Under review as a conference paper at ICLR 2021

RETHINKING COMPRESSED CONVOLUTIONAL NEU-
RAL NETWORKS FROM A STATISTICAL PERSPECTIVE

Anonymous authors
Paper under double-blind review

ABSTRACT

Many designs have recently been proposed to improve the model efficiency of
convolutional neural networks (CNNs) at a fixed resource budget, while there is
a lack of theoretical analysis to justify them. This paper first formulates CNNs
with high-order inputs into statistical models, which have a special “Tucker-like”
formulation. This makes it possible to further conduct the sample complexity
analysis to CNNs as well as compressed CNNs via tensor decomposition. Tucker
and CP decompositions are commonly adopted to compress CNNs in the litera-
ture. The low rank assumption is usually imposed on the output channels, which
according to our study, may not be beneficial to obtain a computationally effi-
cient model while a similar accuracy can be maintained. Our finding is further
supported by ablation studies on CIFAR10, SVNH and UCF101 datasets.

1 INTRODUCTION

The introduction of AlexNet (Krizhevsky et al.,[2012)) spurred a line of research in 2D CNNs, which
progressively achieve high levels of accuracy in the domain of image recognition (Simonyan &
Zisserman), 2015 Szegedy et al.l [2015; |He et al), |2016; Huang et al., [2017). The current state-
of-the-art CNNss leave little room to achieve significant improvement on accuracy in learning still-
images, and attention has hence been diverted towards two directions. The first is to deploy deep
CNNs on mobile devices by removing redundancy from the over-parametrized network, and some
representative models include MobileNetV1 & V2 (Howard et al., 2017} Sandler et al.,[2018).

The second direction is to utilize CNNs to learn from higher-order inputs, for instance, video clips
(Tran et al., 2018}, [Hara et al.l 2017) or electronic health records (Cheng et al., [2016; [Suo et al.
2017). This area has not yet seen a widely-accepted state-of-the-art network. High-order kernel
tensors are usually required to account for the multiway dependence of the input. This notoriously
leads to heavy computational burden, as the number of parameters to be trained grows exponentially
with the dimension of inputs. Subsequently, model compression becomes the critical juncture to
guarantee the successful training and deployment of tensor CNNs.

Tensor methods for compressing CNNs. Denil et al.| (2013)) showed that there is huge redundancy
in network weights such that the entire network can be approximately recovered with a small fraction
of parameters. Tensor decomposition recently has been widely used to compress the weights in
a CNN network (Lebedev et al 2015; [Kim et al., 2016} [Kossaifi et al., 2020b; Hayashi et al.,
2019). Specifically, the weights at each layer are first summarized into a tensor, and then tensor
decomposition, CP or Tucker decomposition, can be applied to reduce the number of parameters.
Different tensor decomposition to convolution layers will lead to a variety of compressed CNN
block designs. For instance, the bottleneck block in ResNet (He et al., [2016)) corresponds to the
convolution kernel with a special Tucker low-rank structure, and the depthwise separable block
in MobileNetV1 (Howard et al.l [2017) and the inverted residual block in MobileNetV2 (Sandler
et al., 2018) correspond to the convolution kernel with special CP forms. All the above are for 2D
CNNgs, and |Kossaifi et al.| (2020b) and [Su et al.| (2018)) considered tensor decomposition to factorize
convolution kernels for higher-order tensor inputs.

Tensor decomposition can also be applied to fully-connected layers since they may introduce a large
number of parameters (Kossaifi et al.,[2017;[2020a); see also the discussions in Section 5. Moreover,
Kossaifi et al.| (2019) summarized all weights of a network into one single high-order tensor, and
then directly imposed a low-rank structure to achieve full network compression. While the idea is
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highly motivating, the proposed structure of the high-order tensor is heuristic and can be further
improved; see the discussions in Section 2.4.

Parameter efficiency of the above proposed architectures was heuristically justified by methods, such
as FLOPs counting, naive parameter counting and/or empirical running time. However, there is still
lack of a theoretical study to understand the mechanism of how tensor decomposition can compress
CNNs. This paper attempts to fill this gap from statistical perspectives.

Sample Complexity Analysis. |Du et al.[(2018a) first characterized the statistical sample complexity
of a CNN; see alsoWang et al.| (2019)) for compact autoregressive nets. Specifically, consider a CNN
model, y = Fenn(x, W) + &£, where y and @ are output and input, respectively, W contains all

weights and ¢ is an additive error. Given the trained and true underlying networks Fenn(x, W) and
Fenn(z, W), the root-mean-square prediction error is defined as

E(W) = \/ Eal Foxn(, W) — Foxx (, W¥)[2, ()

where W and W* are trained and true underlying weights, respectively, and F,, is the expectation
on x. The sample complexity analysis is to investigate how many samples are needed to guarantee a
given tolerance on the prediction error. It can also be used to detect the model redundancy. Consider
two nested CNNs, where F7 is more compressed than F5. Given the same true underlying networks,
when the prediction errors from trained F3 and F> are comparable, we then can argue that F5 has
redundant weights comparing with F;. As a result, conducting sample complexity analysis to CNNs
with higher order inputs will shed light on the compressing mechanism of popular compressed CNNs
via tensor decomposition.

The study in|Du et al.| (2018a) is limited to 1-dimensional convolution with a single kernel, followed
by weighted summation, and its theoretical analysis cannot be generalized to CNNs with compressed
layers. In comparison, our paper presents a more realistic modeling of CNN by introducing a gen-
eral N-dimensional convolution with multiple kernels, followed by an average pooling layer and a
fully-connected layer. The convolution kernel and fully-connected weights are in tensor forms, and
this allows us to explicitly model compressed CNNs via imposing low-rank assumption on weight
tensors. Moreover, we used an alternative technical tool, and a sharper upper bound on the sample
complexity can be obtained.

Our paper makes three main contributions:

1. We formulate CNNs with high-order inputs into statistical models, and show that they have an
explicit “Tucker-like” form.

2. The sample complexity analysis can then be conducted to CNNs as well as compressed CNNs
via tensor decomposition, with weak conditions allowing for time-dependent inputs like video data.

3. From theoretical analysis, we draw an interesting finding that forcing low dimensionality on
output channels may introduce unnecessary parameter redundancy to a compressed network.

1.1 COMPARISON WITH OTHER EXISTING WORKS

Deep neural networks are usually over-parametrized, yet empirically, they can generalize well. It
is an important topic in the literature to theoretically study the generalization ability of deep neural
networks, including deep CNNss (L1 et al., 2020} |Arora et al.,[2018])). The generalization error, defined
as the difference between test and training errors, is commonly used to evaluate such ability, and
many techniques have been developed to control its bound; see, for example, the VC dimension
(Vapnik, |2013)), the Rademacher complexity & covering number (Bartlett & Mendelson, 2002), the
norm-based capacity control (Neyshabur et al.l 2017} |Golowich et al., [2018; [Bartlett et al., 2017}
Neyshabur et al., 2015) and low-rank compression based methods (L1 et al., [2020; Zhou & Feng,
2018; |Arora et al.L[2018]). These works use a model-agnostic framework, and hence relies heavily on
explicit regularization such as weight decay, dropout or data augumentation, as well as algorithm-
based implicit regularization to remove the redundancy in the network.

We, however, attempt to theoretically explain how much compressibility is achieved in a compressed
network architecture. Specifically, we make a comparison between a CNN and its compressed
version, and makes theoretically-supported modification to the latter to further increase efficiency.
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Subsequently, our analysis requires an explicit formulation for the network architecture, which is
provided in Section 2, and the prediction error at (1)) is adopted as our evaluation criteria. We notice
that|Li et al.|(2020) also proposes to use the CP Layers to compress the weights in each convolution
layer. But their study is still model-agnostic, since the ranks of the underlying CP Layers depend
on the trained weights. In details, their proposed approach uses regularization assumptions on the
weights and hence, their derived theoretical bound is influenced by training and not suitable to
analyze the network design exclusively.

Other existing works, that aim to provide theoretical understanding for the neural networks, include
the understanding of parameter recovery with gradient-based algorithms for deep neural networks
(Zhong et al.| [2017b} [Fu et al., 2020; (Goel et al., 2018} Zhong et al., 2017a); the development of
other provably efficient algorithms (Cao & Gu, 2019; Du & Goel, |2018); and the investigation of
convergence in an over-parameterized regime (Allen-Zhu et al.| 2019} |Li & Liang, 2018} |Du et al.,
2018b). Our work differs greatly from these works in both target and methodology. We do not
consider computational complexity or algorithm convergence. Instead, we focus on the statistical
sample complexity to depict the mechanism of compressed block designs for CNNs.

2 FORMULATING CNNS WITH HIGHER-ORDER INPUTS

2.1 NOTATION

Tensor notations. We follow the notations in [Kolda & Bader| (2009)) to denote vectors by low-
ercase boldface letters, e.g. a; matrices by capital boldface letters, e.g. A, tensors of order 3
or higher by Euler script boldface letters, e.g. A. For an N'"-order tensor A € R XN de-
note its elements by A(iy,i2,...,in) and the n-mode unfolding by A, where the columns
of A, are the n-mode vectors of A, for 1 < n < N. And A(:,--- ,in,---,:) denotes
the subtensor of A, holding only the n™ index fixed. The vectorization operation is denoted
by vec(:). The inner product of two tensors A, B € RIXXIv jg defined as (A, B) =
Di iy AL, . in)Bli, . .., in), and the Frobenius norm is [|A[[r = /(A, A). The
mode-n multiplication x,, of a tensor A € RU“>**I~N and a matrix B € RP~*!» is defined as
(A Xy B) (i, s yin) = 50—y Alin, iy i) B(jny i), for 1 < n < N, respec-
tively. The mode-n multiplication x  of a tensor A € R/ ¥ X!~ and a vector b € R is defined
as (AXb)(it, .. in—1,ins1s--yin) = S0 Alit, o yin, ... in)b(in), for 1 < n < N.

The symbol “®” is the Kronecker product and “o” is the outer product. We extend the definition
of Khatri-Rao product to tensors: given tensors A € RUXI2XInXK and B ¢ RP1Xp2X- Py XK
their Khatri-Rao product is a tensor of size R!1P1xt2p2X--InpN XK denoted by € = A © B, where

e(,,k):./q(,,k)@g(,,k),lSkSK

CP decomposition. The Canonical Polyadic (CP) decomposition (Kolda & Bader, |2009) factorizes

the tensor A € R> %N into a sum of rank-1 tensors, i.e. A = Zle arhtV ohtP o o BV,

where hS«j) is a unit norm vector of size R% forall 1 < 7 < N. The CP rank is the number of rank-1
tensors R.

Tucker decomposition. The Tucker ranks of an N"-order tensor A € R1 X!~ are defined as the
matrix ranks of the unfoldings of A along all modes. If the Tucker ranks of A are (R1,..., Rx),
then there exist a core tensor G € RF1XXE~N and matrices H® e RY%*Ei such that A =
G x1 HY xy H® ... x5y H™) known as Tucker decomposition (Tucker, [1966),

A7 y®

i3 7=
(1) |A Conv EEEEE Pool @ Fully-Connected . ol — m’
W oo *pen |-

A 1 I B

T

(2)
U i

1
xc € RMaxXmzxmsy qu € RP1XP2%P3 U§1)

dyxdyxd (1) (2) (3)
X € R%1xdzxd3 A X Uy " X Uy” X3 Uy,

Figure 1: (1) 3-layer CNN for a 3D input X with one kernel tensor A, average pooling, and fully-
connected weights B. (2) Ui(j] s act as positioning factors. The white spaces indicate zero entries.
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2.2 BASIC THREE-LAYER CNNS

Consider a three-layer CNN with one convolution, one average pooling and one fully-connected
layers, and we assume linear activations for simplicity. Specifically, for a general tensor-structured
input X € R&xd2xxdn e first perform its convolution with an N™-order kernel tensor
A € RlaxlzxxIn 1o get an intermediate output X, € R™1X™m2X XM~ and then use average pool-
ing with pooling sizes (g1, - - ,gn) to derive another intermediate output X, € RP1*P2X-XpPn,
Finally, X, goes through a fully-connected layer, with weight tensor B € RP1XP2X""XPN tg pro-
duce a scalar output; see Figurel).

We consider the convolution layer with the stride size of s. along each dimension. Assume that
mj = (d; —lj)/sc + 1 are integers for 1 < j < N, otherwise zero-padding will be needed. Let

v = 0 I 0 JeR“forl<i;<m, 1<j<N, )
J ~— M~ ~—~ :

(3j—1)se U dj—(ij—1)sc—1;
which act as positioning factors to stretch the kernel tensor A into a tensor of the same size as X,
while the rest of entries are filled with zeros; see Figure 2). As aresult, X, has entries

xc(il7i27"'aiN) = <x7‘A’ X1 U’L(ll) X2 U’L(22) X3 XN Ul(szV)>

For the pooling layer with the stride size of s, along each dimension, we assume the pool-
ing sizes {qj}évzl satisfy the relationship of m; = ¢; + (p; — 1)s,, so the sliding windows
can be overlapped. But for ease of notation, we can simply take ¢; = m;/p;. The average
pooling operation is equivalent to forming p;pops - - - py consecutive blocks within X, each of
size R? > 492> X4N - and then take the average per block. The resulting tensor X, has entries

Xeplin,ia, ... in) = (Hj q;)7? Zj Zfﬁ(ij_l)qj+1x6(kl’k2’""kN)’ for1 < i; < p; and

1 < j < N. If we denote U }])lj = qj_1 Z;?':q’('ij_l)qj 1 U,gj ), then equivalently,

xcp(il,ig,...,iN) = <?C,A X1 U_;_—l’)“ X9 U;_—%ZQ X3+ XN U_;_-J’\Z)N>

The fully-connected layer performs a weighted summation over X.,, with weights given by entries
of the tensor B € RP1*P2X""XPN _ Denote Uj(ﬁ) = (Ug)l, e ,U](,_g’)p],) for1 < j < N, and the
predicted output has the form of

J = (Xep, B) = (X, (B A) 1 UL 2 UL x5 xn ULY).

Similarly, for a CNN with K kernels, denote {Ax, By }X | to be the set of kernels and fully-
connected weights, where B, € RP1XP2XXPN and A, € RI*E2XXIv  The model can then
be explicitly represented by

Y=7 4= (X W)+ 1<i<n, 3)

where ¢ is the additive error, X' € R %d2%xdn and the composite weight tensor

K
WX:(Z‘.Bk ® Ap) X1 U(fl) X5 U(F2) g+ Xn U.;_N)' @
k=1

The innate weight-sharing compactness of CNN can be equivalently represented as a “Tucker-like”

form at . The factor matrices {U](_g ) € RG*bps }§V=1 are fixed and solely determined by CNN
operations on the inputs. They have full column ranks given that p;/; < d; always holds. The core
tensor is a special Kronecker product that depicts the layer-wise interaction between weights.

2.3 SAMPLE COMPLEXITY ANALYSIS

We can now derive the non-asymptotic error bound for the CNN model. Let 2' =X x4 Uj(f1 )y Xao
U}Q)' X3 o0 XN U](_-N)' € Rirpixlep2X-xXINPN Model H is equivalent to
K
y= (W) = (2B Ay) + & ©)
k=1
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where W = 31 | By @ Ay. The trained weights have the form of W= S By ® Ay, where

n K 2
B, A : 1 i i
{Bkyflk}lgkgK = arg min 72 (y —Z<Z 7Bk®flk>> . (6)
By Ay a<k<k D k=1
Denote 2 = vec(X') and 2° = vec(%Z'), and it can be verified that 2° = Ul ', where Ug =
U;-l) ® {U(N) ® [U(N_l) ® - (U](_-?’) ® U}))]} represents the CNN operations on the inputs.
Letz = (', z%,..., ™), and we make the following technical assumptions.

Assumption 1. ( Tlme-dependent inputs) & is normally distributed with mean zero and variance
Y = E(xx'), where ¢, I <X < C,I for some 0 < ¢, < C,.

Denote by Apax(A) and Amin(A) the maximum and minimum eigenvalues of a symmetric matrix
A, respectively. When {z’} is a stationary time series with spectral density function fx (#), we can
take ¢, = inf_r<p<r Amin(fx(0)) and Cp = sup_, <y Amax(fx (0)); see | Basu & Michailidis
(2015). For independent inputs, ¥ = diag{3i1,...,%,,} is block diagonal, and it holds that
Cyp = minlgjgn )\min(Ejj) and CI = mMaxji<j<n )\max(Ejj), where E]‘j = E(SEJIEJI).
Assumption 2. (Sub-Gaussian errors) {8} are independent o*-sub-Gaussian random variables
with mean zero, and is independent of {X?,1 < j <i}forall1 <i<n.

Assumption 3. (Restricted isometry property) ¢, I < UL Uqg < C,I for some 0 < ¢, < C,,.

Denote Ky = C,C, and K1, = czc,. Let W* = Zkl,il % ® A be the true weight. The model
complexity of CNN at (5)) is dpq = K(P + L + 1), where P = pipo---py and L = l1lo - - - I .

Theorem 1 (CNN). Suppose that Assumptions 1-3 hold and n 2, (kyr /K1 )%d . Then,

—~ % 160’ « d *
W —W*|r < aRS(ljS (/M \/7> and, &( )<,/mU||W W ||g

with probability 1 — 4 exp{—[cu(0.25k 1, /kv)*n — 9d ]} — exp{—dr — 85}, where § = O,(1),
cu is a positive value, agsc = K1,/2, and arsm = 3Ky /2.

It can be seen that the prediction error 8(\//\\7), is Op(y/da/n), and hence the sample complexity is
of order O(d/€?), to achieve a prediction error €. Technical proofs of all theorems and corollary
in the paper are deferred to Appendix[A.3]

Note that, for simplicity, we assume a simple regression model at (5). The theoretical analysis
can indeed be established for classification problems as well. In details, we provide corresponding
theorem and corollaries for both binary and multiclass classification problems in Appendix [A.4]

2.4 CNNS WITH MORE LAYERS

Consider a 5-layer CNN with “convolution — pooling — convolution — pooling — fully con-
nected” layers, where the settings for the first “convolution — pooling” layers are the same as those
in Section 2.2.

Denote the kernel for the second convolution by A € Rlxlax-xly , and the fully-connected weight
tensor B is of size RP1 XP2 X XPN We similarly define matrices Ul-(jj) and UJ(T];J_, which are both of

size RPi*li with 1 < t; <pjand 1 < j < N, and can be used to represent the second convolution
and pooling operations, respectively. Note that the output from the first pooling layer, X, is the
input to the second convolution layer, and hence the output from the second pooling layer has entries

fi:(:p(ilviQa-'-viN) = <xcpaj[ X1 ﬁj(rl)“ X 6—](:2)12 X3 XN ﬁj(rm )-

SITN
Stack the matrices {UJ@ R% >}y < <, and {ﬁ(j) e Rpi % hi<i <pJ into 3D tensors UY) €

R% *15%P; and ﬁ( /) € RPi<LixPi respectively. Let U(]) UY) x4 u )(1) for1 <j < N and,
by some algebra in Appendlx @ we can show that the predicted output has the form of

J= (Xep, B) = (X, (BRA®A) x1 Usy xo Ugy X3 - xn USY), (7
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where U ><3u(j) yields a tensor of size R% > L >xPiwith Y7 U (ky, ko, i)u(]) (i, ks, kq) as
its (k1, k2, k3, k4)th entry. The case with multiple kernels will have a form similar to @]) Following
the same logic, it can indeed be generalized to an even deeper CNN by adding more ‘““‘convolution-
pooling” layers. Since the composite weight tensor always has a “Tucker-like” form, techniques in
proving Theorem [T]can be adopted to conduct the sample complexity analysis for deep CNNs.

Note that, at model lb the kernels at different convolution layers appear in the form of A®A, which
actually provides a theoretical justification for exploring the layer-wise low-dimensional structure in
the literature. On the other hand, we summarize all weights of a network into one single tensor, akin
to [Kossaifi et al|(2019). But our summarized tensor has an explicit “nested doll” structure, where
the weight structure of the previous layer is nested within that of the current layer.

In practice, zero-padding can be used before each convolution layer to preserve the input size. This
is compatible with our framework, since we can propagate the padding of zeros to previous layers
and all the way back to the input tensor X.

3 COMPRESSED CNNs

For a high-order input, a deep CNN with a larger number of kernels may involve heavy computation,
which renders its training difficult for portable devices with limited resources. In real applications,
many compressed CNN block designs have been proposed to improve the efficiency, and most of
them are based on either matrix factorization or tensor decomposition; see [Lebedev et al.| (2015);
Kim et al.| (2016); /Astrid & Lee|(2017); |[Kossaifi et al. (2020Db]).

Tucker decomposition can be used to compress CNNs, which is same as introducing a multilayer
CNN block; see Figure 3 in Kim et al.|(2016). Specifically, we stack the kernels A;, € R xt2xxIn
with 1 < k < K into a higher order tensor Aggac € RI1*12%XINXEK "and assume that Agaci has
Tucker ranks of (R1, Ra, -+ , Ry, Ry41). As aresult,

Astack:9X1 H(l) X2 H(Q)"‘XN—Fl H(NJrl)v (8)

where G € RE1XXRNXEN+11 ig the core tensor, and H() e RU >R are factor matrices for 1 <
7 < N + 1. From Section 2, to train such a compressed CNN block with linear activations is

equivalent to search for the least-square estimators at @) with Agiack being constrained to have the
~TU
form of . Denote the estimators by { B,

~TU _ ~TU
Wiy =Yy B, ®A, ,and the model complexity is df = [T\1" R+, liRi+Ry41P.

~TU
, A }1<k<x. The trained weights then have a form of

CP decomposition is more popular in compressing CNNs; see Kossaifi et al.| (2020b); Lebedev

~CP ~CP
et al| (2015); |Astrid & Lee| (2017). Let {B, , A, }i<k<xk be the least-square estimators at
with Aggack having a CP decomposition with a rank of R. Then, the trained weights are Wgp =

CP  ~CP
Zk],(zl B, ®A, ,and the model complexity is d§f = RV*1 + R(Zilil li + P).
Theorem 2 (Compressed CNN). Let (W, dp) be (Wru,dLy) for Tucker decomposition, or

(ch, dS¥) for CP decomposition. Suppose that Assumptions 1-3 hold and n 2 (ky /k1)?endpm.
Then,

™ 160/ —~ —~
[W =W < = <\/0N3M+\/z> and,  E(W) < /kg [ W =W’

QRSC

with probability 1 — 4 exp{—[cu (0.25k 1, /ku )*n—3end ]} — exp{—da — 85}, where § = O,(1),
ey = 2N+ log(N + 2), cq is a positive value and arsc, arsm are defined in Theorem

Theorem [2] shows that, as expected, the sample complexity is proportional to the model complexity.
Compared to Theoremj\m we see that the sample complexity of the compressed CNN depends on
Zi]\il l; instead of [[;_; {;. When the input dimension NV is large, compressed CNN can indeed
reduce a large number of parameters.

However, we notice that the sample complexity of a compressed CNN depends on the rank Ry 1
or R, rather than the number of kernels K. This differs from the naive parameter counting, and we
hence provide the rationale behind this counter-intuitive observation in the corollary below.
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Corollary 1. (a) If A has a Tucker decomposition with the ranks of (R1, Ra,- -+ , Rn+1), the CNN
is equivalent to one with Ry 1 kernels, and each kernel A, where 1 < r < Ry41, has a Tucker
decomposition with ranks of (R1, Rg,- -+ , Rn). Moreover, (b) if the stacked kernel tensor A has
a CP decomposition with rank R, the corresponding CNN can be reparameterized into one with R
kernels, and each kernel A, where 1 < r < R, has a CP decomposition form with rank R.

Define the K/R ratio to be the value of K /Ry, for Tucker decomposition or K/R for CP de-
composition, and in practice, it always holds that K > R. Corollary [I] essentially states that when
K/R > 1, there exists model redundancy in the CNN model with linear activations. In other words,
we can obtain a more compressed network by setting X' = R such that it has the same sample
complexity as the previous one. The K/ R ratio appears in various block designs; see Figure And
we can use this finding to evaluate their model efficiency.

(T1) Standard bottleneck block. The basic building block in ResNet (He et al., 2016) can be
exactly replicated by a Tucker decomposition on Aggae. € R *12XCXK with ranks of (11, o, R, R),
where C' is the number of input channels (Kossaifi et al., 2020b). As shown by the ablation studies
in Session 4, when K > R, this design may not be the most parameter efficient.

(T2) Funnel block. As a straightforward revision on a standard bottleneck block, the funnel block
maintains an output channel size of K = R. This is hence an efficient block design. Also, when
R = C, we obtain a normalized funnel block, with the same number of input and output channels.

(C1) Depthwise separable block. This block is the basic module in MobileNetV1 (Howard et al.
2017) with a pair of depthwise and pointwise separable convolution layers. It is equivalent to as-
suming a CP decomposition on Agacc € R *E2XCXK with the rank of C (Kossaifi et al., 2020b).
The 1 x 1 pointwise convolution expands the numbers of channels from C to K. When K > C,
this design is parameter inefficient from a computation viewpoint.

(C2) Inverted residual block. [Sandler et al.[|(2018]) later proposed this design in MobileNetV2. It
includes expansive layers between the input and output layers, with the channel size of z-C(z > 1),
where z represents the expansion factor. As discussed by Kossaifi et al.|(2020b)), it can heuristically
correspond to a CP decomposition on A 4.k, With CP rank equals to = - C'. Since, the rank of output
channel dimension can be at most = - C, as long as K < z - C' holds, it is theoretically efficient and
provides leeway for exploring thicker layers within blocks.

With nonlinear activations, the model redundancy may bring some benefit. Such benefit is often not
guaranteed. And when K > R, it will, without a doubt, greatly hinder computational efficiency.
We will show, in our ablation studies in the next section, that under realistic settings with nonlin-
ear activations, our finding on the K /R ratio still applies. Specifically, networks with K/R = 1
maintains comparable performance as networks with K/R > 1, while using much less parameters.

4 EXPERIMENTS

This section first verifies the theoretical results with synthetic datasets, and then conducts ablation
studies on the bottleneck blocks in ResNet (He et al., 2016) with different K/ R ratios.

4.1 NUMERICAL ANALYSIS FOR THEORETICAL RESULTS

We choose four settmgs to verify the sample complexity in Theorem [T} see Table[T} The parame-
ter tensors {Ay, By} 1 are generated to have standard normal entries. We consider two types of

(T1) Standard bottleneck block  (T2) Funnel block  (C1) Depthwise separable block (C2) Inverted residual block

| o8 RIS L

‘ Tucker mefﬁcnent ‘ Tucker efﬁCIent CP mefﬁcnent CP eff'ment

Figure 2: We use thickness of each layer to indicate its relative number of channels. The last layer
indicates the output of the block. The dashed layer represents the “bottleneck” of the block.
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Table 1: Different settings for verifying Theorem 1 (left), and Theorem 2 (right).

Input sizes  Kernel sizes Pooling sizes  # Kernels | Input sizes Kernel sizes  Pooling sizes  Tucker ranks # Kernels
Setting 1 (S1)  (7,5,7) (2,2,2) (3,2,3) 1 (10,10,8,3) (5,5,3) (3,3,3) (2,2,2, 1) 2
Setting 2 (S2) (7,5, 7) (2,2,2) (3,2,3) 3 (10,10,8,3) (5,5,3) (3,3,3) (2,2,2, 1) 3
Setting 3 (S3) (8,8, 3) (3,3,3) (3,3, 1 1 (12,12,6,3) (7,7,3) (3,3,2) (2,3,2, 1) 2
Setting 4 (S4) (8, 8,3) (3,3,3) (3,3, 1 3 (12,12,6,3) (7,7,3) (3,3,2) (2,3,2, 1) 3
] (1) CNN, 11D data . (2) CNN, Time-dependent data . (3) Tucker CNN, 1.1.D i
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Figure 3: (1)-(2) are the experiment results for Theorem 1 with independent and dependent inputs,
respectively. (3) is the experiment results for Tucker CNN in Theorem 2.

inputs: the independent inputs are generated with entries being standard normal random variables,
and the time-dependent inputs {x'} are generated from a stationary VAR(1) process. The random
additive noises are generated from the standard normal distribution. The number of training samples
n varies such that y/d/n is equally spaced in the interval [0.15, 0.60], with all other parameters
fixed. For each n, we generate 200 training sets to calculate the averaged estimation error in Frobe-
nius norm. It can be seen that the estimation error increases linearly with the square root of d ¢ /n,
which is consistent with our finding in Theorem

For Theorem 2, we also adopt four different settings; see Table E} Here, we consider 4D input
tensors. The stacked kernel Ag;acx is generated by , where the core tensor has standard normal
entries and the factor matrices are generated to have orthonormal columns. The number of training

samples n is similarly chosen such that \/dJT\/ItJ /m is equally spaced. A linear trend between the

estimation error and the square root of dﬂj /m can be observed, which verifies Theorem

For details of implementation, we employed the gradient descent method for the optimization with a
learning rate of 0.01 and a momentum of 0.9. The procedure is deemed to have reached convergence
if the target function drops by less than 1078,

4.2 ABLATION STUDIES ON COMPUTATIONALLY-EFFICIENT BLOCK DESIGNS

Following the notation in Section 3, we denote by K, the number of output channels of a bottleneck
block, and by R, the Tucker rank of Agt,cx along the output channels dimension. Since K > R, we
let t = K/R be the expansive ratio of the block. As ¢ increases, the number of parameters within
the block increases. Here, ablation studies are conducted to show that the increase in ¢ does not
necessarily lead to the increase in test accuracy. We analyze two image recognition datasets, CIFAR-
10 (Krizhevsky et al., |2009) and Street View House Numbers (SVHN) (BNetzer et al.| [2011)), and
an action recognition dataset, UCF101 (Soomro et al., [2012). Standard data pre-processing and
augmentation techniques are adopted to all three datasets (He et al., [2016} |Hara et al., 2017).

Network architecture. Two network architectures are considered in our study; as shown in Figure
[ For image recognition datasets, we adopt a 41-layer Residual Network: it consists of a 3 x 3
convolution layer, a max pooling layer, followed by 3 groups of A + = x B residual blocks with
different R, and ends with an average pooling and fully-connected layer. Block B represents the
bottleneck structure that we are interested in. The standard bottleneck block corresponds to ¢t =
4. When t = 1, it corresponds to the normalized funnel block in Section 3 (T2). For sake of

Table 2: Test accuracy(%) on CIFAR-10, SVHN and UCF101. For UCF101, we only count the
number of parameters and FLOPs for the added blocks.
t CIFAR-10 SVHN #FLOPs #Params ‘ UCF101 #Added FLOPs #Added Params

1 9353 96.30  0.17GMac  5.56M 79.31 0.125GMac 6.97M
4 9310 96.09  0.26GMac  8.55M 79.36 0.145GMac 9.16M
8 9359 96.32  0.43GMac 14.15M | 79.25 0.175GMac 11.11M
16 94.03 96.31  0.87GMac  29.28M | 79.52 0.235GMac 15.00M
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Figure 4: (1) 41-layer Residual Network for CIFAR-10&SVNH. (2) 30-layer 3D Residual Network
for UCF101. Here, t = K/R represents the expansion ratio, and takes values of 1,4,8,16.

comparison, we also take £ = 8 or 16. When ¢ > 1, Block A is the standard downsampling block
that contains convolution with the stride size of 2. It is inefficient according to our study. So when
t = 1, we propose minor revisions to simultaneously increase the channels while performing the
stride-2 3 x 3 convolution. For UCF101 dataset, we use 3D ResNet-18 as the basic framework and
insert 4 stacks of Block B with R = 256 before the average pooling and fully-connected layer.

Results. The results in Table [2] provide empirical support for our theoretical finding. Though the
number of parameters in the network increases with larger ¢, the overall test accuracy remains
roughly comparable. For CIFAR-10, it may appear that the test accuracy for ¢ = 16 is slightly
better than ¢ = 1 but it uses 5 times as many parameters.

Implementation details. All experiments are conducted in PyTorch and on Tesla V100-DGXS.
Following the practice in |[He et al. (2016), we adopt batch normalization(BN) (loffe & Szegedy,
2015) right after each convolution and before the ReLU activation. For network (1), we initialize
the weights as in [He et al, (2015). We use stochastic gradient descent with weight decay 1074,
momentum 0.9 and mini-batch size 128. The learning rate starts from 0.1 and is divided by 10 for
every 100 epochs. We stop training after 300 epochs, since the training accuracy hardly changes.
The training accuracy is approximately 93% for CIFAR-10 and 96% for SVHN. We set seeds 1-5 and
report the worst case scenario of the test accuracy in Table 2] For network (2), we follow [Hara et al.
(2018) and use the Kinetics pretrained 3D ResNet-18. The weights are fixed for the first few layers,
and backward propagation is only applied to the added Block B layers and the fully-connected layer.
We use stochastic gradient descent with weight decay 10~5, momentum 0.9 and mini-batch size 64
with 16 frames per clip. The learning rate starts from 0.001 and divided by 10 for every 30 epochs.
Training is stopped after 80 epochs and top-1 clip accuracy is around 79% for UCF101.

5 CONCLUSION AND DISCUSSION

Our paper proposes a unified theoretical framework that can adopt sample complexity analysis as
a tool to study the effective number of parameter in a tensor decomposed CNN block. The main
practical takeaways are: (i) For a large kernel tensor A (Peng et al.| 2017), it is always effective to
impose low-rank structure on its input dimensions, such as height, width or time-length, etc; and
(ii) It is essential to maintain X /R = 1 for a CNN block in order to increase accuracy in a more
parameter efficient way. In this regard, one can either choose a small R with deeper networks or a
larger R with shallower networks. In fact, when K/R = 1, the block corresponds exactly to the
“straightened” bottleneck in|Zagoruyko & Komodakis|(2016), who showed in their empirical study
that by increasing R in shallow networks, the test accuracy can indeed improve quite significantly.

Since the low-dimensional structure at convolution layers is our focus, tensor decomposition has
been applied to the kernel weights Aggacx only in Section 3. [Kossaifi et al.| (2017) applied tensor
decomposition to fully-connected layers since they may contain a large number of parameters as
well. Along the line, we can stack the fully-connected weights By, € RP1*P2X"XPN with 1 < k <
K into a higher order tensor By, € RP1¥P2XXPN XK and further consider a Tensor Contraction
Layer (TCL) or Tensor Regression Layer (TRL) as in (Kossaifi et al.,2020a)). Similar theoretical
analysis can be obtained, and we leave it for future research.
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A APPENDIX

This appendix contains five sections. In the first section, we provide details for our mathematical
formulation for a high-order 3-layer CNN. In the next section, we discuss the formulation of a 5-
layer CNN as an illustrating example of how to add more layers to our framework. A complete
version of Theorems 1&2 together with the technical proofs for Theorems 1&2 and Corollary 1
are provided in the third section. In the fourth section, we extend our settings to classification
and subsequently establish theorem and corollaries for binary and multiclass classification problem.
More implementation details and results for additional experiments are presented in the last section.

A.1 CNN FORMULATION

For a tensor input X € Ra1x-Xdn it first convolutes with an N-dimensional kernel tensor A €
Rl xXIN with stride sizes equal to s, and then performs an average pooling with pooling sizes
equal to (q1,- - ,qn). It ends with a fully-connected layer with the weight tensor B and produces
a scalar output. We assume that m; = (d; — [;)/s. + 1 are integers for 1 < j < N, otherwise
zero-padding will be needed. For ease of notation, we take the pooling sizes {g; }j\;l to satisfy the
relationship m; = p;q;.

To duplicate the operation of the convolution layer using a simple mathematical expression, we first
need to define a set of matrices {Ui(f ) € RL>UY, where

u?d = 0 I 0 JeR“ifor1<i;<m;, 1<j<N. 9)
e 1 i s
ij=1)sc Ui dj—=(ij=1)sc—l;

Ui(jj ) acts as a positioning factor to transform the kernel tensor A into a tensor of same size as the
input X, with the rest of the entries equal to zero.

We are ready to construct our main formulation for a 3-layer tensor CNN. To begin with, we first
illustrate the process using a vector input 2 € R?, with a kernel vector a € R'; see Fig[5| Using the
i positioning matrix Ui(l) , we can propagate the small kernel vector a, into a vector U; D of size
R?, by filling the rest of the entries with zeros. The intermediate output vector has entries given by
x.(i) = (x, Ul-(l)a>, for 1 < ¢ < m. The average pooling operation is equivalent to forming p con-
secutive vectors within x., each of size R?, and then take the average. This results in a vector ., of
. . ) 1 i ) 1 i 1
size RP, with ith entry equal to @, (i) = ¢~ 3o4L (;_1y,41 Te()) = (@07 20y, U,E a).
The fully-connected layer performs a weighted summation over the p vectors, with weights given
by entries of the vector b € RP. This gives us the predicted output § = (b, ) = (x, wx), where

p iq
1
wy =Y b= > Ula=UP(bza)=(boa)x U,
i1 Y h=(i—1)gm
and U](_-l) =q 17, U,gl), S gt U,gl)), and ”x " represents the mode-1 product.

For matrix input X with matrix kernel A, however, we need 2 sets of positioning matrices,
{U (Dym , and {Ui(f) 2 |, one for the height dimension and the other for width. Then, the

71 1= 10=1>
intermediate output from convolution has entries given by X (i1,i2) = (X, Ui(ll)AUi(22)/>, for
1 <43 < p3,1 < iy < po. For the average pooling, we form p;p, consecutive matrices from X,
each of size R7 > and take the average. This results in X, € RP**P2 with X,(i1,i2) =

e 1 1 i 2
(X, (g Zkllqzl(ilfl)qﬁ»l U,E.l))A(qQ ' Zk22q:2(i271)q2+1 Ulig))/>' The output X, goes through

fully-connected layer with weight matrix B and gives the predicted output § = (X, W), where

P2 P 1141 1242
1 1 2 1 2
Wx=3 Y bubu—( 3 UDAC 3 UD)=(BoAxUR U,
i2=141=1 ! ki=(i1—1)q1+1 ko=(iz—1)g2+1
with Ug) = qj_l( e U,gj), e ,Zzn:jmj_qj+1 U,ij)) for j = 1 or2. And ”x1”, ”x5” represent

the mode-1 and mode-2 product.
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Convolution Average pooling Fully-connected layer
® = |x@ = ® + +
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Figure 5: Formulating the process with an input vector . Note that we combine the convo-
lution, pooling and fully connected layers into the composite weight vector wx, where wx =

gt ?:1 Ui(l)a +o+ gt ?:m_ g+1 Ui(l)a. The ® represents the convolution operation.

From here, together with the case of high-order tensor input discussed in Session we can then
derive the form of predicted outcome as § = (X, W5"€'°) | where

wirele — (B A) xq UL xq U x - x UM,

with UJ(Tj) = qul( pa U,E,j), e ,Z?zjmj_qu U,ij)), and "X ;” represents the mode-j product
for1 <j < N.

With K kernels, we denote the set of kernels and the corresponding fully-connected weight tensors
as {Ay, B k}le. Since the convolution and pooling operations are identical across kernels, we can
use a summation over kernels to derive the weight tensor for multiple kernels, which is

K
WX = (ZBk ®.Ak) X1 U](_—l) X9 U](_—Z) X X U_;—N),
k=1

and we arrive at the formulation for 3-layer tensor CNN.

A.2 FIVE-LAYER CNN FORMULATION

Consider a 5-layer CNN with “convolution—pooling—convolution—pooling—fully connected”
layers and a 3D tensor input X € R91%92XdsHere, we denote the intermediate output from the

first convolution by X, € R™*™2Xms_ from the second convolution by X, € R X2 Xms
and the output from the first pooling by X, € RP1*P2XPs and from the second pooling by

X.p € RP1¥P2XPs. We can first see that the predicted output from the 5-layer CNN is the same
as directly feeding X, to the second convolution layer, followed by an average pooling layer and a
fully-connected layer.

Denote the ﬁrsE co~nvoluti0n kernel tensor by A € Rirxl2xls the second convolution kernel tensor
by A € RUX2xIs and the fully-connected weight tensor by B € RP1*P2XPs_ Define the set
of matrices {Ui(j) € RL*L} for1 < i; < my,1 < j < Nasin . And similarly, define

(U e Rri%1i}, with

oY= o I o 7, (19)
3 ~— O~ ~~
(i;=1)8c [; pij—(i;—1)5.—1;
~ . . . 1 N() = ~() ~() =
where Sc 1S th_e stride size ff)r the second_convolutlon. Let U7 = (U}g,lv"' ’Ufj»pj) o
i Zj:1U1gj)»"' = ?im,j—qj+1 U}gﬁ))_ We further stack the matrices {UJ(T])Z] €

.y - . » 1)
R%*li} < <p; and {UJ(TJ)ij € RP¥l}1<i <5, into 3D tensors UY) € RGP and U™ €

RP3 X1 xBj
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We have that the predicted output
/y\: <B ®.A~,:xcp X1 ﬁ;—l)/ X9 ﬁg)/ X3 fj;_?)/>

P1 P2 pP3
BoAY S D AX UL, o UL o USL )i, o, >
11=11i2=1143=1
- D1 D2 p3 1 9 3
~ ! ~ !/ ~ !
BoAQA, Y > Y X x (@, @UL)) xs (s, @ULL) X3 (U, @ U.g:,?ig)>

i1=149=11i3=1

BoA®AX X1 (U X ﬁ(1)>21> xo (U x5 f((Q)) %3 (UP) x3 u(g)) )>

I Il Il Il
P i i S

~ ~(1 ~(2 ~(3
X, (B oA @A) x UD xU )0 xa U U0 xa U@ u”) >

I
/\

X, (B0 A®A) x; UYL xo US) x4 Ug’}>

where u;, = Vec(ﬁ( )(ij,:,:)) € R and Ugg_- = (UY) x4 ﬁ(J))(l), for1 < i; < p; and
I<j<3.

A.3 THEORETICAL RESULTS AND TECHNICAL PROOFS

Let 2% = X* x4 U;-l)l X9 U](_-2)I X3+ XN U;-N)/ € Ripixlap2x-XINPN The trained weights have
the form of W = Z£{=1 B, ® Ay, where

n K 2
B, A : 1 i i
{Bi, Apti<k<x = argmin — Z (y — Z(Z , By ®A;€>> .

B, A i<e<ix i =1

Given a test sample (X, y), where y = (X, Wx )+ &, and (X, &) satisfies Assumptions 1 and 2. The
mean-square training and test error are defined as

o~

elTtrain (W) = - Zl (y —(X 7V\?X>) and err(W) = \/E(xm (y - <3C,WX>) .
Denote kxy = C,C, and k1, = cpc,. Let W* = Zszl B @ Aj be the true weights, and

HWHZ = n~1 0" ((Z', W))? be the empirical norm with respect to W. The model complexity
of CNN at equation (1) or 2) isdapg = K(P + L+ 1).

Theorem 1 (Complete Version). Suppose that Assumptions 1-3 hold and n 2, (kyy/k)?d . Then,

for some § > 0,
—~ N 160 aRSM dm
(@ W W < 100 (N/ \D
RSC
) W W, < oTomsu (x/dM \f )
RSC

() err*(W) < <160aRSM) <dM + 6) +0%,
n

QRSC n

| /\

with probability 1 —4 exp{—[cu(0.25k1 /krr)*n—9d ]} —exp{—d s — 83}, where cy is a positive
value, agsc = Kk, /2, and agsm = 3Ky /2.

It can be seen that the estimation error, |[W — W*||g, is O,(y/da/n), and hence the sample
complexity is of order O(d /%), to achieve a training error . The empirical norm is equivalent
to the training error minus the sample standard deviation of noise. And we can see that the training

error errtrain(W) = O,(1/dm/n) + 7 and test error err(W) = O,(1/dm/n) + o, where ¢ and o
represent the sample and population standard deviation of noise, respectively.
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Now we proceed to provide a complete version of the sample complexity of compressed CNNs. Let
A =TI R+ iy LiRi + Ry Pand dSY = RN+ 4+ R(Y)Y 1 + P).

Theorem 2 (Complete Version). Let (W,d M) be (WTU,dﬂj) for Tucker decomposition, or

(\//\\701:, d%}f)for CP decomposition. Suppose that Assumptions 1-3 hold and n > (ky /kr)?cnd .
Then, for some § > 0,

—~ . 160\/arsm cnd
(@)W = W[ < — L% (\/ T )
RSC

— 1
I W), < o7 (\/ e )
RSC

(c)err2(1//\\7) < (160aRSM> (CNdM + i) + 02,

- QRSC n

IN

with probability 1 — 4 exp{—|[cu(0.25k1 /Ky )?n — 3endm]} — exp{—dy — 85}, where cy =
N+l log(N + 2), cq is a positive value and arsc, arsm are defined in Theorem 1.

Because CP decomposition can be considered as a special case of Tucker decomposition where
R; = R,for1 < j < N + 1. We only provide the proof for Tucker CNN.

A.3.1 PROOF OF THEOREM 1

Denote the sets Sye = {Zk 1 B ®.Ak Ak € RhxlzxXIn and By, € RP1¥P2XXPN} and
Sk ={WeSk:|W|r=1}. Let A = W — W*, and then

n

—Zy W < TS (WP,

=1

which implies that
—~ 2N —~
A7 < =) (% A) <2|Alr sup Zfl (%', A (11)
i=1 €S i=1

where |A|2 :=n~1 27 ((Z', A))? is the empirical norm with respect to A, and A € Sy

Consider a e-net Sy, with the cardinality of N (2K, ¢), for the set So K. For any A € Sy, there
exists a A € Sk such that HA AJ |lr < e. Note that A — A € S4K and, from Lemma|l a)
we can further find A1, Ay € SQK such that (A7, Ay) = 0and A — Aj = A1 + Asy. It then
holds lthat [Ar + [[Aclle < V2[|A = Ajllr < V2esince A — AjIE = [[A][7 + [ Az]7. As
a result,

. 3 ! ! n ‘ i7 ab& X
H;“Z”MZEZUZ» Zg % AL + Zf % Ag)
i A L™ i o
= 1<3<N 2K5 Z{ (%', +\[€As€1392;< *;f (%", A),

which leads to

sip -3 (LAY < (1- V)T max Zﬁl %A (12

n 4 7 1<Gj<N(@2Ke) N
i=

17



Under review as a conference paper at ICLR 2021

Note that, from Lemma [1{b), log N (2K, &) < 2d 10g(9/5) where dp = K(P + L +1). Let
e = (2v/2)!, and then 8 — 21log(9/¢) > 1. As a result, by (12) and Lemmal

/d

[sup Zf Z‘ ) > 8¢ aRSM< M \/>> sup |A|| <0¢RSM]
AESyi i=1
<P max Z{l 2 A ) > 4do\/arsm 1/dM \/7 sup |A||2<aRSM
=7 | 1<j<N(2K,e) n AcSyk "

N (2K ,e)

_ d

< > IP’( Zgl 2\, A}) > 4o\/arsn (,/ M \/7> HA]H <aRSM>

j=1

< exp{—dm — 86}.
(13)

Note that

[dm \/’
su ' ZZ ) > 8o/ arsm
[AESEK ;E M < >‘|
/d [
sup Zf Z’ ) > 80/arsm ( Mo ) sup HA||$L < aRSM]
AESQK i=1 AESo Kk

+P( swp A >aRSM).

AcSak

From and Lemma we then have that, with probability 1 — 4 exp{—[cu(0.25k1 /K1 )*n —
9]} — exp{—daq — S0,

i d
sup Zfl (%', A) < 80y/arsm (\/ = \/7> and  [|A]} > arsc || A[lF,
AcSx i

which, together with (TT), leads to
~ 160/arsm d ~ d 0
A < 0V/oRsM <\/ Moy = > and A, < 160 =M (w/M + )
QRSC QRSC n n

Finally we prove (c). Given a test sample (X, y), and let Z = X x; Uj(rl)/ X UJ(I?)/ X3+ XN U](EN)'.
It holds that

E(y — (X, Wx))* = E(y — (2, W))* = E((%,A))* + 0°,

and
E((Z,A>) = A'E(zZ')A = A'UGE(zZ ) UL A < f<;UHA||2

As aresult, from (a) of this theorem, we have
2
= 16 d 1)
ARSC n n

This accomplishes the proof.

A.3.2 PROOF OF THEOREM 2

Denote the sets §TU(R1,~~- ,Ryt1) = {Zszl B, ® A : the stacked kernel Aok €
Rl xl2x--xInXK hag the ranks of (Ry,..., Ry, Ryy1) and By, € RPLXpaxXpyl STV —
(W1 + Wy : Wi, W, € STU(Ry,--- Ryi)}, and ST = {W € I+ [W]e = 1},
Note that Wy, W* € STY(Ry, -+, Ry41), and A = Wy — W* € SIU.
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We first consider a e-net for S¥. Foreach 1 < k < K, Let by = (bg1,. .., bkp) = vec(By), and
we can rearrange B, ® Ay, into the form of LAy, o by, which is a tensor of size Rl xl2X-XInx P
where P = p1ps - - - py. Denote B = (by;) € RF*E and it holds that

K

Z‘Akobk =A XN+1B =9 X1 H(l) X2H(2)-~- XN+1 E,

k=1
which is a tensor with the size of R/t *!2XxINXP and the ranks of (Ry,..., Ry, Ry11) where
B = BHW+Y ¢ RP*BEx+1_ Egsentially, in this step, we rewrite the model into one with R,
kernels instead. Specifically, we now have W = ZRN“ A ® BT, where A =G, x; H® x

H® ... xy H™ with G, = G(:,:,--- ,7) and the 7-th column of B is the vectorization of fﬁr
forl <r < Rygi.

As aresult, ‘SQQT}(J consists of tensors with the ranks of (2R, ...,2Rx, 2Ry 1) at most.

Denote Stycker (71, 7N, "N 11) = {T € RiXxInxinti . ||F||p = 1, T has the Tucker ranks
of (ri,--+ ,7N,7N+1)}, where Iyy1 = P = pips---pn. Then the e-covering number for Sy
satisfies

S3% | < |Stucker 2R, ,2RN, 2RN41)|.
For each I € Stycker (71, , 7N, "N+1), We have
T =G x, UM Xg - XN41 U(N+1)7
where G € R™ XXX N+t with ||Gllp = 1, and U® € REX7 with 1 < 4 < N + 1 are
orthonormal matrices. We now construct an e-net for Stycker (71, , 7N, TN+1) by covering the

sets of G and all U (s, and the proof hinges on the covering number of low-multilinear-rank tensors
in Wang et al|(2019). Treating G as [}, =1 rj -dimensional vector with ||G||r = 1 we can find an

¢/(N + 2)-net for it, denoted by G, with the cardinality of |G| < (3(N + 2)/e)ILi= )

Next, let O, = {U € R"*" : U U = I,.}. To cover O, , it is beneficial to use the || - [|1 2 norm,
defined as
12X 1,2 = max | X2,

where X; denotes the i column of X. Let Q,, = {X € R™™" : || X|l;2 < 1}. One can
easily check that O,,, C Q. and then an ¢/(N + 2)-net O,, , for O, , has the cardinality
of |On.r| < (B(N + 2)/)"". Denote Stucker(T1,+ 7N, "N+1) = {G x1 UM x5 -+ xn 1
UuNth . g e G, v ¢ Oliﬂ“m 1 < i < N + 1}. By a similar argument presented in

Lemma A.1 of [Wang et al|(2019), we can show that STucker(ﬁ, <+« ,rN,TN+1) i a e-net for the
set Stucker (71, + , TN, T'N+1) With the cardinality of
<3N + 6) [ i+ s
. .

where [y +1 = P. Thus, the e-covering number of SV is

3N+6)2 NPT Ry4+2 0N LR +2RN 11 P

NTU(E) = |STuckcr(2R1, cee 72RN72RN+1)| g ( 5

Let ¢ = 1/2. It then holds that log(3(N + 2)/¢) < 3log(N + 2) and logNTV(e) <
2N 1T 1og[(BN + 6) /e, where d iy = HNJrl R; + Zl 1 liR; + Rn4+1 P. By a method similar
to the proof of Lemma 2, we can show that

2
PJ sup ||AH$L > arsm p < 2exp{ —can <KL) + 30NdﬂJ , (14)
AeSTY 4Ky
and
2 KL ? TU
P Ale%fgg |A|; < arsc p < 2expq —cun <4f€U) +3endag - (15)
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where cy = 2N¥*1log(N + 2). Moreover, similar to equation by applying Lemma we can
show that

dTU

[ sup Zgl Z,Z ) > 80+/arsm (,/CN \/7> sup \AHi < QRSM]
AcSTy 1 AcSTY

i/t A CNdTU 2
? [mw e v 2 1 AR S on

NTU(E) . d
= P( Zﬁ (%", Aj) > do/arsm (\/ M +\/>> HAJH <O‘RSM>
i=1

]_
exp{—di{ — 86},

IN

(16)
where ¢ = (21/2)7! and 2V log(N + 2) — 2¥*+1log(3(NV + 1)/e) > 1. By a method similar

to the proof of Theorem 1, we can show that, with probability 1 — 4 exp{—[cu(0.25x1 /K1 )*n —
3en log(N +2)d 31} — exp{—d}{ — 85},

i c dTU
sup Zfl (%", A) < 8o+/arsm (\/T \/ > and HA”i > aRrsc HAH%,
AeSTY TV iz

which, together with equation [T} leads to

& < MoovEme ([ fondiy \f
- QRSC

||3|| S omsm () CNdTU \/>
" OéRsc

TU
err?(Woy) < (16UQRSM) (cNd + 6) + 0.

QRSC n n

We accomplished the proof.

A.3.3 PROOFS OF COROLLARY 1

When the kernel tensor A has a Tucker decomposition form of A = Gx1 HM xo H®) x5+ x n 11
HW+1) and the multilinear rank is (Ry, R, --- , Rny1). Let H = Gxy HV xa H®) x3-- - x
HW), which is a tensor of size R/ ¥ !N *E~N+1 The mode-(N + 1) unfolding of J is a matrix
with R4 row vectors, each of size RE, and we denote them by g1, ,9gryx,,- Fold g,s back
into tensors, i.e. g, = vec(ﬂTCr), where F(, € Ri>X*Ix and 1 < r < Ry41. Moreover, let

HNHD) — (RN o RNy where BV TV is a vector of size REN+1 and we denote its 7

entry as h,(i\:fl), for 1 <r < Ry41. It can be verified that, foreach 1 < k < K,

k=G x1 HY xo H® ... xx H(N)§N+1h;(€N+1) = f]'fiNHh;cNH)y

and hence,
K Ryi1 K _ Rni1 B
YBiwA= > Y Bio (:}cr.h,g{j“)) =Y (Zhw“ > 3,
k=1 r=1 k=1 r=1

By letting fE Zk 1h NH ka and .A = GTCT for 1 < r < Rpy41, we can reformulate the

model into
RNn+41

yl:<z %r®ﬁraz’i>+fia

r=1

and the proof of (a) is then accomplished.
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Suppose that the kernel tensor A has a CP decomposition form of A = Zle arhg-l) ) h$«2) o

o AN where hY) € RU and ||h$j)\| — 1forall 1 < j < N. Moreover, RN =
(hfﬁ’“ , ,hgjl )’ € RE and RN Y| = 1. Note that

R

r=1
forall 1 < k£ < K, and hence
K R K
Y BioA =YY Bi® (aThSZ“)hg_U oh® o0 th))
k=1 r=1k=1

_i( N8,) 6 () oW oo hM).

By letting %r = hfaf\,iﬂ)ka and .ﬁNlT = arhp) o hg) 0---0 h&N) forall 1 < r < R, we can
reparameterize the model into

R
y' =0 B oA, %)+,

r=1

and the proof of (b) is then accomplished.

A.3.4 LEMMAS USED IN THE PROOFS OF THEOREMS

Lemma 1. (Partition and covering number of restricted spaces) Consider S K= {Zszl Br Ay :
Ay, € RirxlexxXIn qpd By € RPL¥P2XXPN Y qnd Spe = {W € S : |[W|lr = 1}.

(a) Forany A € §2K, there exist W1, Wy € §K such that A = W1 + Wy and (W1, W) =
0.

(b) The e-covering number of the set Sk is
N(K 5) (9/8) L+P+1)

where L = l1ly -+l and P = p1ps - - - pN.

Proof. Foreach K, we first define a map Tk : Sk — RPXL For any W = Zle B.RA € Sk,
we define that T (W) = Zszl vec (By) vec(Ay)’ € RPXL, which has the rank of at most K.

For any A € §2 K the rank of matrix T (A) is at most 2K . As shown in Figure@ we can split the
singular value decomposition (SVD) of Tk (A) into two parts, and it can be verified that T (A) =

UMV + UsAs Vo' and (Ui A VY, UzA2Vy') = 0. Denote U; = (uf”,ud’, ..., u}’) and
VA, = (07,08, .. o) fori = 1 and 2. We then fold u( )s and vj( s into tensors, i.e.
u,(f) = ve<:(3,(C ) and 'u,(c) = vec(A,(c)) withl < k < K. Let W, = S| B kl) ®Ak1) and

W, = Ziil 322) ® .A,(f). It then can be verified that W, W, € §K, A = W; +W, and
(W1, W3) = 0. Thus, we accomplish the proof of (a).

Denote by Siatrix C RP*L the set of matrices with unit Frobenius norm and rank at most &. Note
that T(Sk) C Smatrix» While the e-covering number for Spatrix 1S

‘Smatrix| < (9/E)K(L+P+1);

see|Candes & Plan|(2011). This accomplishes the proof of (b).
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A, v,
U, iU, A, v,

AERZKXZK vFE]RZKXP

Ue ]RLXZK

Figure 6: Splitting matrix 7'(A) based on its singular value decomposition.

Lemma 2. (Restricted strong convexity and smoothness) Suppose that n 2 (ky/kr)?d . It holds
that, with probability at least 1 — 4 exp{—[cu(0.25k1, /K )*n — 9d ]},

1, i
anso Al < =3 (2, A)° < ansu | Al

i=1

forall A € <§2K, where 3\2[( is defined in Lemmal |l| cy is a positive constant from the Hanson-
Wright inequality, arsc = £1,/2 and arsm = 36y /2.

Proof. 1t is sufficient to show that supa¢s, . ||AHZ < agsm and infaes, ||AHZ > agrsc hold
with a high probability, where [|A]|> := n=1 32" | ((Z, A))? is the empirical norm, and S is
defined in Lemma [I} Without confusion, in this proof, we will also use the notation of A for its
vectorized version, vec(A). Note that

2_1n 7 2_1ni/ /i_lni/ Tl .t
JAIR =2 S AP = 1Y 2PAAE = Y @ U AN ULa
= =1 =1 (17)
1
= ,@/ [In ® (UGAA’Ug;)]a‘s = w'Qw,
where Q = n‘122 I, (UgAA’UG)]Ez w € R"P is a random vector with 4.i.d. standard
normal entries, 2° = UL ax!, ' = vec(X'), & = (xV,2%,...,2"),and X = E(zz') € R*P*"D,

Denote wg = UgA € RP and "1 = {v € R" : ||vH2 = 1}. Let Amax(Xi;) be the maximum

eigenvalue of 3;; = E(vec (X') vec (DC7)/) for 1 < ¢ < n, and it holds that \;,.x (X,;) < C,, for all
1 <4 < n. For matrix @, we have

1 1 1
(@) = —tr (z%[zn ® we|[I, ®w’G]z%) = —tr ([, ® w6, ® we)) = Z whEswe)

IA

1 & L% 1 &
- Z sup M ( sup A/UéngA> < = Z Amax(Xij)Cu < Ky,
n =1 wgeSPL-1 WaWqG AcSPL-1 n el

(13)

and similarly, we can show that tr(Q) > k., where k;, = ¢,cy, ky = CCy, and k1, < Ky. Thus,

kp <EJA|Z = t(Q) < k. (19)

1

Moreover, denote Q; = n~ 2 X2 [I, ® w¢] and note that @ = Q1 Q. To bound the operator norm
of Q, we have

1
1R, < 1Q:112, = sup W'Q1Qiu = — sup [l ® we| I, ® welu
ueSn—1

uesSn—1

1 u/[In®w/G]§][In®wG]u> ( , , >
<= su sup u'[I, ® wrwel|u (20)
~n (uegf v w1, @ wi ][I, ® welu ueg7?—1 [ cwal

C 2 Ry

= < — ||U, A —

- lwel; el alZ lla); < "
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Finally we can use (I8) and (20) to bound the Frobenius norm of Q. By some algebra, for any
square matrices A, B € R"*", ||AB||% < HAHgp ||B||12D holds. Hence,

2
2 2 2 2 2 K
QI = 1Q1Q1llr < |1Qullg, 1@1llr = 1@, tr(Q) < ==
This, together with (I7), (20) and the Hanson-Wright inequality (Vershynin|, [2018| Chapter 6), leads

to
t 2
>te <2 - S\ I
> }_ exp{ CHmln<||Q||op ||QII§)} @D

< 2exp {—cynmin (t/ky, (t/kv)*)},

2 2
p{[lal’ -ElAl;

where cyg is a positive constant.
On the other hand,

1 & o o ~

A2 —ElA2 ==Y A'z'z"A-E(A'Z'2"A) = ATA,
n
i=1

where T' = n=! 327 [272% — E(2'2")] is a symmetric matrix. Consider a e-net Syrc, with the
cardinality of V(2K ¢), for the set So. For any A € Sy, there exists a A; € Syk such that

HAfAjHF < e. Note thatAfAj € §4K and, from Lemma we can further find A1, As € <§2K
such that (A1, Ag) = 0and A — A; = Ay + Ay, and it then holds that |Aq|p + |Az|r <

V2 1A — Aj||p < v/2¢. Moreover, for a general real symmetric matrix A € R?*¢, 4 € R? and
v € RY, SUD |4y = w]ls=1 & AV = SUD||y, =1 W Au. As aresult,
ATA = ATA; + (A1 + A)T(A; + Ay +24))

< max A;f‘Aj +5¢ sup A'TA,
1<j<N(2Ke) A€Sak

where (||A1|F + [|Az]|r)? + 2(]|AL]|F + ||A2HF)||A]||F < 2(e +v2)e < 5case < 1, and this
leads to . ) o
sup ATA<(1-5)"1 max A'TA;. (22)
Aco ( ) 1<G<N(Re) 7

Note that, from Lemma [1{b), log N (2K, &) < 2dxqlog(9/e), where dyg = K(L + P + 1). Let
¢ = 1/10, and then 210g(9/¢) < 9. Combining and (22)) and letting ¢ = k1,/2, we have

2
p{ s 1AL -EIAL 2 5 b < venpd —en (1) 4 9duc
AES 2 4I€U

2K

which, together with (T9) and the fact that k7, < kg7, implies that

2
P< sup HA||3L > aprsm ¢ < 2expl —cun AL +9dnr g, (23)
A€S dKky

€S2k
where agsm = 1.5ky > Ky + K1 /2.
By a method similar to (22), we can also show that
sup E||A]Z = ||A]? < (1—5e)7! ma E|A;]> - [|A |
S Bl - Al <(1-597"  max E[A], =14,
which, together with (21)), leads to

2
]P’{ sup ]E||A||i — ||A||i > HL} < 2expl —cgn (HL) +9da g,
AESyk 2 dry

where t = k1, /2 and e = 1/10. As a result,

2
. KL
P £ |Al? < <2 - L 9d
{AIEI}S'QK H ||n o aRSC} - exp{ Hn (4/€U> " M} ’

where arsc = k1 — k1 /2. This, together with (23), accomplishes the proof. O
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Lemma 3. (Concentration bound for martingale) Let {¢¢,1 < i < n} be independent o>-sub-
Gaussian random variables with mean zero, and {zi, 1 < i < n} is another sequence of random
variables. Suppose that & is independent of {z*, =1, ... 2t} for all 1 < i < n. It then holds that,
for any real numbers o, f > 0,

[fegesejofiger s s (25)

Proof. We can prove the lemma by a method similar to Lemma 4.2 in|Simchowitz et al.[(2018). [

A.4 CLASSIFICATION PROBLEMS

Starting from Section 2.2, we know that, for each input tensor X, the intermediate scalar output after
convolution and pooling has the following form

K
output = (X,Z(ka ® Ag) X1 U](:l) X2 U](.-Q) Xz XN U(N)> (%, W),
k=1

where W = Z?:l 3]@ ®Ak and Z =X X1 U‘;:l)/ X5 U‘;‘Q)/ X3 XN U‘;_-N)/’ Ak c Rl xlax--xIn
is the kth kernel and By, € RP1*P2X""XPN jg the corresponding kth fully-connected weight tensor.

Consider a binary classification problem. We have the binary label output y € {0, 1} with

p(y|%) =

1 Y exp((Z,W) Y -
(rremmm) (o) =@ ol +emn(z W)

Suppose we have samples {Zi, y'}™ |, we use the negative log-likelihood function as our loss func-
tion. It is given, up to a scaling of n~! by

1 - 7 7 1 - 7
ﬁn(W):—E;y <Z,W>+5;¢<<Z,W>>, (24)
where ¢(z) = log(1 + e*) and its gradient and Hessian matrix is
OLy( L1 < ;
VL, (W)= 8vec Z y" vec( H Z ¢'((Z",W)) vec(Z") and,  (25)
H,(W)= 8257 Z(b" (2, W)) vec(Z") vec(Z') (26)
" 92 vec(W ’

with ¢'(z) = 1/(1 +e7*) € (0,1) and ¢ (2) = €*/(1 +€*)% = 1/(e™* + 2+ ¢*) € (0,0.25
[because e~* + e* > 2]. Since H,,(W) is a positive semi-definite matrix, our loss function in (24)
is convex.

Suppose W is the minimizer to the loss function

We  argmin L,(W),
WeExnB(R)

where Si = {31, By @ Ay, : Ay, € RVXEXXIN and By, € RP¥P2x%px Y and B(R) is a
Frobenius ball of some fixed radius R centered at the underlying true parameter.

Similar to [Fan et al.| (2019)), we need to make two additional assumptions to guarantee the locally
strong convexity condition.

Assumption 4 (Classification). Apart from Assumptions 2-3, we additionally assume that
(Cl) {vec(xl) ' | are i.i.d gaussian vectors with mean zero and variance 3, where 3 < C,I.

(C2) the Hessian matrix at the underlying true parameter W™ is positive definite and there exists
some ko > ky > 0, such that H(W*) = E(H,,(W™*)) > ko - I, where sy = C,Cy;

(C3) |W*||p > av/da for some constant o, where dpg = K(P + L + 1).
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Notice that we can relax (C1) into Assumption [T} but it will require more techincal details. Also,
{vec(X")}?_, can be sub-gaussian random vectors instead of gaussian random vectors.
Denote dpg = K(P+ L +1).

Theorem 3 (Classification: CNN). Suppose that Assumptions [2&3| and Assumption || hold and
n 2, da. Then, for some § > 0,

_ 2 /RT
W — We||p < YU (\/dMﬂ/?)’
K1 n n

with probability 1 — 4 exp {—0.25¢n + 9da} — 2exp {—c,dag — b}, where 6 = O,(1), cand ¢,
are some positive constants.

Denote d}] = H;V:ll R; + Zfil LiR; + Ry41Pand d§Y = RVHL + R(Zil\il li + P).

Corollary 2 (Classification: Compressed CNN). Let (\//\\7, da) be (WTU, d3{) for Tucker decom-

position, or (\/A\?cp, dg}f) for CP decomposition. Suppose that Assumptions in Theorem|3|hold and
n 2 cydag. Then, for some § > 0,

— 2./ /
K1 n n

with probability 1 — 4 exp {—0.25¢cn + 3enda } — 2 exp {—cydag — 6}, where § = O,(1), c and
¢ are some positive constants, and cy is defined as in Theorem

We consider a binary classification problem as a simple illustration. In fact, the analysis frame-
work can be easily extended to a multiclass classification problem. Here, we consider a M -class
classification problem.

Because we need our intermediate output after convolution and pooling to be a vector of length M,
instead of a scalar, we need to introduce one additional dimension to the fully-connected weight
tensor. Hence, we introduce another subscript m to represent the class label. And the set of fully-
connected weights is represented as { By, }1<r<k,1<m<m Where each By, ,,, is of size p; X pa X
.. >< pN'

Then, for each input tensor X, our intermediate output is a vector of size M, where the mth entry is

represented by W)
output,, = (X, Wy,),

where W,,, = ZkK:1(Bk:,m ® Ay) is an N-th order tensor of size l1p; X lapa X - -+ X INPN.

For a M-class classification problem, we have the vector label output y € (0, 1)*. Essentially, each
entry of y comes from a different binary classification problem, with M problems in total. We can
model it as

_ 1 T exp((Z, W) \""
P(ym|2) = <1+exp(<Z,Wm>)) <1+exp(<Z,Wm>)>
= exp {Ym (%, W) — log [1 + exp((Z, W, )]}

If we stack {va}f%=1 into a tensor Wggac, Which is an NV + 1-order tensor of size [1p1 X lopg X

-+« x Iypny X M. And we further introduce some natural basis vectors {e,, € RM}M_, Tt can be
shown that _ 4
<Z1, Wm> = <Z’l C€m, Wstack>7
\w—/
Z:YL
where o is the outer product.
We can then recast this model into one with nM samples {an,yfn 1 <k<K,1<m< M}
The corresponding loss function is

n

M M n
['n(wstack) = _TLLM Z Zy%z’:na Wstack> + ’I’LLM Z Z ¢(<Z’:n; Wstack>)~

m=1i=1 m=1i=1

25



Under review as a conference paper at ICLR 2021

We can now use the techniques in Theorem [3|to show the following corollaries for multiclass clas-
sification problem.

Denote d}i = K(MP + L+1).
Corollary 3 (Multiclass Classification: CNN). Under similar assumptions as in Theorem[3] suppose

that n > d\iC. Then, for some § > 0,
2\/Ku \/W—F \/?
K1 n n/’

with probability 1 — 4 exp {—0.25cn + Qd%tc} — 2exp {—cvd%lc — 0(5}, where 6 = Op(1), cand
¢, are some positive constants.

sttack - W:tackHF <

Denote d%chU = H;V:Jrll R; + Zf;l liR; + Rnyy1PM and dlj\\/[/lcfcP = RN+ 4 R(ZlN:l I +
PM).

Corollary 4 (Multiclass Classification: Compressed CNN). Let (Wstack, d%lc) be
(WStaCk’TU,d%IC*TU) for Tucker decomposition, or (Wstack’cp’dxC—CP.) for CP decom-
position.  Suppose that Assumptions in Theorem (3| hold and n 2, cNd%ﬂ“. Then, for some

0 >0,
—~ . 2./ku [ [3endMC )
||Wstack - WstaCkHF < z < oM + \/>> )
K1 n n

with probability 1 — 4 exp {—0.25cn + 3end) } — 2exp { —c,d\.C — 6}, where § = Op(1), ¢
and c, are some positive constants, and cy is defined as in Theorem

Proof of Theorem 3} Denote the sets Sk = {ZkK:l B @ Ay, : A € RiaxlexXin and B, €
RP1*P2XXPN Y and S = {W € Sk : |W]|r = 1}. We further denote A = vec(W — W*),

where W* is the underlying true parameter and W, W* € S k., and define the first-order Taylor
error
En(A) = Ln(W) = Ln(W") = (VL,(W"), A).

Suppose W is the minimizer for the loss function, i.e.,

o~

W = argmin £, (W).
W€§K

Denote A = vec(W — W*). We then have

~

En(W) — L,(W*) <0, which can be rearranged into &€, (A) < — <V,Cn (W), 3> .

Then, for some W between \//\\7 and W*,

%E’HH(W)B < \<vgn(w*),3>

)

which leads to

1A sup ATH,(W)A <2Alr sup (VL (W), A). 27

AES>K AESyK

From Lemma[d]and Lemma 5| when n = dq, we obtain that, for some & > 0,

— 2./
W — W*||p < VAALS (1/@‘/‘4_\/?)’
K1 n n

with probability 1 — 4exp {—0.25¢n + 9da} — 2exp {—c,dag — b}
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Now we proof several lemmas to be used in Theorem [3} For simplicity of notation, denote xt =
vec(X') and 2° = vec(Z'). It holds that 2 = Uga®, for 1 <i < n.

Lemma 4 (Deviation bound). Under Assumption EYCS ), suppose that n. =
0 >0,

P {Abelgix [(VL,(W*),A)| > 0.5\/ky (\/ dTM + \/i) } <2exp{—cydm},

where 6 = Op(1), dpg = K(P + L + 1), ky = C,C,, and ¢ is some positive constant.

dam, then, for some

Proof. Letn' = (Z',W*), and from .
1 ;
(VL,(W = ; (', A),
and we can observe that
E{[¢'(n") — y'l(z", A)} = E{E[¢'(n) — yl2](z", A)} = 0 =E[¢/(n') — yl]]EKzi, A)l.
It implies (1) E(VL,,(W™*), A) = 0, (ii) the independence between ¢'(n") — y" and (z*, A). And

from Lemma@ the independence leads to ||[¢'(n") — ](z Ay, <10 (n° y Hpn 1(25, A [y -
Denote ki = C,C,,. For any fixed A such that ||AH2 =

1=, Ay, = ||<wi,21/2UGA>Hw2 < VU
This, together with [|¢'(n) — y?||, < 0.25 in Lemmal7] gives us

¢’ (") = 512", Al < 0.25¢/kp.

Then, we can use the Beinstein-type inequality, namely Corollary 5.17 in (Vershynin, |2010) to derive
that, for any fixed A with unit [5-norm,

S0 -yl A)| > t}
i=1 (28)

<2€ [){_Cnmin< >}
X 5 .
- v Kl Ry

Consider a e-net Sy, with the cardinality of N (2K, ¢), for the set Sy K. For any A € Sy, there
exists a A € Sox such that HA AJ |lr < e. Note that A — A € S4K and, from Lemma |1l a)
we can further find A, Ay € SQK such that (A1, Ay) = 0and A — AJ = A1 + A,. It then
holds that [ A+ [lr + [ Azlr < VZI|A — A, lr < Ve since [|A — A2 = [ A2 + ]| Ao[2. As
a result,

(VL(W),A)| = (VL,(W"), A;)| +| (VL, (W*) A+ [(VL(WT), Ag)|

< max |< ﬁ( A |+\f€ sup |<v£n(W*)aA>|a

T 1<j<N(2K ) AES> K

P{{(VLn (W), A)| 3 1} — p{i

which leads to
sup (VL (W), A)| < (1—+v2¢)"! max (VL. (W), A

ACSox 1<j<N(2K,e)

Note that, from Lemma b), log N (2K,e) < 2dplog(9/e), where dygy = K(P + L + 1). Let
£ = (2v/2)~" and then 2log(9/¢) < 7. With (28), we can show that

4t 16t2
P sup VL, (W*), A 22t}§2exp{—cnmin( 7)—l—?cl/\,t}.
{ s (92,w).8) s
Take t = 0.25\/ky(v/dm/n + /d/n) where 6 = O,(1), and there exists some ~y such that
vV da/n < v holds. We can finally show that

P{ sup (VL,(W™),A)| > 0.5/ky <\/ dm + \/?) } < 2exp{—cydpm — b},
AESy K n n

where ¢, is some positive constant related to . O
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Lemma 5 (LRSC). Suppose that n 2 dq, under Assumptions there exists some constant R > 0,
such that for any W € Saic satisfying |W — W*||r < R,

inf A'H,(W)A >
AESok 2

holds with probability
1—4exp{—0.25¢cn + 9dar},

where i1 = k1 — ky. And k1 is defined in Lemmal8}

Proof. We divide this proof into two parts.
1. RSC of L,(W) at W = W*.

We first show that, for all A € Ssk, the following holds with probability at least 1 —
2exp {—0.25¢c(kr/ku)?n + 9da ),

A'H,(W)A > &,
where Kk = kg — Kk, > 0.

Let ' = (%', W*) and denote 2' = /¢’ (1')z* and we can see that
Z ziz" and, H(W*) = EH,(W*).

Denote ' = vec(X"). Here, for simplicity, we assume {z*}"_, to be independent gaussian vectors
with mean zero and covariance matrix 3, where ¢, I < 3 < C,I for some 0 < ¢, < C,. We will
also use the notation of A for its vectorized version, vec(A), and we consider A with unit l3-norm.

Since [[(A, 2%) ||y, = [{A, /9" () ULEY?wh) ||y, < 0.25,/Kr, where w' is a standard gaussian
vector and ky = C,C,,, we can show that

(A, 2)? —E[(A,2)%] [y, < 2[{A,2')2[ly, <4(A 2D}, < kv,

where the first inequality comes from Remark 5.18 in (Vershynin, 2010) and second inequality
comes from Lemma 5.14 in (Vershynin, 2010).

And hence, by the Beinstein-type inequality in Corollary 5.17 in (Vershynin, 2010), for any fixed A
~E[(A,2)°]}] >

such that ||Al|2 = 1, we have
t}
i=1
[t 2
<2expq—cnmin | —, — .
Ry Ky

With similar covering number argument as presented in Lemma 2 in our paper, we can show that,

P{|A'(H,(W*) — HW))A| >t} =P {:L

tt?
IP’{ sup |A'(H,(W*)— HW")A| > Zt} < 2exp {—cnmin <7 2) + 9dM} ,
AES K RU K’U

where dpg = K(P + L+ 1).
Llet ¢ = 0.5ky. By Assumption[#{C1), we can obtain that, when n 2 d,

IP’{ inf A'H,(W")A < E} < 2exp{—0.25¢cn + 9dr},

AES K
where kK = kg — Ky > 0.

2. LRSC of £,,(W) around W*.

Define the event A = {|(W*, Z)| > 7 SUPacs,, |(A, z")|} and construct the functions

= % Z ¢"((Z', W))I4z'2" and, h(W) = Eh,(W),
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where 7 is some positive constant to be selected according to Lemmal8] Since the difference between
h,(-) and H,(-) is the indicator function, it holds that H,,(-) > h,(-).

We will finish the proof of LRSC in two steps. Firstly, we show that, with high probability,
h,,(W™) is positive definite on the restricted set Sax. Secondly, we bound the difference between
A’h,(W)A and A’h,(W*)A, and hence show that h,, (W) is locally positive definite around
'W*. This naturally leads to the LRSC of £,,(W) around W*.

From Lemma [8) we can select 7, such that h(W*) > k;I. Following similar arguments as in
the first part, we can show that for all A € Sak, the following holds with probability at least
1 —2exp{—0.25¢cn + 9dr},

A'h, (WA > &y, (29)

where k1 = k1 — Ky > 0.

In the meanwhile, for any W € Sy such that W — W*||r < R, where R can be specified later to
satisfy some conditions,

|hn(w) - hn(W*)‘ =

SRS

n ) o 1 & ) o
1 ZW H [ 7 /! ’Lw* ]I .,

;¢(<Z, Naz'z n;¢(<27 Naz'z

23

n-

i=1

e
ni:l

where W lies between W and W*, and ¢ (z) = e*(1 — €7)/(1 + €*)3. Given the event A holds,
choose R < 7, we can lower bound the term,
(Z W) > [, W) = sup [(FLA) < (r—R) sup [(F,A)]
AESQ}(,HA”FSR AES>K

IN

¢/I(<ZZ,W>) _ ¢//(<Z17W*>)‘ ]IAzizi/

¢I//(<zi7W>)<Zi7W _ W*>’ I[Azizi/7

Notice that, for all z € R, the third order derivative of the function ¢(z) is upper bounded as
|¢""(2)| < 1/|z|. This relationship helps us further bound the term,

o ) i —W* SUPA - & 2t A
¢///(<Zz7w>)<z’z7w_w*> < |<Z7VY _W >| < AESQK»”A”FSRK . >|
(%", W) (T — R)supacs,, [(%", A)]

Rsupacs,, (2. A) R

N (T_R)SupAESQKKZivAH T_R.

Hence, we can show that

P{ sup |A'[hn, (W) — hp (W)]A] > t} < IP’{
AES2K

1< o
sup — > A'Z'zYA >ty
T = R AESoy Kk n ;
By setting t = arsm R/ (7 — R), where arsm = 3k17/2, we can use the equation (16) in Lemma
to obtain, as long as n 2 d 4,

R
IP’{ sup |A'[h, (W) — h,(W*)]A| > O‘RSM} < 2exp {—cun +9dr}.

AESyk TR

By rearranging terms, this is equivalent to

P{ inf Ah,(W)A< sup Ah, (WA — “BMI

<2exp{—cyn+9d}.
AESo Kk AESo Kk T — - p{ H M}

denoted as the event By

If we define the event By = {infacs,, A'h,(W*)A < &} and denote its complementary event
by B, and from (29), we know that P(B) < 2exp {—0.25cn + 9dq}. It can be seen that

P ({ inf Alhn (WA < 7 — SRME

C < c <
A€Su T-R } " BZ) SP(BN By) < P(BY)

29



Under review as a conference paper at ICLR 2021

So, if we choose R to be sufficiently small, such that agsm R/ (7 — R) < K1/2, it holds that,

arsm

P{ inf Ah,(W)A <2V <P({ inf Ah,(W)A <R —
AESak 2 AES K T — R

brss) + e

This, together with H,,(-) > h,(-), leads us to conclude that, when n 2 d4, there exists some
R > 0, such that for any W € Sy satisfying | W — W*||¢ < R,

inf A'H,(W)A > %

AESaKk
holds with probability
1—2exp{—0.25cyn + 9dp} —2exp {—0.25¢n + 9drq}
We accomplished our proof of the LRSC of £,,(W) around W*. O

Lemma 6. For two sub-gaussian random variables, X and 'Y, when E(XY) = EXEY, i.e. X is
independent to Y, it holds that
(XY gy < N X Mo 1Y ][ -

Lemma 7. 4 ‘
1¢"(n") — " [ly, < 0.25.

Proof. Firstly, we observe that

E (exp{A [¢' (') — y']}|2z*) = exp{A¢' (')} exp{—d(n')} + {\ [¢'(n') — 1]} exp{n’ — ¢(n")}
exp{Ad’ (') = ¢(')}[1 + exp{n’ — A}]

= exp{o(n’ = A) — o(n") + 26’ (')}

= exp{0.52%¢" (1)} < exp{0.125)\?}.

It then holds that E (exp{X [¢'(n") — y']}) = E{E (exp{A [¢/(n) — '] }|z")} < exp{0.125)%},
and this implies that ||¢’ (") — y*||y, < 0.25.

O

Lemma 8. Under Assumptiond} there exists a universal constant T > 0 such that h(W™) > x11,
where k1 is a positive constant.

Proof. We first show that for any pg € (0, 1), there exists a constant 7 such that

P((W*, Z")| > 7 sup [(A,z)]) = po.

AEeSok

We would separately show that

. 1 .
}P’(|<'\/\7*,Zv‘>|>61\/dM)2po2+ and, P( sup [{(A,z")] < cov/da) > 5
AcSok

denoted by event Dy

denoted by event Do

for some positive constants ¢; and co. Using the relationship P(Dy N Dy) = P(D;) + P(Ds) —
P(D§UDS) > P(Dy) + P(D3) — 1, it follows naturally that
- Po +1 " po+1

P((W*, 2% > 7 sup [(A,2")]) > 5 5
AcSok

—1=po, (30)

where 7 = ¢1/ca.

Since x is a gaussian vector with mean zero and covariance 3, 2t = Uémi is a zero-mean gaussian

vector with covariance given by U, XUg, and (W*,Z") = (vec(W*), 2*) also follows a normal
distribution with mean zero and variance (also its sub-Gaussian norm) upper bounded by x| W* |2,
where ky = C,.C,,.
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Since from Assumption C2), |[W*||2 > ay/d i, we can take c; to be sufficiently small such that

\<W*’Z’i>| C1 C1 po+1
P(D{)=DP > P(lz — ) > —
( 1) <HUW*HF = Ko | T (| | - I<LUO[) - 2

where x is a gaussian variable with variance upper bounded by 1.

Then, we can also observe that, for any fixed A € Syx, (A, 2%) is a gaussian variable with zero
mean and variance upper bounded by k7. We can use the concentration inequality for gaussian
random variable to establish that

P (A, 2] > 1) < 2exp<—j—U>,

for all t € R. We can further use the union bound to show that
) t2
P ( sup [{A,z")] > t) < 2exp(—— + 7dm).
AES Kk RU
Let t = cov/dq for some positive constant co > /7Ky . We can choose ¢ large enough such that
) 1—
P ( sup (A, 21)| > cm/dM) <P
AEeSak 2

The probability at is hence shown.

Now, we will take a look at the matrix h(W”*) and show that it is positive definite. Same as in

Lemma we denote the event A = {|(W* Z")| > 7 SUPAcs,, (A, 2|}, and its complement by
A¢, then

'h(WHA = %E {Z ¢ (T, w>)11AA'zizi’A}

=1
1 ~ . o 1 n . o
- E {g & (2, W))A’z’z“A} - -E {; & (2, w>)ﬂACA'z1z“A}

= A'H(W")A {Z ¢ (2, W) [4e A 2 i/A}

i=1

Q ko —% E{iw(w‘,wm (A, 1) } {ZHAC}
=1
© I
4

(1 7p0)a

where (i) follows from Assumption Cl), And since (A, zi> is a gaussian variable with mean zero
and variance bounded by ks, its fourth moment is bounded by 3xy. Also, by ¢’ (z) € (0,0.25) for
all z € R, (ii) can be shown.

Here, we can take pg to be small enough such that 0.25/3k (1 — pg) < 0.5k holds. It follows that
A'h(WHA > Ky,

> Ko —

with k1 = 0.5k¢. We hence accomplished the proof of the lemma. O

A.5 ADDITIONAL EXPERIMENTS

A.5.1 MORE EXPERIMENTS FOR THEORETICAL RESULTS

We first provide some additional implementation details for Section 4.1 in the paper. We consider
two types of inputs for verification of the sample complexity in Theorem 1. For the time-dependent
inputs, we generate a sequence of vectors {x'} with size R? from a stationary VAR(1) process,
where d = 245 or 192. The VAR(1) process has a transition matrix with spectral norm less than
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(1) Network design (2) Efficient number of kernels (R=8)

— K=8 — K=24

(8]

K=16 — K=32

Sh
]
W - Wi,

1000 2000 3000 4000

Figure 7: Additional experiments for efficient number of kernels.

1 to ensure stationarity, and a white noise sequence which follows multivariate standard normal
distribution. The first 50 simulated data points in the sequence are discarded to alleviate the influence
of initialization, and the length of the resulting sequence is equal to the training sample size plus the
testing sample size, i.e. n + 200. We then reshape {x'} into a sequence of tensors of shape (7, 5, 7)
or (8, 8, 3), which are the time-dependent inputs for experiments under S1/S2 or S3/54.

Next, we conduct extra experiments for efficient number of kernels for a CP block design. This study
uses 32 x 32 inputs with 16 channels, and we set stride to 1 and pooling sizes to (5, 5). We generate
the orthonormal factor matrices {H@),1 < j < 4}, where H") is of size R®*%, H®) is of size
RSB HG) is of size R16*F and H® is of size RX*" where R = 8 and K € {8,16,24,32}.
If we denote the orthonormal column vectors of H () by hgj ) where ]l <r < Rand1 < j <4,

the stacked kernel tensor A can then be generated as A = Zil hgl) o hg) o h$3) o h£4). And it
can be seen that A has a CP rank of R = 8. We split the stacked kernel tensor A along the kernel
dimension to obtain {Ag,1 < k < K} and generate the corresponding fully-connected weight
tensors { By, 1 < k < K} with standard normal entries. The parameter tensor W is hence obtained,
and we further normalize it to have unit Frobenius norm to ensure the comparability of estimation
errors between different K's. The block structure in Figure [7(1) is employed to train the network,
and it is equivalent to the bottleneck structure with a CP decomposition on A; see [Kossaifi et al.
(2020b). We can see that as K increases, there is more redundancy in the network parameters. Fifty
training sets are generated for each training size, and we stop training when the target function drops
by less than 10~°. From Figure 2), the estimation error increases as K is larger, and the difference
is more pronounced when training size is small.

A.5.2 ABLATION STUDIES ON MORE BLOCK DESIGNS

In this section, we present the results from the studies of K /R ratios on two popular networks
structures, namely, ResNeXt (Xie et al.,2017) and Shufflenet v2 (Ma et al.,|2018]). To start with, we
will show the bottleneck block structure and its respective K/ R ratio in ResNeXt and Shufflenet.

In Figure 8] we represent the bottleneck block structure of ResNeXt consisting of 3 layers: a 1 x 1
convolution layer, a 3 x 3 group convolution layer followed by another 1 x 1 convolution layer.
During group convolution phase, there are g parallel paths, each has a bottleneck size of r, which

DR— K >
M @ 1 x 1 conv |
= K - - —

1'% 1 conv — / total g paths, "'~—‘
| 3 x 3 conv 3 x 3 conv andR:.r-;g 3 x 3 conv
3 X 3 Geonv, o o e

group = g ‘ ‘

- R > 1 x 1 conv 1 x 1 conv 1 X 1 conv

| « K >l e K N < K

1 x 1 conv —_— N

a— —

Figure 8: Equivalent ResNext building blocks. Both (1) and (2) represent a block of ResNeXt with
cardinality g, with R = r - g. Here, the expansion ratio t = K /R, and takes values of 1,2 and 4.

32



Under review as a conference paper at ICLR 2021

Channel Split

e K —————————— >
x 1 Conv 1% 1 conv
x 3 DWCon \
3 x 3 DWconv
1x1 Conv I< 1‘3 |

"

1 x 1 conv
e K >
Channel Shuffle

Figure 9: A basic block of Shufflenet v2, with its bottleneck structure depict explicitly. Here, the
expansion ratio t = K/ R, and takes values of 1,2 and 4.

Table 3: Test accuracy(%) of ResNeXt and Shufflenet on SVNH.

t ResNeXt #FLOPs #Params \ Shufflenet #FLOPs #Params
1 96.20 0.05GMac 1.45M 95.93 0.05GMac 1.33M
2 96.25 0.07GMac  2.13M 96.08 0.08GMac 1.67M
4 96.20 0.14GMac 4.44M 96.03 0.16GMac  3.84M

is also the rank of the output channel in each individual path; see also Figure 1 in|Xie et al.|(2017).
Since the output from each path is aggregated via summation, the rank of the output channel of the
entire bottleneck block is equal to R = r - g. Subsequently, we can define the expansion ratio of this
block tobe t = K/R.

In Figure [9] we represent the bottleneck block structure of Shufflenet. It consists of 3 layers: a
1 x 1 convolution layer, a 3 x 3 depthwise convolution layer followed by another 1 x 1 convolution
layer. So, the only difference between this block structure and that in ResNet (He et al.| [2016) is
that the full 3 x 3 convolution is replaced by the depthwise separable convolution. It follows that the
expansion ratio is t = K/R.

We conducted the experiments on the SVNH dataset and take t = 1,2,4, sincet = 2ort = 4 in
particular, is commonly used in practice. We followed the design of ResNeXt-50 (see Table 1 in|Xie
et al.[(2017)) and Shufflenet v2-50 (see Appendix Table 2 in |[Ma et al.| (2018)), only be removing
the three convolution block in ”conv5” to avoid overfitting. And we set R = 24, 58,116, 232 as the
bottleneck rank for “conv1”-"conv4”, respectively. And K = t - R is taken according to different
values of . The implementations are similar to before. Following the practice in |He et al.[(2016)),
we adopt batch normalization(BN) (loffe & Szegedy, 2015) right after each convolution and before
the ReLU activation. For ResNeXt, the cardinality of the group convolution is set to be 32, and we
initialize the weights as in |He et al.| (2015). We use stochastic gradient descent with weight decay
10~*, momentum 0.9 and mini-batch size 128. The learning rate starts from 0.1 and is divided by 10
for every 100 epochs. We stop training after 350 epochs, since the training accuracy hardly changes.
The training accuracy is approximately 96%. We set seeds 1-5 and report the worst case scenario of
the test accuracy in Table[3]

We can see that, when ¢ = 1, the test accuracy is comparable to when ¢ = 2 or 4, and the number
of parameters are reduced by a lot. In fact, the ratio of number of parameters at a single bottleneck
block for ¢t = 1,2 and 4 is roughly 1 : 2 : 4, for both networks. This implies that the number
of parameters will increase dramatically when we have a deeper CNN, for instance, ResNeXt-101.
Hence, it is always recommended to keep ¢ = 1 to achieve more parameter efficiency without
sacrificing the test accuracy.
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