—— - VLI X271 .. 72
WIIXII
=16 =017 (le®)]| + 1X [ 71 - - 71)
=116 — 6|7 ([le(O)]] + Tproa)
< |6 = 0|7 (¢ + Tprod) -
Since 8 = VI|[X||ay ... 711/ 1 & (c+ 71 ... 71| X]||F) , the result holds. O

E SUPPLEMENTARY MATERIAL FOR SECTION [3]

This section consists of more details of SN, and proofs of two results on spectrum of polynomials.

E.1 SPECTRAL NORMALIZATION AND ESTIMATED SPECTRAL NORM

For a given weight matrix W, Miyato et al.| (2018) uses one iteration of power iteration to update
w and v as follows: u + W+ro/||Wrv| and v + Wu/||Wo|| and let the estimated spectral norm

W = u"Wu/|ul|%. The spectral norm operator is then defined as SN(W) = W/||W|.

Miyato et al.| (2018) use “warm start”, i.e., the updated u and v at certain iteration k will be used at
iteration k£ + 1. Thus if W moves slowly (the weight is updated by SGD), then they are essentially
using multiple power iteration to estimate || ||. This may be why their estimation of the spectral
norm by “only one power iteration” is quite good.

In Fig.[5] we present the figures that show the true spectral norm and the estimated spectral norm by
the method of [Miyato et al.| (2018).
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E.2 PROOFS OF TECHNICAL RESULTS

E.2.1 PROOF OF CLAIM[3.1]

This is a standard proof in linear algebra. For completeness, we include it here. Since () is a real
symmetric matrix, we write its eigenvalue decomposition as Q = UAUT | where U € R™*™ is
an orthogonal matrix and A € R™*™ is a diagonal matrix with entries \;,4 = 1,...,m. There-

fore Q7 = '(UAUT)j = UNUT. Suppose §(z) = S r_,cial, then §(Q) = YF Q' =
S GUNUT = U(XE_, ¢;A7)UT. This is the eigenvalue decomposmon of §(Q), where U

is orthogonal and Zk e\ is a dlagonal matrix with entries >F iz CiX] = §(\;). Therefore the
eigenvalues of §(Q) are g()\ ),i=1,.

E.2.2 PROOF OF CLAIM[3.2]

For any polynomial p, we have
p(AAT)A = Ap(AT A). (22)

The proof is just one line: suppose p(z) = Zf:o a;x', then p(AAT)A = Zf:o a;(AAT)A =
K aiA(AT A)t = Ap(AT A).

Suppose the singular values of g(A) = p(AAT)A = Ap(AT A) are 51, ...,5y,

9(A ) = p(ATA)TATAp(ATA) =

52,

Then the eigenvalues of g(A ) g(A) g(A )
p(ATA)AT Ap(ATA) € R™ ™ are \| = 62,..., An
The eigenvalues of ATA are a% ..,02, thus by Claim [3.1, the eigenvalues of

»yYmo

p(ATA)AT Ap(AT A) are p(0?)o?p(o?),i=1,...,m

The above two descriptions of the eigenvalues of g(A) g(A) should be the same, thus we have
{p(c?)o?p(o?) | i = 1,....,m} = {62 | i = 1,. m}. Since singular values &;’s are non-
negative, these &;’s (i.e., the singular values of g(A )) are [p(02)|o; = |g(oi)|,i=1,...,n. O

F EXPERIMENTS: MORE DETAILS AND MORE RESULTS

We present more details of our experiments and also report further results.

Neural Net Structures: To compare PC and APC with other GAN training mechanisms, we con-
duct experiments on two low resolution datasets: CIFAR-10 (32x32) and STL-10 (48x48), and
three high resolution datasets: LSUN bedroom (128 x 128), LSUN bedroom (256x256) and LSUN
tower (256x256). Low resolution images are generated with both CNN and ResNet structure, fol-
lowing the setting of Miyato et al. (2018)). For the high resolution images we use a CNN structure.
Architecture details are listed Tab.[7] Tab. [8] Tab.[9]and Tab.[10]

Hyper-parameters: For all experiments, we use a batchsize of 64. For experiments on ResNet with
Diy = 5, weset 57 = 0 and B2 = 0.9 in Adam. For others, 5; = 0.5 and By = 0.999 are used
in Adam. Unless D;; = 5 is specified, D;; = 1 is always used across all experiments. We fix the
learning rate for both the generator and the discriminator to be 0.0002.

F.1 RESULTS ON CIFAR-10 AND STL-10 wiTH CNN

For all experiments on the CNN structure, we use the non-saturating log loss suggested by |Goodfel-
low et al.|(2014)). The log loss is given by

L'526; @) mmf Zlog ) +log(1 — D(G(=:)))
L]E;%(w = min —— Z 1og zi)))-

The results are summarized in Tab.[d] We found that PC deteriorates the performance for both degree
3 and degree 7. More specifically, SN-GAN achieves an FID score 28.07 on CIFAR-10 and 44.06
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Figure 6: Condition number evolution of all convolution layers in the CNN during the training on CIFAR-10
for (a) SN, (b) FPC deg-3, (c) FPC deg-7 and (d) APC and the corresponding FID.

on STL-10, which is reasonably goo However, applying PC-GAN with deg-3 precondtioner or
deg-7 preconditioner achieves worse or similar FID scores (30.34, 32.38 vs. 28.13; 43.89, 46.18 vs.
44.06).

We conjecture that PC hurts in this scenario because it is not “proper”: conditioning is already good
enough, so preconditioning does not help. We verify this conjecture by computing the condition
numbers: for SN the largest condition number is around 12, which is indeed quite good. Applying
PC-GAN with deg-3 and deg-7 precondtioner reduces the condition numbers to below 6, and to
below 2.2, respectively, and the majority of the condition numbers are close to 1. Preconditioning
clearly “overshoots.” (See Fig. [( When conditioning is already good, preconditioning only slightly
improves the optimization, but the benefit is offset by harming the network’s expressivity.

APC experiments support our hypothesis that proper PC can improve the performance. APC
achieves an FID of 26.80 on CIFAR-10 and 42.43 on STL-10. If PC hurts the performance, it is
likely due to strong preconditioning which reduces the representation power. It can be corrected
by properly adjusting PC. A good strategy to apply PC is to apply a proper preconditioner only to
not-well-conditioned layers.

F.2 RESULTS ON CIFAR-10 AND STL-10 wiTH RESNET

And for all experimetns on the ResNet structure, we use the non-saturating hinge loss (Miyato et al.,
2018)), which is

. . 1 .
L%lnge(e; G) = mgin o X:Inaux(()7 1 — Dg(x;)) + Z max(0,1 4+ Do(G(z)) | ,

LA™ (w; D) = H{gn_% ZD(GM(Zi))'

The results are listed in Tab. 4]

'FID 28.07 and 44.06 are reasonably good for this architecture; changing to other architectures such as
ResNet can improve to 23 and 41, but we shall compare for a fixed architecture.
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CIFAR-10 STL-10

Inception Score T FID | \Inception Score T FID |
Real Dataset [ 11.24+0.19 5.18 [24.45i0‘41 5.34
Standard CNN
BatchNorm 6.2740.10 49.13 8.01£0.07 50.38
WGAN-GP 6.68+0.06 39.66 8.11+0.09 55.64
Weight Norm 6.9640.06 37.69 7.124+0.08 55.39
Orthogonal Reg 6.67+0.09 33.41 7.80£0.09 51.27
Spectral Norm 7.4240.08 28.07 8.32+0.10 44.06
SVD 7.28+0.08 27.74 8.34+0.06 44.29
FPC; deg-3 7.2740.05 30.34 8.06£0.08 43.89
FPC; deg-7 7.00+0.08 32.38 7.99+0.07 46.18
APC 7.46+0.09 26.80 (27.28+0.34) |8.42+0.09 42.49 (42.90£0.30)
ResNet; D;; = 1
Spectral Norm 4.82+0.05 84.74 4.25+0.02 169.58
Spectral Norm (2x updates) |5.13+0.07 77.85 4.524+0.03 147.90
SVD 7.97+0.87 22.61 8.32+0.02 51.18
SVD (2x updates) 8.01+0.08 20.75 8.96+0.09 38.01
FPC; deg-3 7.8940.10 21.68 9.2240.10 40.95
FPC; deg-3 (2x updates) 8.2540.08 20.09 9.46+£0.14 33.99
FPC; deg-7 8.05£0.13 22.41 9.284+0.16 37.19
FPC; deg-7 (2x updates) 8.16+£0.04 19.31 9.344+0.11 34.28
APC 8.04£0.09 21.66 (22.21£0.34) |9.274+0.14 44.52 (45.17£0.75)
APC (2x updates) 8.16+0.11 19.53 (19.81£0.27)|9.34+0.14 34.08 (34.52+0.49)
ResNet; Dy = 5
Spectral Norm 7.8740.08 23.80 8.87£0.07 36.33
SVD 7.92+0.06 22.31 9.24+0.06 36.85
FPC; deg-3 7.8540.12 22.60 9.2140.06 36.02
FPC; deg-7 7.93+0.09 21.79 8.94+0.13 41.96
APC 8.00+0.13 20.32 (20.80£0.35) |9.24+0.08 34.94 (35.73£0.56)

Table 4: Inception score (IS) (higher is better) and Frechét Inception distance (FID) (lower is better) on CIFAR-
10 and STL-10. For APC, across 3 runs we report the best score (across runs and iterations) as well as in
parenthesis is averaged (across runs) best (across iterations) mean and std.

D;; = 1: We run all baselines and PC-GANSs for 200k iterations. We find that for CIFAR-10,
both SVD and PC-GANs can converge within 100k iterations. One remarkable point is that APC-
D;; = 1 can beat the SN-D;; = 5 by 2 FID scores (21.66 vs. 23.80) using just 100k iterations,
i.e., using only 1/3 of the training time (Fig. [4(b)). And with 200k iterations, APC-D;; = 1 can
improve SN-D;; = 5 by 4 FID scores (19.53 vs. 23.80), using 2/3 of the training time. Both SVD
and PC-GANs need 200k iterations to converge on the STL-10 dataset. APC-GAN-D;; = 1 can
beat both SVD-D;; = 1 and SN-D;; = 5 by 4 FID scores (34.08 vs. 38.01) and 2 FID scores (34.08
vs. 36.66).

D;; = 5: We run all experiments for 100k iterations. We find D;; = 5 is a hard case, since all
baselines are well-trained under this setting. But with proper PC layers, APC can still improve the
FID scores by approximate 2 scores.

EMA: Since training stability and convergence are two orthogonal problems in GAN training, we
claim that applying EMA can further improve the performance of PC. The EMA generator applies
a weighted averaging across all the generators along the training process. Specifically, the EMA
generator at the ¢ iteration is obtained as follows:

wiga = Buwga) + (1 — Buw®, (23)

where w](z?\,)[ A= w(® and w® are the original generator parameters. Due to the weighted averaging
trick, EMA can speed up convergence. We apply EMA on all baselines and PC-GAN. We set the
B = 0.9999 for all experiments and provide results in Tab.[5]
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CIFAR-10 STL-10

Inception Score T FID | \Inception Score T FID |
Real Dataset [11.2440.19 5.18 |24.454+0.41 5.34
Standard CNN
Spectral Norm 7.52+0.09 26.76 8.48+0.07 43.68
SVD 7.46+0.09 26.44 8.42+0.13 43.69
FPC; deg-3 7.43+0.11 27.70 8.07+0.11 43.51
FPC; deg-7 7.20+0.12 30.12 8.01+0.12 45.06
APC 7.64+0.08 25.30 (25.83+0.48) |8.52+0.06 41.48 (41.72+0.33)
ResNet; D;; = 1
Spectral Norm 5.11+0.03 80.99 4.37+£0.04 166.30
Spectral Norm (2x updates) |5.32+0.01 74.26 4.60+0.03 145.89
SVD 8.361+0.06 19.93 8.78+0.10 49.32
SVD (2x updates) 8.4240.08 18.23 9.1940.13 36.85
FPC; deg-3 8.6940.05 17.04 9.49+£0.11 32.95
FPC; deg-3 (2x updates) 8.754+0.10 16.17 9.624+0.10 32.36
FPC; deg-7 8.754+0.13 17.05 9.62+0.15 32.86
FPC; deg-7 (2x updates) 8.78+0.08 16.95 9.65+0.10 31.02
APC 8.931+0.14 16.20 (16.61+0.41) |9.62+0.15 36.39 (36.734+0.36)
APC (2x updates) 8.99+40.10 16.04 (16.06+0.02) [9.64+0.12 31.05 (31.4240.38)
ResNet; Dy = 5
Spectral Norm 8.37£0.13 20.98 9.1440.12 33.06
SVD 8.3010.07 19.22 9.50+0.07 33.17
FPC; deg-3 8.49+0.11 19.00 9.51+0.13 34.04
FPC; deg-7 8.4240.06 19.06 9.17+£0.11 39.46
APC 8.63+0.12 17.52 (17.9040.55) |9.59+0.12 31.76 (32.41+0.50)

Table 5: Inception score (IS) (higher is better) and Frechét Inception distance (FID) (lower is better) on CIFAR-
10 and STL-10 with EMA trick. For APC, across 3 runs we report the best score (across runs and iterations) as
well as in parenthesis averaged (across runs) best (across iterations) mean and std.

| degree-3  degree-5 degree-7 degree-9 APC

CIFAR-10 30.34 30.51 32.38 32.69 26.80
LSUN-bedroom 35.61 35.71 32.43 30.35 31.17

Table 6: FPC-GAN’s performance on CIFAR-10 and LSUN bedroom 256 with different degrees.

F.3 ROBUSTNESS OF APC-GAN

We also test the robustness of both SN-GAN and APC-GAN on different choices of hyper-
parameters. We study four learning rate (dlr, glr) choices and four choices for the Adam optimizer
parameters (31, 82). The setting details are listed in Fig.[7} We keep all other hyper-parameters iden-
tical. In Fig.[7} we show the SN-GAN and APC-GAN’s Inception Scores (IS) and FID scores on
STL-10 with CNN structure using these settings. We observe SN-GAN and APC-GAN are equally
robust w.r.t. the learning rate settings. APC-GAN also performs reasonably well with aggressive
momentum parameters (setting F and H) while SN-GAN performs less well.

F.4 FPC RESULTS WITH DIFFERENT DEGREES
To test how sensitive FPC-GAN to different degrees, we conduct a serious of FPC-GAN training
with degree 3, 5, 7, 9 on CIFAR-10 and LSUN-bedroom (256x256). The result is listed in Tab. @

We can see that FPC-GAN is robust to degree overall. But the optimal degree requires tuning. Thus,
APC-GAN is a automatic trade-off solution.

F.5 GENERATED SAMPLES
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setting glr  dIr [ B2 SN IS APC IS SNFID APC FID
A le-4 le-4 0.5 0.999 8.14£0.09 8.15+0.11 46.38 45.05
B 2¢e-4 le-4 0.5 0999 8.29+0.11 8.394+0.06 43.92 43.68
C Se-4 le-4 0.5 0999 8.28+0.07 8.20+0.08 44.96 43.77
D le-3 le-4 05 0.999 8.12+0.08 8.18+£0.05  46.08 4423
E 2e-4 2e-4 0.0 09 849+0.07 84640.12 42.24 41.29
F 2e-4 2e4 05 09 2.82+0.01 7.7240.09 181.27 57.41
G 2e-4 2e-4 05 0999 832+0.12 8.424+0.09 44.06 42.49
H 2e-4 2e-4 09 0999 5.18+0.04 6.62+0.10 95.36 69.31

Inception Score
oSk N W s U oo N o
TATmMON®>
TAaTmOoO®>

APC-GAN APC-GAN

Figure 7: Hyper-parameter settings we studied in the robustness experiments. IS (left) and FID (right) scores
on STL-10 with SN-GAN and APC-GAN.

(b) Discriminator

(a) Generator RGB image © € [—1,1]#*Wx3
z € R ~ N(0,1) 3 x 3, stride 1 conv, 64, LReLU 0.1
128 — h x wx 512, dense, linear 4 x 4, stride 2 conv, 128, LReLLU 0.1

3 x 3, stride 1 conv, 128, LReLU 0.1
4 x 4, stride 2 conv, 256, LReLLU 0.1

4 x 4, stride 2 deconv, 256, BN, ReLU
4 X 4, stride 2 deconv, 128, BN, ReLU 3 x 3, stride 1 conv, 256, LReLU 0.1
4 X 4, stride 2 deconv, 64, BN, ReL.U 4 x 4, stride 2 conv, 512, LReLU 0.1

3 x 3, stride 1 conv, 3, Tanh 3 x 3, stride 1 conv, 512, LReLLU 0.1

h X w x 512 — s, dense, linear

Table 7: CNN models for CIFAR-10 and STL-10 used in our experiments on image generation. h = w =
4,H = W = 32 for CIFAR-10. h = w = 6, H = W = 48 for STL-10.

(b) Discriminator

(a) Generator RGB image z € [—1, 1]32x32%3
z € R12 ~ N(0,1) ResBlock down 128
dense, 4 x 4 x 256 ResBlock down 128
ResBlock up 256 ResBlock 128
ResBlock up 256 ResBlock 128
ResBlock up 256 ReLU
BN, ReLU, 3 x 3 conv, 3 Tanh Global sum pooling
dense — 1

Table 8: Regular ResNet models for CIFAR-10 used in our experiments on image generation.
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(a) Generator
2z € R128 ~ N(0,1)
dense, 6 X 6 x 512
ResBlock up 256
ResBlock up 128
ResBlock up 64
BN, ReLLU, 3 x 3 conv, 3 Tanh

(b) Discriminator
RGB image € [—1,1]#8x48x3
ResBlock down 64
ResBlock down 128
ResBlock down 256
ResBlock down 512
ResBlock down 1024
ReLLU

Global sum pooling

dense — 1

Table 9: Regular ResNet models for STL-10 used in our experiments on image generation.

(a) Generator

z € R ~ N(0,1)

(b) Discriminator

128 — 4 x 4x 1024, dense, linear

4 x 4, stride 2 deconv, 512, BN, ReLU

RGB image x € [—1,1]7xWx3

4 x 4, stride 2 deconv, 256, BN, ReLU

4 x 4, stride 2 conv, 32, LReLU 0.1

4 x 4, stride 2 deconv, 128, BN, ReLU

4 x 4, stride 2 conv, 64, LReLLU 0.1

4 x 4, stride 2 deconv, 64, BN, ReLU

4 x 4, stride 2 conv, 128, LReLLU 0.1

4 x 4, stride 2 deconv, 32, BN, ReLU

4 x 4, stride 2 conv, 256, LReLU 0.1

4 x 4, stride 2 deconv, 16, BN, ReLU

4 x 4, stride 2 conv, 512, LReLLU 0.1

3 x 3, stride 1 conv, 16, BN, ReLU

4 x 4, stride 2 conv, 1024, LReLU 0.1

3 x 3, stride 1 conv, 3, Tanh

4 x 4 x 1024 — 1, dense, linear

Table 10: CNN models for LSUN 256 x 256 image generation.
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(i) FPC, deg-7

Figure 8: Generated CIFAR-10 samples using a CNN.
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1) APC, Dy = 1 (]) APC, D=5

Figure 9: Generated CIFAR-10 samples using a ResNet with Dj; = 1 (left) and D;; = 5 (right).
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b, e A ledd
i "\Lﬂ‘.'

(i) FPC, deg -7

Figure 10: Generated STL-10 samples using a CNN.
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(i) APC, D;y = 1 ) APC. Dy, — 5

Figure 11: Generated STL-10 samples using a ResNet with Di; = 1 (left) and D;; = 5 (right).
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(d) APC

Figure 12: Generated LSUN Bedroom 256 x 256 samples using CNN.
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Figure 13: Generated LSUN Living Room 256 x 256 samples using CNN.
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(d) APC

Figure 14: Generated LSUN Tower 256 x 256 samples using CNN.
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