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ABSTRACT

We propose a generalization error bound for a general family of deep neural net-
works based on the depth and width of the networks, as well as the spectral norm
of weight matrices. Through introducing a novel characterization of the Lips-
chitz properties of neural network family, we achieve a tighter generalization er-
ror bound. We further obtain a result that is free of linear dependence on norms
for bounded losses. Besides the general deep neural networks, our results can be
applied to derive new bounds for several popular architectures, including convolu-
tional neural networks (CNNs), residual networks (ResNets), and hyperspherical
networks (SphereNets). When achieving same generalization errors with previous
arts, our bounds allow for the choice of much larger parameter spaces of weight
matrices, inducing potentially stronger expressive ability for neural networks.

1 INTRODUCTION

We aim to provide a theoretical justification for the enormous success of deep neural networks
(DNNs) in real world applications (He et al., 2016; Collobert et al., 2011; Goodfellow et al., 2016).
In particular, our paper focuses on the generalization performance of a general class of DNNs.
The generalization bound is a powerful tool to characterize the predictive performance of a class of
learning models for unseen data. Early studies investigate the generalization ability of shallow neural
networks with no more than one hidden layer (Bartlett, 1998; Anthony & Bartlett, 2009). More
recently, studies on the generalization bounds of deep neural networks have received increasing
attention (Dinh et al., 2017; Bartlett et al., 2017; Golowich et al., 2017; Neyshabur et al., 2015;
2017). There are two major questions of our interest in these analysis of the generalization bounds:

(Q1) Can we establish tighter generalization error bounds for deep neural networks in terms of
the network dimensions and structure of the weight matrices?

(Q2) Can we develop generalization bounds for neural networks with special architectures?

For (Q1), (Neyshabur et al., 2015; Bartlett et al., 2017; Neyshabur et al., 2017; Golowich et al.,
2017) have established results that characterize the generalization bounds in terms of the depth
D and width p of networks and norms of rank-r weight matrices. For example, Neyshabur et al.
(2015) provide an exponential bound on D based on the Frobenius norm ||W; ||, where W is the
weight matrix of d-th layer; Bartlett et al. (2017); Neyshabur et al. (2017) provide a polynomial
bound on p and D based on ||[Wql|, (spectral norm) and ||[Wq|,; (sum of the Euclidean norms
for all rows of Wy). Golowich et al. (2017) provide a nearly size independent bound based on
[[Wqllg. Nevertheless, the generalization bound depends on other than the spectral norms of the
weight matrices may be too loose. In specific, | Wg/|p (||Wd||271) is in general /r (r) times larger
than ||Wy||,. Given m training data points and suppose |||, = 1 for ease of discussion, Bartlett
etal. (2017) and Neyshabur et al. (2017) demonstrate generalization error bounds as O(+/D3pr/m),

and Golowich et al. (2017) achieve a bound O (/2 min(m~=1/4, /D /m)), where O(-) represents
the rate by ignoring logarithmic factors. In comparison, we show a tighter generalization error bound
as O(y/Dpr/m), which is significantly smaller than existing results and achieved based on a new
Lipschitz analysis for DNNs in terms of both the input and weight matrices. We notice that some
recent results characterize the generalization bound in more structured ways, e.g., by considering
specific error-resilience parameters (Arora et al., 2018), which can achieve empirically improved
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Table 1: Comparison of existing results with ours on norm based generalization error bounds for
DNNs. For ease of illustration, we suppose the upper bound of input norm R and the Lipschitz
constant £ of the class of loss functions g~ are generic constants. We use By 2, Bgp, and Bga_s1
as the upper bounds of ||[Wlly, [|[Willg, and [[Wal|,, respectively. For notational convenience, we
suppose the width pg = p for all layers d = 1,. .., D. We further show the results when ||Wy||, =1
foralld =1,..., D, where ||Wy|p = ©(y/r) and || W], ; = O(r) in generic scenarios.

Generalization Bound Original Results [Wall, =1
Neyshabur et al. (2015) (@) (w\/#w : o <2DJED/2)
3/2
Bartlett et al. (2017) | O (“5\#5“ < b %) ) @ (@)
Neyshabur et al. (2017) | O (Hf’D\lﬁf“ \/DQp 25:1 gg;) o (%??)
Golowich etal. 2017) | O (T2, B - minD{%ﬁ, VaY [o(rPr min {3 /2})
Our results Theorem 1: O ( M\/%\/Dfpr) o ( %7)

generalization bounds than existing ones based on the norms of weight matrices. However, it is
not clear how the weight matrices explicitly control these parameters, which makes the results less
interpretable. Thus, we do not compare with these types of results. We summarize the comparison
between existing norm based generalization bounds with our results in Table 1, as well as the results
when ||[Wg]|, = 1 for more explicit comparison in terms of the network sizes (i.e, depth and width).

For (Q2), we consider several widely used architectures to demonstrate, including convolutional
neural networks (CNNs) (Krizhevsky et al., 2012), residual networks (ResNets) (He et al., 2016),
and hyperspherical networks (SphereNets) (Liu et al., 2017b). By taking their structures of weight
matrices into consideration, we provide tight characterization of their resulting capacities. In partic-
ular, we consider orthogonal filters and normalized weight matrices, which show good performance
in both optimization and generalization (Mishkin & Matas, 2015; Xie et al., 2017). This is closely
related with normalization frameworks, e.g., batch normalization (Ioffe & Szegedy, 2015) and layer
normalization (Ba et al., 2016), which have achieved great empirical performance (Liu et al., 2017a;
He et al., 2016). Take CNNs as an example. By incorporating the orthogonal structure of convolu-

tional filters, we achieve (’3((%) z V' Dk?/\/m), while Bartlett et al. (2017); Neyshabur et al. (2017)

~ D—1 ~

achieve O((%) > /D3p2//m) and Golowich et al. (2017) achieve O(p% min {%\/ﬁ’ \/%})
(rank(WW4) = p in CNNs), where k is the filter size that satisfies & < p and s is stride size that
is usually of the same order with k; see Section 4.1 for details. Here we achieve stronger results
in terms of both depth D and width p for CNNs, where our bound only depend on % rather than
p. Some recent result achieved results that is free of the linear dependence on the weight matrix
norms by considering networks with bounded outputs (Zhou & Feng, 2018). We can achieve similar
results using bounded loss functions as discussed in Section 3.2, but do not restrict ourselves to this
scenario in general. Analogous improvement is also attained for ResNets and SphereNets. In addi-
tion, we consider some widely used operations for width expansion and reduction, e.g., padding and
pooling, and show that they do not increase the generalization bound. Further numerical evaluation
is provided for quantitative comparison in Section 4.5.

Our tighter bounds result in potentially stronger expressive power, hence higher training/testing
accuracy for the DNNs. In particular, when achieving the same order of generalization errors, we
allow the choice of a larger parameter space with deeper/wider networks and larger matrix spectral
norms. We further show numerically that a larger parameter space can lead to better empirical
performance. Quantitative analysis for the expressive power of DNNs is of great interest on its
own, which includes (but not limited to) studying how well DNNs can approximate general class
of functions and distributions (Cybenko, 1989; Hornik et al., 1989; Funahashi, 1989; Barron, 1993;
1994; Lee et al., 2017; Petersen & Voigtlaender, 2017; Hanin & Sellke, 2017), and quantifying the
computation hardness of learning neural networks; see e.g., Shamir (2016); Eldan & Shamir (2016);
Song et al. (2017). We defer our investigation toward this to future efforts.
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Notation. Given an integer n > 0, we define [n] = {1,...,n}. Given a matrix A € R"*™,
we denote ||A|| as a generic norm, ||A||, as the spectral norm, || A as the Frobenius norm, and
[Ally; = 22— lAixll,. We use the standard notations O (-), © (-), and © (-) to denote limiting

behaviors ignoring constants, and O (-), © (-) and €2 (-) to further ignore logarithmic factors.

2 PRELIMINARIES

We provide a brief description of the DNNs. Given an input x € RP°, the output of a D-layer
network is defined as fpf Wp,x) = fw, (- fuy (x)) € RPP, where fw,(y) = oq (Wa-y) :
RP4-1 — RP4 with an entry-wise activation function o4(-). We specify o4 as the rectified linear
unit (ReLLU) activation (Nair & Hinton, 2010) for ease of discussion. The extension to more general
activations, e.g., Lipschitz continuous functions, is straightforward Then we denote DNNs with

bounded weight matrices Wp = {W,; € RP4*Pd- 1} _, and ranks as

Fo, . = {f Wp,z) |Vd € [D], Wy € Wp, ||Wa|| < Bg,rank (Wg) <74}, (1)
where © € RP? is an input, and { By} are real positive constants. We will specify the norm ||-|| and
the corresponding upper bounds By, e.g., ||-||, and By 2, or ||-|| and By g, when necessary.

Given a loss function g(+, -), we denote a class of loss functions measuring the discrepancy between

a DNN’s output f (Wp, ) and the corresponding observation y € ), for a given input z € X, as
G (Fo) = {9(f Wp,2),y) ER| 2 € X,y € Vi, f () € Fp i1}

where the sets of bounded inputs X,,, and the corresponding observations )/, are

X = {z; € RP | ||lz4]|, < Rforalli € [m]} C X and V,,, = {y; € [pp] forall i € [m]} C V.
Then the empirical Rademacher complexity (ERC) of G (]—' D7H'H) given X, and Y, is

m

sip =S e g (f Wo,2),3:)

FCEFD 1 T

Ron (G (Fo, 1)) = B

‘ Xm7ym] v @)

where {£1}™ € R™ is the set of vectors only containing entries +1 and —1, and ¢ € R™ is a vector
with Rademacher entries, i.e., ¢; = +1 or —1 with equal probabilities.

Take the classification as an example. For multi-class classification, suppose pp = Nclass 1S the
number of classes. Consider g with bounded outputs, namely the ramp risk. Specifically, for an
input z belonging to class y € [Nelass], we denote v = (f (Wp, 2)), — maxixy (f (Wb, x)),. For
a given real value v > 0, the class of ramp

risk functions with parameter v is G (}—DJI-H) = 0, v>ry

{9y (f Wp,2),9) |fp € Fp g} where g, is 97 (J OV.a)y) = 45 velbal @)
1 . . . . s v <0,
;-Lrpschrtz continuous, defined in (3). For conve-

nience, we denote g, (f Whp, x),y) as gy (f (Wb, x)) (or g4) in the rest of the paper.

Then the generalization error bound for PAC learning (Bartlett et al., 2017) (Lemma 3.1) states the
following. Given any real 6 € (0, 1) and g,, with probability at least 1 — J, we have that for any
f(-,+) € Fp,|.|» the generalization error is upper bounded with respect to (w.r.t.) the ERC satisfies

E [g“/ (f Wp,z))] - % ZZ1 Gy (f Wb, z)) <2Rp, (g'y (‘FD-,H-H)) + 34/ %. 4)

The right hand side of (4) is viewed as a guaranteed error bound for the gap between the testing and
the empirical training performance. Since the ERC is generally the dominating term in (4), a small
R is desired for DNNs given the loss function g,. Analogous results hold for regression tasks; see
e.g., Kearns & Vazirani (1994); Mohri et al. (2012) for details.

3  GENERALIZATION ERROR BOUND FOR DNNS

We introduce some additional notations first. Given any two layers ¢, j € [D] and input =, we denote
J{; as the Jacobian from layer i to layer j, i.e., fw, (- fw, (¥)) = J{; - x. For convenience, we

denote fyw, (z) = J§; -« wheni = j and denote J;?; = I wheni > j. Next we denote BJac as an

BJac T

upper bound of the norm of Jacobian for input = over the parameter, i.e., supyy,, H H2 < Bl
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3.1 A TIGHTER ERC BOUND FOR DNNSs

We first provide the ERC bound for the class of DNNs defined in (1) and Lipschitz loss functions in
the following theorem. The proof is provided in Appendix B.

Theorem 1. Let g, be a %-Lipschitz loss function and Fp )., be the class of DNNs defined in

(1), pg = p,rqg = rforalld € [D], B{‘jz2 = MaXge(p) e, Biizfq),ngZﬁ);D,z’ and ONet —

B ,.R\/D . B .
\d.2 m/rmaxa Bio o0 the ERC satisfies

SUPFEFD ||, o€Xm g~ (f(Wp,z))

R (G (Fp,j11,)) = O (R‘Hfl Bm/W) . s

TVm

Remark 1. Note that CN depends on the norm of Jacobian, which is significantly smaller than the
product of matrix norms that is exponential on D in general. For example, when we obtain the net-
work from stochastic gradient descent using randomly initialized weights, then B{iiz < 1, Ba,2-
Empirical distributions of B{fjlc_’2 and [[, Bq2 are provided in Appendix A.2, where B{ijg’s are
constants that are orders of magnitude smaller than [, By 2. Further experiment in Appendix A.3
shows that B{ilc,z has a dependence slower than some low degree poly(depth), rather than exponential

on the depth as in [], By 2. Thus, log C™Net can be considered as a constant almost independent of
D in practice. Even in the worst case that B{?;Q ~ [ [, Ba,2 (this almost never happens in practice),
our bound is still tighter than existing spectral norm based bounds (Bartlett et al., 2017; Neyshabur
et al., 2017) by an order of v/D. Also note that CN is a quantity (including B{ZCQ) only depending
on the training dataset, which is due to the fact that the ERC only depends on the training dataset.

For convenience, we treat R/~ as a constant here. We achieve O(I12_, By - /Dpr/m) in The-
orem 1, which is tighter than existing results based on the network sizes and norms of weight
matrices, as shown in Table 1. In particular, Neyshabur et al. (2015) show an exponential depen-
dence on D, i.e., O(2PTI2_, B4 r/+/m), which can be significantly larger than ours. Bartlett et al.
(2017); Neyshabur et al. (2017) demonstrate polynomial dependence on sizes and the spectral norm
of weights, i.e., O(T15_; Ba,2 - v/D3pr/m). Our result in (5) is tighter by an order of D, which is
significant in practice. More recently, Golowich et al. (2017) demonstrate a bound w.r.t the Frobe-

~ D
nius norm as O(IT7_, By - min { |/ %,m’i logi (m) /log (C))}), where C = B =1 Ba.r

SUPz e Xy, IfOWp )l *
This has a tighter dependence on network sizes. Nevertheless, ||,/ is generally /7 times larger
than ||W4||,, which results in an exponential dependence p”/? compared with the bound based on
the spectral norm. Moreover, log(C') is linear on D except that the stable ranks ||[Wql|g / ||[Wal|,
across all layers are close to 1 (rather than almost independent on D as in (5) without low-rank
constraints). In addition, it has m~3 dependence rather than m~2 except when D = O (y/m). Note
that our bound is based on a novel characterization of Lipschitz properties of DNNs, which may be
of independent interest from the learning theory point of view. We refer to Appendix B for details.

We also remark that when achieving the same order of generalization errors, we allow the choices of
larger dimensions (D, p) and spectral norms of weight matrices, which lead to stronger expressive
power for DNNs. For example, when achieving the same bound with ||Wg||, = 1 in spectral norm
based results (e.g. in ours) and ||IW;||p = 1 in Frobenius norm based results (e.g., in Golowich et al.
(2017)), they only have ||[Wy||, = O(1/+/r) in Frobenius norm based results. The later results in a
much smaller space for eligible weight matrices as r is of order p in general (i.e., r = Jp for some
constant 6 € (0, 1)), which may lead to weaker expressive ability of DNNs. We also demonstrate
numerically in Section 4.5 that when norms of weight matrices are constrained to be very small,
both training and testing performance degrade significantly. A quantitative analysis for the tradeoff
between the expressive ability and the generalization for DNNSs is deferred to a future effort.

3.2 A SPECTRAL NORM FREE ERC BOUND

When, in addition, the loss function is bounded, we have the ERC bound free of the linear depen-
dence on the spectral norm, as in the following corollary. The proof is provided in Appendix C.

Corollary 1. In addition to the conditions in Theorem 1, suppose we further let g, be bounded, i.e.,
|g~| < b. Then the ERC satisfies

Ron (9 (Fp.11,)) = © (min [l fu p} . fPorioe C) : (©6)

4
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The boundedness of G, holds for certain loss functions, e.g., the ramp risk defined in (3). When b
is constant (e.g., b = 1 for the ramp risk) and RHZ,?:1 Bg2 > v, we have that the ERC reduces to

O(+/Dpr/m). This is close to the VC dimension of DNNs, which can be significantly tighter than
existing norm based bounds in general. Similar norm free results hold for the architectures discussed
in Section 4 using argument for Corollary 1, which we skip due to space limit. Moreover, our bound
(6) is also tighter than recent results that are free of linear dependence on HdDzl Bg2 (Zhou &
Feng, 2018; Arora et al., 2018). Specifically, Zhou & Feng (2018) show that the generalization
bound for CNNs is O (D+/pr2/m), which results in a bound larger than (6) by O(v/Dr). Arora
et al. (2018) derive a bound for a compressed network in terms of some error-resilience parameters,
which is O(y/D3p?/m) since the cushion parameter therein is of the order ;» = O(1/,/p). Further
discussion is provided in Appendix A.1.

4 EXPLORING NETWORK STRUCTURES

The generic result in Section 3 does not highlight explicitly the potential impacts for specific struc-
tures of the networks. In this section, we consider several popular architectures of DNNs, including
convolutional neural networks (CNNs) (Krizhevsky et al., 2012), residual networks (ResNets) (He
et al., 2016), and hyperspherical networks (SphereNets) (Liu et al., 2017b), and provide sharp char-
acterization of the corresponding generalization bounds. In particular, we consider orthogonal filters
and normalized weight matrices, which have shown good performance in both optimization and gen-
eralization (Mishkin & Matas, 2015; Huang et al., 2017). Such constraints can be enforced using
regularizations on filters and weight matrices, which is very efficient to implement in practice. This
is also closely related with normalization approaches, e.g., batch normalization (Ioffe & Szegedy,
2015) and layer normalization (Ba et al., 2016), which have achieved tremendous empirical success.

4.1 CNNS WITH ORTHOGONAL FILTERS

CNNss are one of the most powerful architectures in deep learning, especially in tasks related to im-
ages and videos (Goodfellow et al., 2016). We consider a tight characterization of the generalization
bound for CNNs by generating the weight matrices using unit norm orthogonal filters, which has
shown great empirical performance (Huang et al., 2017; Xie et al., 2017). Specifically, we generate
the weight matrices using a circulant approach, as follows. For the convolutional operation at the d-
th layer, we have ng channels of convolution T

filters, each of which is generated from a kq- W, = [Wél)T. .. thnd)—r:| € RPaXPa-1_ (7)
dimensional feature using a stride side s4. Sup-

.. . [ w(@d) Qe ]
pose that s4 divides both k4 and pg_1, i.e., ki;l w0 g
Pd—1 : _ Mgpd—1 cRPd—1"Fd
:}I;ld Tor ar§ 1nltegers, ;he?n wehhave pdh— o 0err0 @) 0 ereeennnnn, 0
1s 1s equivalent to fixing the weight matrix at ) _ W"RS’ 5’47_/
the d-th layer to be generated as in (7), where Wy’ = SRt e - (8)
. Pd—1 .
for all j € [ng], each W5 e R7wa *Pe= @ 0 0@
is formed in a circulant-like way using a vector Wisgiykg "0 Wiy
w(®7) € R¥@ with unit norms for all 5 as in (8). L ERPa-17"d .

When the stride size sq = 1, Wéj ) corresponds to a standard circulant matrix (Davis, 2012). The
following lemma establishes that when {w(d’j )};zl are orthogonal vectors with unit Euclidean
norms, the generalization bound only depend on s4 and k4 that are independent of the width p,. The
proof is provided in Appendix D.

Corollary 2. Let g, be a %—Lipschitz and bounded loss function, i.e., |g,| < b, and F D, be the
class of CNNs defined in (1). Suppose the weight matrices in CNNs are formed as in (7) and (8)
with sq = s, kg = k, and s divides both k and pq for all d € [D], where {w(®9)}7* satisfies

wDTw® = 0 foralli,j € [ng] and i # j with Hw(d’j)H2 = 1forall j < ng. Denote ON =

i . p /Dmls
Bz BV D™/ . Then the ERC for CNNss satisfies
Supr}'D,”_‘b \EEXm, g~ (f(Wp,x))

Ron (G (Fp,j11,)) = O (min {RELZE 41 W) .
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Since ng < k in our setting, the ERC for CNNSs is proportional to v Dk?2 instead of v/Dpr. For the
orthogonal filtered considered in Corollary 2, we have |[Wyl|. = /pa and [[Wql|, ; = pa, which
lead to the bounds of CNNss in existing results in Table 2. In practice, one usually has kg < py,
which exhibit a significant improvement over existing results, i.e., v Dk2 < /D?3p2. Even without
the orthogonal constraint on filters, the rank 7 in CNNss is usually of the same order with width p,

which also makes the existing bound unde-
sirable. On the other hand, it is widely
used in practice that k; = usg for some
small constant ;1 > 1 in CNNs, then we

Table 2: Comparison with existing norm based
bounds of CNNs. We suppose IR and +y are generic
constants for ease of illustration. The results of
D/2 D/2 CNNs in existing works are obtained by substitut-

l;;ve( g(kd(/;d) )) <P resulted from ing the corresponding norms of the weight matri-
m Ay Dl ) ) ces generated by orthogonal filters, i.e., [|[Wy|l, =

Remark 2. We consider vector input in  /z7c 1/, — and |[W _
Corollary 2. For matrix inputs, e.g., images, /8- [Walle = v/P- and [Wallz, = p-

§imilar results ho}d by considering Vectoriz§d Generalization Bound CNNs
input and permuting columns of Wy. Specif- D
ically, suppose k4 and ,/pgs_1 are integers  Neyshabur et al. (2015) 0(2 \/‘%2 )
for ease of discussion. Consider the input as a () i
pa—1 dimensional vector obtained by vector- Bartlett et al. (2017) O <%)
izing a \/Pg—1 X /Dq—1 input matrix. When T
T . . . _ ~ (&) 2 .\/D3p2

the 2-dimensional (matrix) convolutional fil Neyshabur et al. (2017) O is NG
ters are of size \/ kg X v/kq, we form the rows i
of each Wéj ) by concatenating \/kq vectors  Golowich et al. (2017) | O (p% min {%ﬁ, 1/ %})
{w)}YEd padded with 0’s, each of which is ~ (%) 2 VoW
a concatenation of one row of the filter of size Our results o (#)
v/ kg with some zeros as follows:

w@D ... O covrvennn- wlvEa) ... .. O Qcvvvveveenne 0.

—— —— —_—— —— Y—- - -

crVFa eR\/Tim crvVFa eR\/Tim cRPd—1—+/Pd—1

Correspondingly, the stride size is Z—% on average and we have ||[Wg||, < ’;—j if Hw(j,i) Hz =1 for all
1, 7; see Appendix F for details. This is equivalent to permuting the columns of W, generated as in
(8) by vectorizing the matrix filters in order to validate the convolution of the filters with all patches
of the matrix input.

Remark 3. A more practical scenario for CNNs is when a network has a few fully connected layers
after the convolutional layers. Suppose we have D¢ convolutional layers and Dy fully connected
layers. From the analysis in Corollary 2, when s4 = k4 for convolutional layers and ||Wy||, = 1 for

fully connected layers, we have that the overall ERC satisfies O (1%7 VDS?:DF”)

4.2 RESNETS WITH STRUCTURED WEIGHT MATRICES

Residual networks (ResNets) (He et al., 2016) is one of the most powerful architectures that allows
training of tremendously deep networks. Then we denote the class of ResNets with bounded weight

matrices Vp = {Vy € Rraxaa}? 14y, — (U, € Ruaxpa1}) g

Given an input x € RP°, the output of a D-layer ResNet is defined as f (Vp,Up,z) =
fvo.up (- fun,on (7)) € RPP where fy, v, (x) = 0 (Vg - o (Ugz) + x). For any two layers 4, j €
[D] and input x, we denote J;2; as the Jacobian from layer i to layer j, i.e., fv, v, (- fv, v, (¥)) =

s L

Jiij - @, and Bj“;2 as an upper bound of the norm of Jacobian for input = over the parameter, i.e.,
Supyy, H I H2 < B,Ja]czm . We then provide an upper bound of the ERC for ResNets in the following
corollary. The proof is provided in Appendix E.

Corollary 3. Let g, be a %-Lipschitz and bounded loss function, i.e., |9v| < b, and ]:%I:I\HIQ be
the ResNets defined in (9) with p; = p and ¢4 = ¢ for all d € [D], B{*:iC,Q = MaXgc[D),zc Xy

B'I\a:;2 maxd(BVd72+BUd12)R m/q
Sque'FD,H~\|2’mEXm g«,(f(VD,VD,z))

BJac,m BJac,m and C«Net —

1:(d—1),22(d+1):D,2 . Then the ERC satisfies
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Rm (g’y (-F/%Ij\.uz)) =0 (min { R'Hgl(BV:YmBUd,erl)’b} . W) .

Compared with the D-layer networks without shortcuts (1), ResNets have a stronger dependence
on the input due to the shortcuts structure, which leads to (By, 2By, 2 + 1) dependence for each
layer. When By, » and By, o are of order 1/v/D, we still have [[}_, (Bv, 2Bu, 2 + 1) = O(1). This
partially explains the observation in practice that ResNets have good performance when the weight
matrices have relatively small scales. Also note that to achieve the same bound for R.n (G, (F3)..))»
we require By, , By, g < ¢, which leads to a much smaller parameter space than the space corre-
sponding to By, 2, By, 2 < c for the same c.

4.3 HYPERSPHERICAL NETWORKS

We also consider the hyperspherical networks (SphereNets) (Liu et al., 2017b), which demonstrate
improved performance than the vanilla DNNs. In specific, the SphereNets has the same architec-

ture with DNNs defined in (1), except that the weight matrix can be viewed as Wd = Sw,Wa,
where Sy, is a diagonal matrix with the ¢-th diagonal entries being the Euclidean norm of the
i-th row of W,. Note that we do not normalize the input x as in (Liu et al., 2017b) for ease

of the discussion. A direct result of applying Theorem 1 implies that R, (gv (]:SthH-Hz)) =

O(R- HdD:1 By, o -V Dpr/ (v4/m)). Such a self-normalization architecture has a benefit that BWd.Q

is small (close to 1) in general when the weights are spread out. In addition, it has lower com-
putational costs than the weight normalization based on the spectral norm directly, and improved
empirical results over batch normalization have been observed (Liu et al., 2017b;a).

4.4 EXTENSION TO WIDTH-CHANGE OPERATIONS

Change the width for certain layers is a widely used operation, e.g., for CNNs and ResNets,
which can be viewed as a linear transformation in many cases. In specific, denote z{% € Rra
as the output of the d-th layer. Then we can use a transformation matrix 7; € RPa+1%Pd to
denote the operation to change the dimension between the output of the d-th layer and the in-
put of the (d + 1)-th layer as fyw,,, (z{?) = o (Wayp1Ty2{¥). Denote the set of layers
with width changes by Zr C [D]. Combining with Theorem 1, we have that the ERC satisfies
Ron (G5 (Fpo1,)) = O R'HdDledQ'l:Iytj%THTtHz'\/TW
amples to show that II;c7,. | T%]|, is a size independent constant. We refer to Goodfellow et al.
(2016) for more operations of changing the width.

). Next, we illustrate several popular ex-

Width Expansion. Two popular types of width expansion are padding and 1 x 1 convolution. For
ease of discussion, suppose py4+1 = s - pq for some positive integer s > 1. Taking padding with O as
an example, where we plug in (s — 1) zeros before each entry of 2%} which is equivalent to setting
Ty € RPe*Pa with (Ty),; = 1if i = js, and (Ty),; = 0 otherwise. This implies that || Ty|, = 1.

For 1 x 1 convolution, suppose that the convolution features are {ci,...,cs}. Then we expand
width by performing convolution (essentially entry-wise product) using s features respectively. This
is equivalent to setting Ty € R*P¢*P4 with (Ty),; = cxifi = j+(k—1)sfork € [s], and (1y);; = 0

otherwise. It implies that | Ty||, = /> ;—; ¢7. When > _;_, ¢7 < 1, we have || Ty, < 1.

=1

Width Reduction. Two popular types of width reduction are average pooling and max pooling.

Suppose pgi1 = E£ is an integer for some positive integer s. For average pooling, we pool each

nonoverlapping s features into one feature. This is equivalent to setting T; € R *Pe with (Td)ij =
1/sif j = (i —1)s + k for k € [s], and (T;z),; = O otherwise. This implies that ||Tql[, = V1/s.

For max pooling, we choose the largest entry in each nonoverlapping feature segment of length s.
Denote the set I, = {(i — 1) x s+ 1,...,i-s}. This is equivalent to setting T;; € R *Pa with
(Ta);; = Vif [(z1);] > [(2{)| V k € Lo,k # j, and (Ty),; = O otherwise. This implies that

|Tall, = 1. For pooling with overlapping features, similar results hold.
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4.5 NUMERICAL EVALUATION

To better illustrate the difference between our result and existing ones, we demonstrate some com-

parison results in Figure 1 using real . ‘ ‘ ‘ s e
data. In specific, we train a simpli- syoor Y oe
fied VGG19-net (Simonyan & Zisser- 0 0w 0’; 00
man, 2014) using 3 x 3 convolution fil- 10" e 078
ters (with unit norm constraints) on the |
CIFAR-10 dataset (Krizhevsky & Hinton, <
2009). We first compare with the capacity vt
terms in Bartlett et al. (2017) (Boundl), 028
Neyshabur et al. (2017) (Bound2), and 1 vs @5 1100
Golowich et al. (2017) (Bound3) by ignor- Ours  Boundl Bound2 Bound3 Filter Norm
ing the common factor —Z= as follows: (a) (b)
yvm

D D Figure 1: Panel (a) shows comparison results for the

o Ours: G Ba2y\/ k> y_1 na sa;gne VGG19 network trained oE CIFARI10 using unit

B3, 2 norm filters. The vertical axis the corresponding bounds

By in the logarithmic scale. Panel (b) shows the training ac-
S b paBi, curacy (?E{d dlamond)', tegtmg accuracy (bl}le cross), and
e Bound2: II;_, Ba,2y | D?p 3 4, Bgd; the empirical generalization error using different scales
e Bound3: 12, Byrv/D of the filters listed on the horizontal axes.

e Boundl: 117 ;B> (ZdD:1

Note that since we may have more filters n4 than their dimension &, we do not assume orthogonality
here. Thus we simply use the upper bounds of norms B,; rather than the form as in Table 2. Follow-

ing the analysis of Theorem 1, we have (/k 37 nq dependence rather than /Dpr as k>S5, ng

is the total number free parameter for CNNs, where ng is the number of filters at d-th layer. Also
note that we ignore the logarithms factors in all bounds for simplicity and their empirical values are
small constants compared with the the dominating terms.

For the same network and corresponding weight matrices, we see from Figure 1 (a) that our result
(10 ~ 10°) is significantly smaller than Bartlett et al. (2017); Neyshabur et al. (2017) (10% ~ 107)
and Golowich et al. (2017) (10'* ~ 10'%). As we have discussed, our bound benefits from tighter
dependence on the dimensions. Note that k"2 | n, is approximately of order Dk?, which is sig-

nificantly smaller than (327, 33(2‘3%1/33’/23)3 in Bartlett et al. (2017) and D*p 32| paB3 /B3, in
Neyshabur et al. (2017) (both are of order D?pr). In addition, this verifies that spectral dependence
is significantly tighter than Frobenius norm dependence in Golowich et al. (2017). Further, we show
the training accuracy, testing accuracy, and the empirical generalization error using different scales
on the norm of the filters in Figure 1 (b). We see that the generalization errors decrease when the
norm of filters decreases. However, note that when the norms are too small, the accuracies drop
significantly due to a potentially much smaller parameter space. Thus, the scales (norms) of the
weight matrices should be nether too large (induce large generalization error) nor too small (induce
low accuracy) and choosing proper scales is important in practice as existing works have shown. On
the other hand, this also support our claim that when R, (G, (Fp,j.;,)) (or other existing bound)
attains the same order with our R., (G, (Fp,j.,)), We have better training/testing performance.
Further experimental result that compare our bound (Corollary 1) with (Zhou & Feng, 2018; Arora
et al., 2018) in the bounded output case is provided in Appendix A.1.

We want to remark that all numerical evaluations are empirical estimation of the generalization
bounds, rather than their exact values. This is because all existing bounds requires to take uniform
bounds of some quantities on parameters or the supremum value over the entire space, which is em-
pirically not accessible. For example, in the case that when it involve the upper/lower bound of quan-
tities (norm, rank, or other parameters) depending on weight matrices, theoretically we should take
the values of their upper/lower bounds (this leads to worse empirical bounds) rather than estimating
them from the training process; or in the case that the bounds involve some quantities depending on
the supremum over the entire parameter space, numerical evaluations cannot exhaust the entire pa-
rameter space to reach the supremum (Bartlett et al., 2017; Golowich et al., 2017; Neyshabur et al.,
2015; 2017; Zhou & Feng, 2018; Arora et al., 2018). Our experiments here (including Appendix A)
cannot avoid such restrictions, but the comparison is fair across various bounds as they are obtained
from the same training process.
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A EXTENDED NUMERICAL RESULTS

A.1 COMPARISON WITH EXISTING RESULTS WITH BOUNDED OUTPUT

We compared our norms based bound with several other norm based results in Section 4.5. In
this section, we further compare our result with bounded output in Corollary 1 with Zhou & Feng
(2018); Arora et al. (2018). Analogous to Section 4.5, we train a simplified VGG19-net (Simonyan
& Zisserman, 2014) using 3 x 3 convolution filters (with unit norm constraints) on the CIFAR-10
dataset (Krizhevsky & Hinton, 2009). We compare with the capacity terms in Zhou & Feng (2018)
(Bound 1) and Arora et al. (2018) (Bound 2) by ignoring the factor VL as follows:

Vm
e Ours: by/k Y2, ng. Note that b = 1 in this case.

e Boundl: \/ Dk chz)=1 rank(Wy) - ngq. Note that their activation functions for the interme-

diate layers are sigmoid and the last layer is softmax, with squared error, which essentially
has a bounded output. We also take the last layer as convolution layer for ease of discussion.

fWp,z)|ly - CDB,/ Y l[lchfép , where C' = (1) is the activa-

tion contraction, 3 = (1) is the well-distributed Jacobian, ;1 = O(1/,/p) is the layer
cushion, and p4—, = O(1/,/p) is the interlayer cushion. See more details in Arora et al.
(2018).

e Bound2: max,cx

m

10°

104 L

10° | 1
10% ¢ -
‘| I |

Ours Bound1 Bound?2

Figure 2: Comparison results for the same VGG19 network trained on CIFAR10. The vertical axis
is the corresponding bounds in the logarithmic scale.

The resulting bounds on the trained networks are provided in Figure 2. We observe that our bound is
smaller than Zhou & Feng (2018); Arora et al. (2018) by at least an order of magnitude. Specifically,
our bound is of order ~ 102, while Zhou & Feng (2018) result in a bound of order > 10% and Arora
et al. (2018) result in a bound of order > 10%. This coincide with our discussion in Section 3.2 and
allows us to obtain non-vacuous bound (generalization bound < 1) with moderate training sample
sizes (e.g., m = §(10%)). Also note that compared with the norm based based results in Figure 1,
the results here based on the bounded output are significantly tighter in general. We regard this as
a trade-off between the looser norm based bounds that allow more explicit interpretability in terms
of the weight matrix structures and the tighter bounds that are more obscure in terms of dependence
on the network structures. A result that have both merits are desired as a future direction.

A.2 COMPARISON BETWEEN B{?fz AND [], Ba2

We demonstrate the empirical difference between B{'ﬁ o and [ ], Bg,2. Using the same setting of the
network and dataset as above, we provide the empirical distribution of 3{252 and [ [, B 2 over the

training set using different random initializations of weight matrices, which is provided in Figure 3.
We can observe that the values of B{":;Q are approximately 2 orders smaller than the values of
Jac

11 4 Ba,2, which support our claim that B\ 0.2 is a tighter quantification then [ 4 Ba2.

11
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26 28 30 32 34 2500 2700 2900

Jac
Byy, 1484,

Figure 3: Empirical distribution of B{ZCQ and [], B for the same VGG19 network trained on
CIFAR10.

A.3 DEPENDENCE OF B{/;CQ AND [], Bg2 ON DEPTH

We further provide an empirical evaluation to see how strong the quantities B{?;Q and [[, Ba
depend on the depth. Note that we use d as the variable for depth. Using the same setting as above,
we provide the magnitude of log B{ZC,Z and log [, Ba,2 in Figure 4. We also provide the plots
for log d and log d? as reference. We can observe that log [], Bg,2 has an approximately linear
dependence on the depth, which matches with our intuition. In terms of log B{‘:;,Q, we can see that it
has a significantly slower increasing rate than log [ [ ; B4,2. Compared with the reference plots log d
and log d?, we can observe even a slower rate than log d?. This further indicates that log B{if,z may
has a dependence slower than some low degree of poly(d).

1047 gac
o B, .
: s
% aBay .
13 - 3
0 o
»
.
d 7
1025 e
re -
- _Q-—G"G'e >
Lot - v oo
: B el
o
£
1OU§G-
2 4 6 8 10 12 14

Depth

Figure 4: Comparison results for the dependence of B{‘;CZ and [[, Bq,2 on depth. The horizontal

axes is the depth and the vertical axes is the values of corresponding quantities in the logarithmic
scale.

B PROOF OF THEOREM 1

We start with some definitions of notations. Given a vector x € RP, we denote z; as the i-th
entry, and x;.; as a sub-vector indexed from i-th to j-th entries of . Given a matrix A € R"*™,
we denote A;; as the entry corresponding to i-th row and j-th column, A;, (A,;) as the i-th row
(column), Az, 7, as a submatrix of A indexed by the set of rows Z; C [n] and columns Zy C [m].
Given two real values a,b € R*, we write a < (2)bif a < (>)cb for some generic constant ¢ > 0.

Our analysis is based on the characterization of the Lipschitz property of a given function on both
input and parameters. Such an idea can potentially provide tighter bound on the model capacity in
terms of these Lipschitz constants and the number of free parameters, including other architectures

12



Under review as a conference paper at ICLR 2019

of DNNs. We first provide an upper bound for the Lipschitz constant of f (Wp, x) in terms of the
input z.

Lemma 1. Given Wp, forany f (Wp,") € Fp.|, and z1, 72 € RP°, we have

D

If Wp,21) = f Wb, 22)ll < |2y — 22|y - [ Ba-
d=1

Proof. We prove by induction. Specifically, we have
If Wp,z1) — f Wp,z2)|ly = lo (Wpf Wp-1,21)) =0 (Wpf (Wp-1,72))ll,

< Wof Wo-1.01) = Wof Wp-1,22)l
<|Wopllz - [f Wp-1,21) = f Wp-1,22) |,
< Bp - [[f Wp-1,21) = f Wp-1,32)ll5,

where (7) comes from the entry-wise 1-Lipschitz continuity of o(-). For the first layer, we have

[f W1, 21) — f(Wh,22)|ly = [lo (Wizy) — o (Wpaa)|l, < [Wizs — Wiz,
< By |z — 2alfy -

By repeating the argument above, we complete the proof. O

Next, we provide an upper bound for the Lipschitz constant of f (Wp, x) in terms of the parameters
Whp.

Lemma 2. Given any = € RP° satisfying ||z||2 < R, for any f (Wp,z), f <WD,x) € Fp |,

1:(d—1),22(d+1):D,2°

. D
with Wp = {Wd}dD:1 and Wp = {Wd} , and denote B{ZC; = maxge(p] B facr | BROT

then we have

|£ Vp.2) = f (Wo.a)|| < Bl - RVD S W - Wall,
d=1

D
Proof. Given x and two sets of weight matrices {Wd} 1> {Wd} , we have
d=1"

[ws (s - @) = Fiy (i, (i, @)

o (o (1, (3, 9)) - o s (i, (-5, )

—~
.
=

I
NE

Ry
Il
-

2

o (- s (i, (- ))) = s (o (B, ()
(-

mu

U

1=
MU )

- HJdH :D de le ) J(d+1 0 fwa (de 1 ("'fW1 (m)))H2

A
>
S
=
<

U

Il
—

Mc

Batiyo [Watw,., (-+ I, @) = Wal,_, (b, @)

Il
—

Bt [Wa=Wal - |, (- @), 10

IN
© 1

where (4) is derived from adding and subtracting intermediate neural network functions recurrently,
where fiy, ( “ fWais ( fw, ( i, (@ )))) share the same output of activation functions from
d + 1-th layer to D-the layer with fiv, (fw,_, (--- fw, ())), (it) is from fixing the activation
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function output, and (77) is from the entry-wise 1-Lipschitz continuity of o(-). On the other hand,
for any d € [D], we further have

Jac,x
lfwa G- Sy @)y = [1T7.a - 2lly < Bg™ - Nzl - (11)
where (7) is from the entry-wise 1-Lipschitz continuity of o () and (¢4) is from recursively applying
the same argument.

In addition, we denote Wy = UV, and W, = U4V, where Ug, Vg, Uy, Vg € RP*" and U, =
g i e

[ =, = o v,
- HUdVdT — UV + UV - ﬁdf/dTH2
<0 v 7], + 7], | - 7]
2 2 2
<l (v =¥+ v - 1,) 02
F F
Applying (10) recursively and combining (11) and (12), we obtain the desired result as

HfWD (fwp s (- fy (2))) = fizr, (fWDﬂ ( - fw, (@))HZ
< iBi%D Bty el wall® (v - v+ o -7
d=1

D
< 8li5 - ~VDmpeBE S (v =]+ o -]
1

d=
D
< B . R\V2D - max BY? vl s lo—olf
= Bya2 max b o > =T .
d=1

O
Lemma 3. Suppose g(w,z) is L,-Lipschitz over w € R" with ||w|s < K and a =
SUP,eg vex,, |9(w, z)|. Then the ERC of G = {g(w, x)} satisfies
a4/ hlog KLwym
avh
Rm(G)=0
(©) S
Proof. For any w,w € R" and X,, = {;};,, we consider the matric A (g1,g2) =
maxg,ex,, |91(x;) — g2(x;)|, which satisfies
A(g1,92) = max [g1(z) = g2(2)| = g (w,2) — g (@, 2)] < Luy [Jw — w5 - (13)

Since g is a parametric function with h parameters, then we have the covering number of G under
the metric A in (13) satisfies
h
3KL
V. < (B

Then using the standard Dudley’s entropy integral bound on the ERC (Mohri et al., 2012), we have
the ERC satisfies

SUpg ¢ (9,0)
R (G <inf5+i " gAgO\/loNgAéd(S. 14
m()Nﬁ>0 \/a B g (7 7) ( )

Since we have

a= sup  Ag,0)= sup |g(w,z)|.
9€G,xE€X,, 9geEG,xEX
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Then we have

R (G) S mf BJr \/
hlog Kl ® o hlog
< 1nf 8+«

where (i) is obtained by taking 3 = a/h/m.

O

By definition, we have & = supse 7, |, s, 9 (f (Wp,z)). From Lemma 1 and ~-Lipschitz

continuity of g, we also have

D
< LR < R-TI, Bd’g.
v v

From Lemma 2, we have

L, < max Biilc; RvV2D maXBl/2
rEX,

Moreover, when pg = p for all d € [D], we have

D
K= Z ||Wd|\§ <+/pD- Inngd,g.
d=1
Combining the results above with Lemma 3 and h = 2Dpr, we have

a4/ hlog KL“"F
Rm (9) S

vm
Bl _.Ry/Dm/r-maxq B4, 2
B\q,2 )
R- Hd B \/Dpr log SUPfeFs |y, e Xm 97 (FWD.2))

YVm

<

C PROOF OF COROLLARY 1

The analysis follows Theorem 1, except that the bound for « in (15) satisfies
a < min Hdil ,
v
since ¢ satisfies |g| < b and %-Lipschitz continuous. Then we have the desired result.

D PROOF OF COROLLARY 2

We first show that using unit norm filters for all d € [D] and ng < kg, we have

W [kaq
= 7/
H d||2 3d7

First note that when ny = kg4, due to the orthogonality of {w(d’j ) }jil for all 4, q € [kq],

have

i( ’j)) =1 and Zw(dj) (d,J _

15

15)

(16)

i % q, we

A7)
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When ng = k4, we have for all i € [pg_1], the diagonal entries of Wd—r Wy satisfy

Wd Wd Z H(W(J)) ZZ ( (fl%{s)d (h71)sd)2 () IL (18)

. »
where (7) is from (17). For the off-diagonal entries of Wd Wy, ie., fori # q,1,q € [pg), we have

ka N T .
wiwa),, => (), (we),

j=1
kq
ka sq
— Zzw(d’j) . ( 2J)
(1%sq)+(h—1)sq (q%bd)-‘r(h 1)sq
=1 h=1
Do, (19)

where (4) is from (17). Combining (18) and (19), we have that WdT W is a diagonal matrix with

k k
[Wiwall, =52 = IWall, =/ 5

For ng < ny, we have that W is a row-wise submatrix of that when ng = kg, denoted as Wd. Let

ngkg
S € R a “P? be a row-wise submatrix of an identity matrix corresponding to sampling the row of
W to form W ;. Then we have that (16) holds, and since

= 2 kd
[ = JlIs - wawg - 575 = /=2
2 Sd
Suppose k; = --- = kp = k for ease of discussion. Then following the same argument as in the
proof of Theorem 1 and Lemma 3, we have
D k
R- L{_ By R- IId:l Sq
a= s g (f W) < Bdlim Ba Vo
fE€EFD, Al llg JLEX v Y
L, < max Bfg; R\/2Dk/s,
D ndg 9 D
K= 222 [wttd|]; = | > na, and
d=1j=1 d=1

D
h = and.
d=1

Using the fact that the number of parameters in each layer is no more than kng4 rather than 2pr, we

have
a4/ hlog KLuym
Rn (G) S a/h

NG

1P k D Bfﬁz ‘Ry/Dm/s
R-Tla Var \/k 2 d—17nalog SUPfeFp |, e Xm 97 (FOVD.2))
< i .
~J ')/ /m

E PROOF OF COROLLARY 3

The analysis is analogous to the proof for Theorem 1, but with different construction of the interme-
diate results. We first provide an upper bound for the Lipschitz constant of f (Vp,Up,x) in terms
of x.
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Lemma 4. Given Vp and Up, for any f (Vp,Up, ) € Fp,||I, and z1, z2 € RP°, we have

If Vp,Up,x1) — f (Vp,Up, x2)|ly < [l1 — 22|y - T, (Bu, 2By, +1). (20)

Proof. Consider the ResNet layer, for any 2, 2o € R¥, we have

Il.f (Vp,Up,z1) — f (Vp,Up, x2)|l,
= lfvo,up (- fua,on (1)) = fup,op (- fraon (@2)l5
=lo (Vb -0 (Up - fvp_svpr (- fravn (1)) + fvp_yup_s (- friu (21)))
—o (Vo o (Up - fvp_yups (o fraun @2) + fvo_sop_: (o fra,o (22))) H2

(1)
<|Vb-o(Up- fvp vps (- Frio (@1) = Vo -0 (Up - fup_yupy (- oo (22)))]],
+ HfVD—l’UD—l ( : 'fV1,U1 (xl)) - fVD—l’UD—l ( : 'fV1,U1 (xQ))HQ

(i)
< (IVpll 1UDNly + 1) - | fvp_rvps (- Fron (@1)) = fvp_yups (- furo, (@2))]], 5

where (4) is the fact that o is 1-Lipschitz, and (4¢) is from repeating the arguments of (¢) and (4:).
By recursively applying the argument above, we have the desired result. O

Next, we provide an upper bound for the Lipschitz constant of f (Vp,Up,x) in terms of Vp and
Up.

Lemma 5. Given any x € RP° satisfying ||z|2 < R, for any f (Vp,Up,z), f ()7D,Z/~1D,x) IS

: D D 3 =P o ~P
Fpp, with Vo = (V}2_ | tdp = (U2, Vp = {Vd}dzl, and Up = {Ud}dzl, and denote

Jac,xz __ Jac,z Jac,z
B\d’2 = maxqe[p) Bl:(dfl),QB(d+1):D,2’ then we have

ot - 1 (75

D _ 9 D _ 9
Jac,x
< BUS3 max (By,2 + Bu,2) RV2D ; Vo - |+ ; |ub =0 -
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D
Proof. Given z and two sets of weight matrices {W,;}>_ {Wd} , we have
- d=1

HfVD,UD (Fvovup G- Fron (@) = fo, 0, (ff/Dfl’(ijl ( -~ fo 6 ($)>)H

2

XD:fVD,UD (-.-de+17U<i+1 (fvd,ﬁd ("'))) — fvp.Up <"'de+1,Ud+1 (f‘N/mUd ("')))
d=1

<

+ fvp,up ("'fvd+1,Ud+1 (f\7d,Ud ())) — fvb,Up ("'fvd,Ud (f%fl,ﬁdfl ()))

. 2
< Z vaD,UD ("'deH,UdH (f%ﬁd ("'))) - fvo,Un ("'fvdﬂ,UdJrl (f\”/d’Ud ("')))H2
d=1 N
=3 o (- st (Fra, €)= S0 (- s (Fruns )
N d=1
=3 ‘ Jarv.p 9,0, (fvd717(7d71 (- ")) — Jlar:n " fv, v, (ff/d,l,ﬁd,l (- )) H2
d=1 .
+ HJ&+1>:D Soava (Frntus ) = Tenyn - Frava (F7,_0,, ) H2
. d=1
<> B e (e, ) = S (P, C0)|
d=1 N
+ ;Bg;ﬁw N owos (Fraras ) = Foas (s, )|
(i) & e ~
< B [Var (TS (0) = Vo (Ve i, )
d=1 N
3B Ve (Va- Sy, (o)) = Vao (Vs Fyy g, C0))
d=1

(i1) & . -

2 5 i (-l it o5 ) o,
where (¢) and (4¢) from the entry-wise 1-Lipschitz continuity of o(+). In addition, for any d € [D],
we further have

|5, (o0 @), = 120 3lle < BEGE ) -l @2)
Combining (21) and (22), we obtain
vaD,UD (S (@) = fo, 7, ( 19,8, (@)HQ
D
< 3 BiEyp By el (V= Val - Wl + 0= -7
d=1 .
< B mipx (B B ) RY - (Vi =i, + o =T )
d=1
D 2 D 2
< Bl e+ 2 1D | ool -,
d=1 d=1
[
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On the other hand, for any d € [D], we have

| fvava G fvron (@),

(1)
< HVd”Q ||UdH2 : ||de—17Ud—1 ( o thUl (I))H2 + ||de—17Ud—1 ( o fV17U1 (I))||2

(i) <&
< [TAVil T3l + 1) - ]l - (23)

i=1

where (7) is from the entry-wise 1-Lipschitz continuity of o(-) and (¢4) is from recursively applying
the same argument.

Letpy =---=pp =pand ¢ = --- = q¢p = q. Then following the same argument as in the proof
of Theorem 1 and (23), we have

R-TI5., (Bv, 2By, +1
a= s g (fVp,Vpa)) < Lz BraaBuaa £ 1)
JEFD, | g TEXm o

Lu < max By max (By, » + By, 2) RV2D,

D
K = | S Vally + 1Ually < VoD - max (B, 2 + Bu, ), and h = 2Dpa,
d=1

Combining Lemma 3, and Lemma 4, Lemma 5, we have
oy /hlog KLwym
R (9) < o/l
Jm
Blx maxd(BVd,2+BUd,2)R m/q >

D 3
R - Hd:l (BVd,QBUd,Q + 1) . \/qu . log (su;j:fp Il EEXm 9+ (f(VD,Vp,x))

yvm

<

F SPECTRAL BOUND FOR W; IN CNNS WITH MATRIX FILTERS

We provide further discussion on the upper bound of the spectral norm for the weight matrix Wy in
CNNs with matrix filters. In particular, by denoting W using submatrices as in (7), i.e.,

Wd _ |:W(§1)T L. Wd(nd)T:| T c dexpd,l’

we have that each block matrix W(Ej ) is of the form

Wy (1,1) w2 WY (L ypa)
Wi (2,1) w22 WP (2 ypa)

W[gj) <\/pd1kd,1> Wy) <\/pd1kd 2> Wogj) (\/pidlkd’\/m)

(24)
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where Wé]) (4,1) e R T VP forall i e {pz;lkd] and | € [\/pa_1]. Particularly, off-

diagonal blocks are zero matrices, i.e., W(gj ) (i,1) = 0 for ¢ # [. For diagonal blocks, we have

[ WOV g [ P wOVED gL 0 ]
—— —— — ——
erVFa . Pa=L kg ervV*d r RN
0---0wd Do eeeeee.. Ocvvemmnnnennnn w@VED gL 0
—_— —_— ——
Wi (i) = | ervha €8V /T VR eV €R T VRl
w({ﬂs)d }() ............ Ocvnennnn. wlVED L 0 wf{ﬂsi)}
WD Evm ervFa -V ]
(25)
. . _Sd_ . . Sd
where w({j;?} = wﬁ?’l.e)d € RVFa and w9 | = U € RV*a. Combining (24)
T . N Sd __Sd .
Vi () (mgn)am

and (25), we have that the stride for Wéj ) is ﬁ. Using the same analysis for Corollary 2. We have

Wally = Lif /3, lwGd |3 = &,

For image inputs, we need an even smaller matrix Wéj ) (i,7) with fewer rows than (25), denoted as

[ WD g Ocvvnrnnnnnnnns w VR gL 0 1
—_—— ———
erVFa E]R\/Tj/@ crVF*d " pi: R
0---0 wdD .o .. Ocvvemeenneennn w@VED g 0
—— —— —,, — _—
Wé]) (i,i) = ER\)ﬁj erv¥a r N erVFd " ZE Fa- i
[ P 0w Qe [ P wvka)
—— ——
R e L ] erVFa

(26)

Then ||[Wyl|, < 1 still holds if \/>, ||w(:) HZ = ’;—3 since Wy generated using (26) is a submatrix
of Wy generated using (25).
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