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RADEMACHER COMPLEXITY AND
THE GENERALIZATION ERROR OF RESIDUAL NETWORKS*

WEINAN Ef, CHAO MA¥, AND QINGCAN WANG?

Abstract. Sharp bounds for the Rademacher complexity and the generalization error are derived
for the residual network model. The Rademacher complexity bound has no explicit dependency on
the depth of the network, while the generalization bounds are comparable to the Monte Carlo error
rates, suggesting that they are nearly optimal in the high dimensional setting. These estimates are
achieved by constraining the hypothesis space with an appropriately defined path norm such that the
constrained space is large enough for the approximation error rates to be optimal and small enough
for the estimation error rates to be optimal at the same time. Comparisons are made with other
norm-based bounds.
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1. Introduction

One of the major theoretical challenges in machine learning is to understand, in a
high dimensional setting, the generalization error for deep neural networks, especially
residual networks [10] which have become one of the default choices for many machine
learning tasks. To this end, one needs to understand both the approximation error,
which measures the error of the best approximation of the target function in the hy-
pothesis space, and the estimation error, which measures the additional error due to
the fact that we have a finite dataset. Naturally the larger the hypothesis space, the
smaller the approximation error. Since the estimation error goes roughly in the oppo-
site direction, one most crucial step in obtaining good estimates for the generalization
error is the choice of the hypothesis space in order to achieve the right balance. In this
regard, the norm-based bounds use some appropriate norms of the parameters to define
the hypothesis space [3,5,9,14]. More sophisticated ways of constraining the hypothesis
space can be found in [1] and [12]. As we will show later, these constraints are either
too strong in the sense that the hypothesis space is not big enough for the optimal
approximation error bounds to hold, or too weak in the sense that the complexity of
the hypothesis space is too large.

To achieve the right balance, we define a weighted path norm for the parameters
in a residual neural network. Our main result is that the Rademacher complexity
scales optimally (i.e. 1/4/n where n is the size of the dataset) for the hypothesis space
constrained by this weighted path norm. By itself this result simply means that we
have chosen a strong enough path norm to constrain the hypothesis space. So it is
important to complement this result with one in a different direction, namely, we will
also show that one can approximate reasonable target functions optimally (i.e. with
Monte Carlo type of rates) by residual neural networks with the weighted path norm
uniformly bounded by some norm of the target function. Together these results imply
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a Monte Carlo kind of bounds for the generalization error. It is possible that the same
result can also be established under the usual path norm. But so far we have not
succeeded in proving this result.

While existing generalization bounds differ in many ways, they have one thing
in common: they depend on information about the final parameters obtained in the
training process. Following [7], we call them a posteriori bounds. A posteriori bounds
have the advantage that they can be readily computed at the end of the training process.
In practice the numerical values of these bounds are so large that they are often vacuous.
In this paper, besides the a posteriori bounds, we will also derive a priori bounds.
These bounds do not depend on the parameters computed. Instead, they depend on
some norms of the target function. Although these a priori bounds can not be readily
evaluated due to the lack of the required information about the target function, they
still provide much-needed insight about the qualitative behavior of different models and
different theoretical results. To use these bounds in practice, one can approximately
evaluate the required norms of the target function using the output of the model.

We remark that results of similar nature have already been established in [7] for
the case of two-layer neural network models.

Our estimates are optimal in the sense that they are comparable to the Monte Carlo
rate. Indeed what we succeed here is to show that both the approximation error and
the estimation error are controlled by quantities with a Monte Carlo origin. This gives
us the O(1/Lm+1/+/n) type of bounds shown below. It is well-known that one can
use standard tricks in Monte Carlo methods (as well as the use of local Rademacher
complexity) to improve the exponent by some O(1/d) factors [4,15], where d is the
dimensionality of the problem. In the high dimensional case, this factor does not make
a big difference and we will not pursue these possible improvements. For this reason,
we will refer to the Monte Carlo-like error rates as being “optimal”.

Table 1.1 shows a comparison of our results with other results in the literature.
Since existing a posteriori estimates in machine learning are only concerned with the
estimation error or the generalization gap (see below for precise definitions), to be able
to make a comparison, we develop in Section 3 a standard routine that converts a
posteriori estimates to a priori ones and this is how we obtain some of the items in the
table.

From the table one can see the following:

(1) The estimates of [13] (I3 path norm) and [11] (variational norm) contain an ex-
ponential and algebraic depth-dependent factor in the bound for the generalization
gap respectively.

(2) The spectral norm used in [5] is strong enough to guarantee a Monte Carlo-like
bound for the estimation error. But the hypothesis space with a fixed spectral
norm is too small for getting a Monte Carlo-like rate for the approximation error.
For the latter purpose we have to increase the size of the norm with the depth, and
this results in a deterioration of the bound for the total error.

Norm Weighted path norm l1 path norm Spectral norm Variational norm
L. 1 oL 1 1.3/2
A posteriori O(ﬁ) O(ﬁ) O(ﬁ> » (9( \/2/2
- L (Lm) L3/2 /m
A priori O(leJrﬁ) O(leJrfm) O(leJr N ) O(leJr ﬁm>

TABLE 1.1. Comparison of the a posteriori and a priori estimates for different norms. m is the
width of the networks, and L is the depth.
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Other works that control the generalization error using norm-like quantities in-
clude [1,9,12].

Notations.  In this paper, we let Q= [O,l]d be the unit hypercube, and consider
target functions with domain ). Let 7 be a probability measure on €, for any function
f:Q—R, let ||f|| be the L? norm of f based on T,

172 = /Qﬂ(w)w(dsc). (11)

Let o be the ReLU activation function used in the neural network models: o(x)=
max{z,0}. For a vector &, o(x) is a vector of the same size obtained by applying ReL.U
component-wise. Throughout this paper, we use S¥~! to denote the unit L' sphere in
R4

2. Setup of the problem and the main theorem

2.1. Setup of the problem. We consider the regression problem and residual
networks with ReLU activation o(-). Assume that the target function f*:Q—[0,1].
Let the training set be {(2;,v;)}.—,, where the x;’s are independently sampled from an
underlying distribution 7 and y; = f*(x;). Later we will consider problems with noise.

Consider the following residual network architecture with skip connection in each
layer!

ho=Va,
gi=c(Wih;_1),
hi=h;_1+Ug;, [=1,....L,
f(x:0)=uThy. (2.1)

Here the set of parameters 8 ={V , W, U;,u}, Ve RP*4 W, cR™*P U, e RP*™ ny ¢
RP, L is the number of layers, m is the width of the residual blocks and D is the width
of skip connections. Note that we omit the bias term in the network by assuming that
the first element of the input x is always 1.

To simplify the proof we will consider the truncated square loss

2

U(x:0) = [Tjo,11f(2:0) — f* ()], (2.2)
where Tjo 1) is the truncation operator: for any function h(:)
Tio,11h(x) = min{max{h(x),0},1}. (2.3)

The truncated population risk and empirical risk functions are
. 1<
L(O)=FEx l(x;0), L(O)=—)» L(x:0), 2.4
(0) (xi0).  £(6)= 13 o) (2.4)

REMARK 2.1. The truncation is used in order to simplify the proof for the complexity
control (Theorem 2.2). Other truncation methods can also be used. For example, we
can truncate the loss function ¢, instead of f.

1In practice, residual networks may use skip connections every several layers. We consider skip
connections every layer for the sake of simplicity. It is easy to extend the analysis to the more general
cases.
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Let f be the output of the machine learning model for the target function f* and
fm be the best approximation to the target function f* in the hypothesis space F,,.
We can decompose the error into

F=f=f—fmtfm—f

e f*— f,, is the approximation error, due entirely to the choice of the hypothesis
space.

o fr,— f is the estimation error — the additional error due to fact that we only
have a finite dataset.

2.2. Function space and norms. In this paper, we consider target functions
belonging to the Barron space B. Note that in principle one can and should consider
target functions in the compositional spaces defined in [6] since as shown there, they are
the natural function spaces associated with residual networks. However, the machineries
of the compositional spaces are much more complicated and less intuitive. Therefore
to present the main ideas on estimating the Rademacher complexity, we will consider
Barron space for simplicity.

The following definitions of the Barron space and the corresponding norm are
adopted from [7].

DEFINITION 2.1 (Barron space). Let S*! be the unit L' sphere in R, and F be the
Borel o-algebra on S*~1. For any function f:Q—R, define the Barron norm of f as

Ills=int | [ law)Pata)] 1/2, (25)

where the infimum is taken over all measurable function a(w) and probability distribution
7 on (S71,F) that satisfies

flz)= /Sdi1 a(w)o(wz)r(dw), (2.6)

for any x €.
The Barron space B is the set of L? functions with finite Barron norm,

B={f:Q=R [ |flls<oo}. (2.7)

The Barron space is large enough to contain many functions of interest. For exam-
ple, it was shown in [11] that if a function has finite spectral norm, then it belongs to
the Barron space.

DEFINITION 2.2 (Spectral norm).  Let f € L*(Q), and let FeL?(R%) be an extension
of f to R, and F be the Fourier transform of F. Define the spectral norm of f as

A(y=int [ lf1F(w)do, (29

where the infimum is taken over all possible extensions F.

COROLLARY 2.1. Let f:Q—R be a function that satisfies v(f) <oo. Then

1£lls <~(f) <oo. (2.9)



WEINAN E, CHAO MA, AND QINGCAN WANG 1759

On the other hand, for residual networks, we define the following parameter-based
norm to control the estimation error. We call this norm the weighted path norm since
it is a weighted version of the I; path norm studied in [13] and [18].

DEFINITION 2.3 (Weighted path norm).  Given a residual network f(-;0) with archi-
tecture (2.1), define the weighted path norm of f as

£ e = [16llp = [ J|" (T +2[UL|IWL])--- (I +2[U: W2V, (2.10)

where |A|, with A being a vector or matriz, means taking the absolute values of all the
entries of the vector or matrix.

The weighted path norm is a weighted sum over all paths in the neural network
flowing from the input to the output, and gives larger weight to the paths that go
through more nonlinearities. More precisely, given a path P, let w],w},...,wT be the
weights on this path, let p be the number of non-linearities that P goes through. Then,
it is straightforward to see that our weighted path norm can also be expressed as

L
Ifle= > 2 Il (2.11)
=1

P is activated

This weighted path norm can also be seen from an “effective depth” viewpoint. It
has been observed that although residual networks can be very deep, most information
is processed by only a small number of nonlinearities. This has been explored for
example in [17], where the authors observed numerically that residual networks behave
like ensembles of networks with fewer layers. The weighted path norm naturally takes
this into account.

REMARK 2.2. At a first sight, the factor 2 may trigger an alarm for fear that one
might end up with some exponential depth-dependent factors in the estimates. This
is not the case. In fact, as one can see in the proof, if 2 is changed by a factor of k,
the result is that the constant 4 in (2.17) is changed by a factor of k. This does not
mean that the factor 2 can be replaced by an arbitrary small number, since we need it
to be big enough to control the Rademacher complexity. But it does not introduce any
seriously bad term in the estimates. At this point, it is not clear whether the factor 2
can be removed.

2.3. Rademacher complexity. A crucial step in estimating the generalization
error is to bound the generalization gap £(60) — £(0). As usual, this is done by bounding
the Rademacher complexity of the hypothesis space. Recall the definition of Rademacher

complexity:

DEFINITION 2.4 (Rademacher complexity). Given a function class H and sample set
S={x;}_,, the (empirical) Rademacher complexity of H with respect to S is defined
as

1

sup Zflh(azl)] , (2.12)

heH 5

where the &;’s are independent random variables with Pr{¢; =1} =Pr{¢;=—1}=1/2.

By its definition, the Rademacher complexity measures the capability of the func-
tion class ability to fit random binary labels (represented by {¢;}). Larger Rademacher
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complexity means that the function class can fit noises better, and hence is more vul-
nerable to overfitting. It is well-known that the Rademacher complexity can be used to
control the generalization gap [16].

THEOREM 2.1.  Given a function class H, for any 6 € (0,1), with probability at least

1—48 over the random samples {x;}._,,

sup Ex[h(x)]—lzn:h(a:i) <2R(H)+2 sup |h—h| M. (2.13)
h,h!/€H n

heH ni

The following theorem is our first result. It shows that the Rademacher complexity
of residual networks can be controlled by the weighted path norm, with the optimal

1/4/n scaling.

THEOREM 2.2. Let FR={f(-0):||0|lp <Q} where the f(-,0)’s are residual networks
defined by (2.1). Assume that the samples {x;}]_, CQ. Then we have

R(FQ)<2Q 21%(2‘0. (2.14)

Note that the definition of F? does not specify the depth or width of the network.
Consequently our Rademacher complexity bound does not depend on the depth and
width of the network. Hence, the resulted a posteriori estimate has no dependence on
L and m either.

A corollary of this is:

COROLLARY 2.2 (A posteriori estimates).  Let ||@||p be the weighted path norm of
residual network f(-;0). Let n be the number of training samples. Let £(0) and £(6) be
the truncated population risk and empirical risk defined in (2.4). Then for any § € (0,1),
with probability at least 1 —¢ over the random training samples, we have

2(6)-£(0) <a(]j0]p+1)2Y Qk’j(ﬁzd)“ 42,/ 210g(;4/5). (2.15)

2.4. A priori estimates of the generalization error. We adopt a relaxed
form of the weighted norm constraint in the form of a regularized model:

min J(0):=L(6)+3\0|p 21%(2‘0. (2.16)

THEOREM 2.3 (A priori estimate).  Let f*:Q2—[0,1] and assume that the residual
network f(-;0) has architecture (2.1). Let n be the number of training samples, L be
the number of layers and m be the width of the residual blocks. Let ||f||s be the Barron
norm of f* and ||0||p be the weighted path norm of f(-;0) in Definition 2.1 and 2.3.

For any A >4+2/[3+/2log(2d)], assume that 0 is an optimal solution of the reg-
ularized model (2.16). Then for any 6 € (0,1), with probability at least 1—¢ over the
random training samples, the population risk satisfies

L(9)< % +(4||f||3+1)3(4+/\) Vj%og@d”? +4\/210g(n728/5). (2.17)
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REMARK 2.3.

(1) The estimate is a priori in nature since the right-hand side of (2.17) depends only
on the Barron norm of the target function instead of the norm of 6.

(2) We want to emphasize that our estimate is nearly optimal. The first term in (2.17)
shows that the convergence rate with respect to the size of the neural network is
O(1/(Lm)), which matches the rate in the approximation theory for shallow net-
works [2]. The last two terms show that the rate with respect to the number of
training samples is O(1/+/n), which matches the classical estimates of the general-
ization gap.

(3) The second term depends only on ||f||g instead of the network architecture, thus
there is no need to increase the sample size n with respect to the network size
parameters L and m to ensure that the model generalizes well. This is not the case
for existing error bounds (see Section 3).

2.5. Extension to the case with noise. Our a priori estimates can be
extended to problems with sub-Gaussian noise.

ASSUMPTION 2.1.  Assume that y; are given by y; = f*(x;)+e;, and {e;} are i.i.d.

random variables such that Ee; =0 and

12
Pr{le;| >t} <ce 2.2, Vt>r, (2.18)

for some constants ¢, o and T.
Let {5 (x;0) ={(x;0) A B2 be the square loss truncated by B2, and define

Lp(0)=Eyrlp(x;0), Lp(0)= %Zeg(mi;e). (2.19)
i=1

Then, we have

THEOREM 2.4 (A priori estimate for noisy problems). In addition to the conditions
in. Theorem, 2.3, assume Assumption 2.1 holds. Let Lp(0) and Lp(8) be the truncated
population risk and empirical risk defined in (2.19). For B>1+max{r,0+/logn} and
A >4+2B/[3+/2log(2d)], assume that 6 is an optimal solution of the regularized model

min J(8):=L(0)+\B|0|p-3 21%(%). (2.20)

Then for any 6 € (0,1), with probability at least 1—3§ over the random training sample,
the population risk satisfies

~ 16| fl| 3(4+X)B+/2log(2d) +2B>
L)<=+ (120 fls+1) NG

2log(28/4) N 2c(402+1)

4B?
+ n Vn

(2.21)

We see that the a priori estimates for problems with noise only differ from that
for problems without noise by a logarithmic term. In particular, the estimates of the
generalization error are still nearly optimal.
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2.6. Proof sketch. First, we show that any function f in the Barron space
can be approximated by residual networks with increasing depth or width, and with
weighted path norm uniformly bounded.

THEOREM 2.5.  For any target function f* € B, and any L,m > 1, there exists a residual
network f(-;0) with depth L and width m, such that

10 - < 21l (2.22)
and
16]lp <4/l 5-
Next, consider the decomposition
£(0)-L£(0)=LO)-T(O)| +|T(0)-T(O)|+ |70)-£@O)].  (2.23)

Recall that 6 is the optimal solution of the minimization problem (2.16), and 6 corre-
sponds to the approximation in Theorem 2.5.
By the definition of J (2.16),

£(0)-T(0)<|£(6) - £©)] - 3|6 22D,

76)~£(0)=[e®)~ £6) + a1l 7520

From the a posteriori estimate (2.15), both |£(0) — £(8)| and |£(8) — £(8)] are bounded
with high probability, thus both £(8)—7(6) and J(8)— £() are bounded with high
probability. In addition, J(8)—7(0) <0, and the approximation result (2.22) bounds
L£(0). Plugging all of the above into (2.23) will give us the a priori estimates in Theo-
rem 2.3.

For problems with noise, we can similarly bound Lg(0)—7(0) instead of L(0)—
J(0). Hence, to formulate an a priori estimate, we also need to control £(6)—Lg5(6).
This is given by the following lemma:

LEMMA 2.1.  Assume that the noise € has zero mean and satisfies (2.18), and B>
1+max{7',0\/1ogn}. For any 8 we have

c(40?+1)

1£(0) - Lp(0)| < N

(2.24)

3. Comparison with norm-based a posteriori estimates

Different norms have been used as a vehicle to bound the generalization error of
deep neural networks, including the group norm and path norm given in [14], the spec-
tral norm in [5], and the variational norm in [3]. In these works, the bounds for the
generalization gap £(0) —£(0) is derived from a Rademacher complexity bound of the
set F@={f(z;0):]|0||xn <Q}, as in Theorem 2.2, where ||@||x is some norm or value
computed from the parameter 8. These estimates are a posteriori estimates. They are
shown to be valid once the complexity of F is controlled.
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However, finding a set of functions with small complexity is not enough to explain
the generalization of neural networks. The population risk contains two parts—the
approximation error and the estimation error. In general, optimal bounds for the ap-
proximation error requires the hypothesis space to be large enough and optimal bounds
for the estimation error requires the hypothesis space to be small enough. A posteriori
estimates only deal with the estimation error. In a priori estimates, both effects are
present and we have to strike a balance between them. In this sense, a priori estimates
can better reflect the quality of the norm or the hypothesis space selected. Therefore
in order to compare our estimates with previous results, we need to turn the previous a
posteriori estimates into a priori estimates by establishing approximation error bounds
for the other approaches in the same way as we did for ours. These approximation error
bounds allow us to translate existing a posteriori estimates into a priori estimates and
thereby put previous results on the same footing as ours.

To start with, based on the analysis in Section 2.6, we provide a general frame-
work for establishing a priori estimates from norm-based a posteriori estimates. This
framework holds for both residual networks and deep fully-connected networks:

f(ﬂ:;e)ZWLU(WL,10(~~~U(W133))) (31)

where W, e R4 W, cR™*™ [=2,...,L—1 and Wy e R"*™, and m is the width of
the network.

Let ||@]|x be a general norm of the parameters 8, we make the following assumptions
about ||0]|x-.

ASSUMPTION 3.1.  For any set of parameters 0, let f(-;0) be a neural network as-
sociated with 6. Then, there exists a function ¥(d,L,m), such that the Rademacher
complezity of the set }'?m ={f(0): f(-;0) has depth L and width m, and ||0||x <Q}
can be bounded by 1

¥(d,L,m)
\/ﬁ )

where d is the dimension of x, L and m are the neural network depth and width respec-
tively.

R(FP,)<Q- (3.2)

The above Rademacher complexity bound implies the following a posteriori esti-
mate.

THEOREM 3.1 (A posteriori estimate). Let n be the number of training samples.
Consider parameters 6 of a network with depth L and width m. Let £(0) and L(8) be
the truncated population risk and empirical risk defined in (2.4). Then for any 6 € (0,1),
with probability at least 1 —¢ over the random choice of training samples, we have

2¢(d,L,m)+1 5 2log(14/6)
N A S

20) - £O)| <2016]x+1) (3.3)

The proof of Theorem 3.1 follows the same way as the proof of Theorem 2.2. With
the a posteriori estimate, we obtain an a priori estimate by formulating a regularized
problem, and comparing the solution of the regularized problem to a reference solution
with good approximation property.
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THEOREM 3.2 (A priori estimate).  Under the same conditions as in Theorem 3.1, for

A>4+42/¢(d,L,m), assume that 0 is a minimizer of the regularized model

¢(d,L,m)
\/ﬁ )

Then, for any § € (0,1), with probability at least 1 — 0 over the random training samples,

min7 (0):=£(0) +X6]x- (3.4)

(4+A)w(\%,m)+2+4 210g(§8/6)'

where 0 is an arbitrary set of parameters for the same hypothesis space.

L(6)<L(0)+ (Hé||N+1) (3.5)

Next, we apply this general framework to the I; path norm [14], spectral complexity
norm [5] and variational norm [3]. The definitions of the norms are given below.

Iy path norm. For a residual network defined by (2.1), the [; path norm [14] is defined
as

161 = ([l (T +[ULIWL])-- (T+ [T WA V]|, (3.6)

Spectral complexity norm. For a fully-connected network (3.1), the spectral com-
plexity norm proposed in [5] is given by

- w3
16ln = [HWzla] [Z 2/3 ] (3.7)
=1 e
where |||, denotes the matrix spectral norm and ||-||,, denotes the (p,q)
matrix norm [|[W|[p,q =[|(1W*!{lp,....[[W*"[|,)[lg-

Variational norm. For a fully-connected network (3.1), the variational norm proposed
in [3] is

1 - i
1Bl =ZVVD D ViV, .
=1 j
where
V=Wl Wy
Vin = [[[W7 Wi WA
Vi =|[We |- (Wi | [W -

When applying Theorem 3.2, for residual networks, we choose 6 to be the solution
given by Theorem 2.5, which is the same solution used in our main theorem. For
fully-connected networks, we slightly modify the construction of 0 (see the appendix
for details), such that the a priori estimates we obtain for different norms all have the
same approximation error. But as ||@||x and ¢ vary for different norms, the estimation
error comes out differently. To this end, let us recall the expressions of i for the norms
mentioned above

l; path norm: Y(d,L,m)=2%/2log2m,
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Spectral norm : ¥(d,L,m)=12logn+/2log2m,
Variational norm : Y(d,L,m) = Llogn/(L —2)logm+log(8ed).

On the other hand, one can derive following bounds for ||@||x (see the appendix for
details):

!y path norm: ||0~||N <4 f*|s,
Spectral norm : ||0~||N§16(Lm)3/2||f*“6,
Variational norm: ||é||N <4vm| f*| -

Plugging the results above into Theorem 3.2, we get a priori estimates of the regularized
model using different norms. The results are summarized in Table 1.1 in Section 1. They
are shown in the order of L, m and n, the logarithmic terms are ignored. The notation
O(+) hides constants that depend only on the target function. We see that the weighted
path norm is the only one in which the second term in the a priori error bound scales
cleanly as O(1/4/n), i.e., it is independent of the depth L.

Note that in Table 1.1 the standard !; path norm gives an a priori estimate with an
exponential dependence on L, different from the case for the weighted path norm. To see
why, consider a network f(-;0) with 8 ={V W, ,U;,u}. By the Rademacher complexity
bound associated with the weighted path norm (2.14), this function is contained in a
set with Rademacher complexity smaller than

Cq T

WHM (I+2(UL||Wy|)-- (I 42U | [W1 )| V]|, (3.9)
On the other hand, if we use the I; path norm, this function is contained in a set with
Rademacher complexity smaller than

Cs
el I+ 20U W) I+ 2T [ WiDIVI,, (3.10)

where C7 and Cy are constants. This gives rise to the exponential dependence. This is
not the case in (3.9) as long as the weighted path norm is controlled.

The use of the variational norm eliminates the exponential dependence for the
complexity bound, but still retains an algebraic dependence.

The story for the spectral norm is different. It was shown in [5] that the Rademacher
complexity of the hypothesis space with bounded spectral norm has an optimal scaling
(1/4/n). However, as the depth of the network goes to infinity, this hypothesis space
shrinks to 0 if the bound on the spectral norm is fixed. Therefore, in order to get the
desired bound on the approximation error, one has to increase the bound on the spectral
norm (the value of Q). This again results in the L dependence in the estimation error.

When deriving the results in Table 1.1, we used a specific construction 6 to control
the approximation error. Other constructions may exist. However, they will not change
the qualitative dependence of the estimation error, specifically the dependence (or the
lack thereof) on L,m in the second term of these bounds, the term that controls the
estimation error.

4. Conclusion

By designing proper constraints on the hypothesis space, we have established Monte
Carlo-like bounds of the population risk for deep residual networks. This result gener-
alizes the result in [7] for two-layer neural networks. In particular, the error rates estab-
lished here are dimension-independent. This is the first time that results of this kind
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have been achieved. Previous results suffer from either the lack of depth-independent
control for the Rademacher complexity, as is the case for the results in [14] and [3], or
the fact that the hypothesis space is too small to allow dimension-independent approx-
imation error estimates, as is the case for the results in [5].

The present work still does not explain why vanilla deep residual networks, without
regularization, can still perform quite well. This issue of “implicit regularization” still
remains quite mysterious.

Appendix A. The full proof in Section 2.6.

A.1. Approximation error. For the approximation error, [7] proved the
following result for shallow networks.

THEOREM A.1. For any target function f* €B and any M > 1, there exists a two-layer
network with width M, such that

2

- 31£%12
> _ao(byx) — f*(x) <=0 (A.1)
j=1

and

M
> lallbgll, <2115 (A.2)

Jj=1

We have omitted writing out the bias term. This can be accommodated by assuming
that the first element of input « is always 1. For residual networks, we prove the approx-
imation result (Theorem 2.5) by splitting the shallow network into several parts and
stack them vertically [8]. This is allowed by the special structure of residual networks.

Proof. (Proof of Theorem 2.5). We construct a residual network f(-;6) with
input dimension d, depth L, width m, and D=d+1 using

v=[1,0]", u=[00--01]",

b§71)m+1 0 0 0 o0
b(l—l)m+2 0 . . . .

wi= | oy S
: : 0 0 - 0
blq;n 0 A(1—1)ym+1 A(I-1)ym+2 " AUm

for [=1,...,L. Then it is easy to verify that f(z;8) :Z]L;nl a;o(b]x), and

Lm
101lp =2 la; 1]l <4/ |15
j=1 0
A.2. Rademacher complexity. = We use the method of induction to bound the

Rademacher complexity of residual networks. We first extend the definition of weighted
path norm to hidden neurons in the residual network.
DEFINITION A.1.  Given a residual network defined by (2.1), recall the definition of
gi,

gi(w)=c(Whi_y), 1=1,...,L. (A.3)
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Let g} be the i-th element of g, and define the weighted path norm

laille = 209, [(+ 2001 [ Wi )+ (T +21U3 [ W )

(A4)

where VVlZ is the i-th row of Wj.

The following lemma establishes the relationship between | f|p and |g}|p.
Lemma A.2 gives properties of the corresponding function class.

LEMMA A.1. For the weighted path norm defined in (2.10) and (A.}), we have

L m
T 0] j T
1700 =25 (ful™ 10771 ) g e+ 2] (A.5)
1=1j=1
and
) -1 m ) ) ) )
lgille =2 (W 1T lghlle + 41w V1 (A.6)
k=1j=1
where Ul:’j is the j-th column of Uj.
Proof.  Recall the definition of ||f||p, we have
T
||f||P=H|U| (I +2UL||WL|)-- (I +2|Us | [Wi)2| V][]
-1
= Z|U\T|Ul| 2AWi| [ [ (T + 2015 || Wiy DIV |+ 2l |V
=1 j=1 1
j T
:Zz(w 1U571) llgi e + 2] lul " V1],
1=1j=1
which gives (A.5). Similarly we obtain (A.6). |

LEMMA A.2. Let ng:{gli:HglingQ}. Then

(1) G2 CGP for k<I;
(2) G G and G = &GP for ¢<Q.

Proof. For any gkeg{j’, let V, {Uj7Wj}§=1 and w be the parameters of g,
where w is the vector of the parameters in the output layer (the W, in the definition
of g/). Then, for any | >k, consider g; generated by parameters V, {Uj,Wj}i.:l and
w, with U; =0 and W; =0 for any k<j <l. Now it is easy to verify that g; =g, and
llgzlle = llgk|lp < Q. Hence, we have Q,? - QZQ.

On the other hand, obviously we have G/ C ng for any ¢ < Q. For any g; € G/, define
g1 by replacing the output parameters w by < “w, then we have [|glp = QHngp <Q,
and hence g egl Therefore, we have %Ql QQQ. Similarly we can obtain ggl cgi.
Consequently, we have gl =4 gl . ]

We will also use the following two lemmas about Rademacher complexity [16].

Lemma A.3 bounds the Rademacher complexity of linear functions, and Lemma A.4
gives the contraction property of the Rademacher complexity.
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LEMMA A.3. LetH={h(z)=uTx:||ull; <1}. Assume that the samples {z;};_, CR%.
Then

R 2log(2d
R0 < x| 22520 (A7)
LEMMA A .4. Assume that ¢;,i=1,...,n are Lipschitz continuous functions with

uniform Lipschitz constant Ly, i.e., |¢;(x) — ¢;(x')| < Lylz—2'| for i=1,...,n. Then

E, lsup Zg,@ x;)) Zup Z& z; ] . (A.8)

heH pt

< L¢E§

With Lemma A.1-A.4, we can come to prove Theorem 2.2.

Proof. (Proof of Theorem 2.2). We first estimate the Rademacher complexity
of G,

2log(2d)
—

RG7)<Q (A.9)

This is done by induction. By definition, ¢! (z)= J(Wf’:V:c). Hence, using Lemma A.3
and A.4, we conclude that the statement (A.9) holds for [=1. Now, assume that the
result holds for 1,2,...,l. Then, for [+ 1 we have

nR(GZ )=E¢ sup Z&gm (x:)

gi+1 GQHI i=1

ngs(u%oZ@ (wit (Uigi +Ui—1g1-1 + -+ Uigi + hy))
1 =1

<E£S(11§)Z£z (w1 (Uigi+Ui_1gi-1+---+Uig1 +ho))
b i=1

_Egsung wl+1(Ulgl+Ul 1911+ +Uig1 +Vo(xr)—Vo(—x)))

(1)1 1

<E¢ sup {Zak sup

(@) k=1 969

Zéz ;)
i=1
Z& ()

i=1

)| +2b sup
gegi

Z& ;)

i=1

<E¢ sup (a+2b)sup
2a+4b<Q 9eG}

a,b>0
Z&zg (132

=1

< QIEg sup
9geg}

where condition (1) is Z Z 2 <|wl+1|T|U ]|> gl |p+ 4w | |V|H1 <@, and condi-
=1j5=1

tion (2) is 222:1 ay +4b§Q. The first inequality is due to the contraction lemma,

while the third inequality is due to Lemma A.2. On the one hand, we have

Zflu x;

2log(2
=E; sup Zflu x; < M.

E¢ sup
¢ lull1 <152 n

lelli<1]5
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On the other hand, since 0€ G}, for any {&1,...,&,}, we have

n

sup > &ig(w:) >0
gegll i=1
Hence, we have

Zgz wz

=1

sup
geg}

<max{sup2§z (z;), supz —&ig( :cl}

geglzl gelzl

<Supiz (x4) +Supz &ig(xi),

9€G} i1 9€9; =1

which gives

Zgz :L'z

i=1

210g (2d) 2log(2d)
G2, < =2,

Similarly, based on the control for the Rademacher complexity of g? yenn ,gg, we get

<2E¢ sup Zfl x;)=2nR(G}).

gelzl

E¢ sup
geg}

Therefore, we have

RF)<2Q 21%(”). ]

A.3. A posteriori estimates.
Proof. (Proof of Corollary 2.2). Let H={{(-;0):]0|p <Q}. Notice that for all

$7
|£(;0) —€(x;0")| <2| f (;0) — f(w;0)].
By Lemma A .4,
R(’H):f sup Eil(xi;0) | < Egl sup Eif(25;0)| =2R(F9).
l|9l|P<Q; H9\|P<Q;
From Theorem 2.1, with probability at least 1—9,
N . 21 )
sup ‘c(e)—c(a)]gm(mw sup BBy | 22088/9)
llelr<@ h,h'€H n
S4@\/21og(2d)H\/mog(g/é)_ (A10)
n n

Now take @=1,2,3,... and g =
1—9, the bound

R [21og(2d) [2 4(xQ)?
|\9S\|1ip§Q’£(0)_£(0)‘S4Q T+2 Hlog 3

)2 , then with probability at least 1 — ZQ 100=
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holds for all @ € N*. In particular, for given 6, the inequality holds for Q@=7[]|0]|] <
10]lp +1, thus

£(60) - £(o)| <a(l6]p+1) \/W \/ ||0Hp+1>

<4()|0]lp+1) 210§2d)+2[||0;ﬁ+1+ 210g(n14/5)]
:2(||9||P+1)W¢%2d)+1+2 %;4/6).

d
A.4. A priori estimates. Now we are ready to prove the main Theorem 2.3.

Proof. (Proof of Theorem 2.3). Let 6 be the optimal solution of the regularized
model (2.16), and 0 be the approximation in Theorem 2.5. Consider

£(0)=L©)+[£©0)-TO)|+|T6)-T0)]+[70)-£(6)]. (A.11)
From (2.22) in Theorem 2.5, we have
L£(6)< M. (A.12)

- Lm
Compare the definition of 7 in (2.16) and the gap L£L—-L in (2.15), with probability at
least 1—0/2,

£6)- 7(6)< (||é||p+1) 3(4—/\)\/quzc>g(2d)—|—2 +3/\\/210gn(2d) +2\/210g(14/5)

n

S3/\\/ 210i(2d) +2\/ 2log(14/9) (A.13)

n

since A >4+2/[34/2log(2d)]; with probability at least 1—4§/2, we have

70)-£0) < (16]p+1) 3(4“)@@ 12y HosC) |, [2hos(14/0)

(A.14)
Thus with probability at least 1 —4, (A.13) and (A.14) hold simultaneously. In addition,
we have

J(6)-7(6)<0 (A.15)

since @ =argming 7 (6). }
Now plugging (A.12-A.15) into (A.11), and noticing that ||0|p <4|/f*| 5 from The-
orem 2.5, we see that the main theorem (2.17) holds with probability at least 1—¢.
ad

Finally, we deal with the case with noise and prove Theorem 2.4. For problems

with noise, we decompose £(0) —L(8) as

£(8)~£(6)=[L0)~ Ls(6)] + [£5(0) ~ Tn(0)] + [75(6) - 75(8)]
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+[75(0) - £5(0)] + [£5(6) - £(0). (A.16)

Based on the results we had for the case without noise, in (A.16) we only have to
estimate the first and the last terms. This is given by Lemma 2.1. Finally, we prove
Lemma 2.1.

Proof. (Proof of Lemma 2.1). Let Z= f(x;0)— f*(x) —e. Then we have
1£(0)—L5(0)| =E[(Z* - B*)1z/>5]

oo
:/ Pr{Z? - B*>#*}dt?
OOO
:/ Pr{|Z|> VB2 } s
0
As 0< f(x;0) <1 and 0< f*(x;0) <1, we have
/ Pr{\Z\Z\/B2+t2}dt2§/ Pr{\e\Z\/B2+t2—l}dt2.
0 0
Let s=+/B2%+12, then
/ Pr{|5|2\/32+t2—1}dt2§/ Ce—“;; ds?
0 B

o0 52 o0 52
:/ QCe_stz—l—/ 4ee” 202 ds

B—1 B-1
_B-1? 2 _B-1n?
§4ca2e 202 + \/706 202
T
c(do?+1
<7( - )
Vn O

Appendix B. The missing details in Section 3.
B.1. Approximation properties of deep fully-connected networks. Con-
sider a deep fully-connected network with depth L and width m (3.1) in the form:
[(2;:0)=Wiro(Wi_10(---0(Wiz)))

where Wi e R™*4 W, cR™ ™ [=2,...,L—1 and W € R*™. Taking the same ap-
proach as in Theorem 2.5 and [8], we construct the deep fully-connected network from
a two-layer network. From Theorem A.1, there exists a two-layer network with width
M, such that

2

- *
Y ajo(bTx) - f*(x)| < w
j=1

and

M
> lallbgll <4l 5.

J=1
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Since the ReLLU activation o(-) is positively homogeneous, we can assume without loss of
generality that a; =as=---=ap =a <4|f*||p and ||by||1 + ||b2|l1 + -+ ||bar]|1 =1. Now
let M =(m—d)(L—1), and rewrite the subscripts as b; j =b(;,—ay1—1)+;, [ =1,...,L—1,
j=1,...,m—d. Define a fully-connected network f(-;8) by

Id Id 0
bi, b,
wi=| |, wi=]| . 1=2,....L—1,
: : I,._4
b{m—d bljjm—d

WL:[OO---Oaa~~~a],

then it is easy to verify that f(a;0) :azjlvila(b;fa:). This ensures that the approxi-
mation property of fully-connected multi-layer neural network is at least as good as the
two-layer network.

B.2. Calculation of the spectral complexity norm. Recall the spectral
complexity norm (3.7) proposed in [5]

6]l = [I:IWA] [Z

|| T||2/3r/2
2/3
~ |wila/

For I[=1,...,L —1, the matrix spectral norm satisfies ||W;||, >1, and

1/2
m—d m—d
Willo 1< Wil <[[Wi—I|[p=| Y lbugl5| <D llbylh,
Jj=1 Jj=1

thus

L—1 L-1 m—d
[TIWillo<TT |1+ D bl | <e
1=1 j=1

since ZZL:? Z?;d |b,j][1 =1. The (p,q) =(2,1) matrix norm satisfies

m—d

W |20 = [[ (W, 2 W2 Hl—d+2\/1+||bm 2<V2m.

In addition,

IWLllo=[Well21 = [Wi|2=avm—d<4|| f*||svVm—d.
Therefore, the spectral complexity norm satifies
161l <-4l £ l5v/m—d-L¥?-v/2m <16(Lm)* || f* 5.
B.3. Calculation of the the variational norm. Recall the variational norm

(3.8) proposed in [3]

L
1 -
||9HN:ZVV E E Vinyoue,

=1 g
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where

V=|[|Wg|-- W],
Vir= || W W | WA
VRt = || W |- (Wi [[ W]

Notice that for any I,

m

D ViRvt=v.

Ji=1

Therefore

1
16]lx < Z\/17~L-\/mvz\/ﬁv.

Now it is easy to verify that
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V=a) " bl =a<a| s
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