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A. Auxiliary Results

Lemma 1 (Khintchine-Kahane inequality). Let {✏i}ni=1 be i.i.d. Rademacher random variables, and {x}ni=1 ⇢ Rd. Then
there exist a pair of universal constants c1, c2 > 0 such that
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Theorem 4 (Hoeffding’s inequality: Theorem 2.6.2 (Vershynin, 2018)). Let X1, . . . , XN be independent, mean zero,
sub-Gaussian random variables. Then, for every t � 0, we have
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Theorem 5 (Theorem 3.1 of Mohri et al. (2018)). Let G be a family of functions mapping from Z to [0, 1]. Then, for any
� > 0, with probability at least 1� � over a sample S = {z1, . . . , zn}, the following holds for all g 2 G
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Theorem 6 (Theorem 10.3 of Mohri et al. (2018)). Assume that kh� fk1 M for all h 2 H. Then, for any � > 0, with
probability at least 1� � over a sample S = {(xi, yi), i 2 [n]} of size n, the following inequalities holds uniformly for all
h 2 H.
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Theorem 7 (Based on Theorem 1 in Srebro et al. (2010)). Let X and Y = [�1, 1] denote the input space and the label
space, respectively. Let H ✓ {f : X ! Y} be the target function class. For any f 2 H, and any (x, y) 2 X ⇥ Y , let
`(f, x, y) := (f(x) � y)2 be the squared loss. Let L(f) = ED[`(f, x, y)] be the population risk with respect to the joint
distribution D on X ⇥ Y . For any � > 0, with probability at least 1� � over a sample of size n, we have for any f 2 H:
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where L⇤ := minf2H L(f), and K is a numeric constant derived from Srebro et al. (2010).
Theorem 8 (Theorem 3.3 in Mianjy et al. (2018)). For any pair of matrices U 2 Rd2⇥d1 ,V 2 Rd0⇥d1 , there exist a rotation
matrix Q 2 SO(d1) such that rotated matrices Ũ := UQ, Ṽ := VQ satisfy kũikkṽik = 1

d1
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Theorem 9 (Theorem 1 in Foygel et al. (2011)). Assume that p(i)q(j) � log(d2)
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B. Matrix Sensing

Proposition 2 (Dropout regularizer in matrix sensing). The following holds for any p 2 [0, 1):

bLdrop(U,V) = bL(U,V) + � bR(U,V), (6)

where bR(U,V) =
Pd1

i=1
bEj(u>i A(j)vi)2 and � = p

1�p is the regularization parameter.

Proof of Proposition 2. Similar statements and proofs can be found in several previous works (Srivastava et al., 2014; Wang
& Manning, 2013; Cavazza et al., 2018; Mianjy et al., 2018). For completeness, we include a proof here. The following
equality follows from the definition of variance:
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Recall that for a Bernoulli random variable Bii, we have E[Bii] = 1 and Var(Bii) =
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Plugging the above into Equation (7) and averaging over samples we get
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which completes the proof.

Lemma 2 (Concentration in matrix completion). For ` 2 [n], let A(`) be an indicator matrix whose (i, j)-th element is
selected according to some distribution. Assume U,V is such that kU>

k2,1kVk1,1  �. Then, with probability at least
1� � over a sample of size n, we have that
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Proof of Lemma 2. Define X` :=
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where the third equality follows because for an indicator matrix A(`), it holds that A(`)
ij A(`)

i0j0 = 0 if (i, j) 6= (i0, j0).
Thus, Xw,` is a sub-Gaussian (more strongly, bounded) random variable with mean E[X`] = R(U,V) and sub-Gaussian
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Proposition 3. [Induced regularizer] For j 2 [n], let A(j) be an indicator matrix whose (i, k)-th element is selected
randomly with probability p(i)q(k), where p(i) and q(k) denote the probability of choosing the i-th row and the k-th column.
Then ⇥(M) = 1
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Proof of Proposition 3. For any pair of factors (U,V) it holds that
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We can now lower bound the right hand side above as follows:
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where the first inequality is due to Cauchy-Schwartz and the second inequality follows from the triangle inequality. The
equality right after the first inequality follows from the fact that for any two vectors a, b, kab>
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We evaluate the expected dropout regularizer at UQ,VQ:
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which completes the proof of the first part.

Proof of Theorem 1. We use Theorem 6 to bound the population risk in terms of the Rademacher complexity of the target
class. Define the class of predictors with weighted trace-norm bounded by

p
↵, i.e.
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p
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p
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⇤
 ↵}.

In particular dropout empirical risk minimizers U,V belong to this class:
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where the first inequality holds by definition of the induced regularizer, and the second inequality follows from the assumption
of the theorem. Since g is a contraction, by Talagrand’s lemma and Theorem 9, we have that Rn(g �M↵)  Rn(M↵) 
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q
↵d2 log(d2)

n . To obtain the maximum deviation parameter M in Theorem 6, we note that the assumption kM⇤k  1 implies
that |M⇤(i, j)|  1 for all i, j, so that g(M⇤) = M⇤. We have that:
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Let L(g(UV>)) := E(y � hg(UV>),Ai)2 and bL(g(UV>)) := bEi(yi � hg(UV>),A(i)
i)2 denote the true risk and the

empirical risk of g(UV>), respectively. Plugging the above results in Theorem 6, we get
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where the second inequality holds since bL(g(U,V))  bL(U,V).

B.1. Optimistic Rates

As we discussed in the main text, under additional assumptions on the value of ↵, it is possible to give optimistic
generalization bounds that decay as Õ(↵d2/n). This result is given as the following theorem.

Theorem 10. Assume that d2 � d0 and kM⇤k  1. Furthermore, assume that mini,k p(i)q(k) �
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� 2 (0, 1), the following generalization bounds holds with probability at least 1� � over a sample of size n:
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where K is an absolute constant (Srebro et al., 2010), g(M) thresholds M between [�1, 1], and L(g(UV>)) := E(y �
hg(UV>),Ai)2 is the true risk of g(UV>).

Proof of Theorem 10. We use Theorem 7 to bound the population risk in terms of the Rademacher complexity of the target
class. Define the class of predictors with weighted trace-norm bounded by
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where the first inequality holds by definition of the induced regularizer, and the second inequality follows from the assumption
of the theorem. Moreover, by assumption ⇥(M⇤)  ↵, we have that M⇤ 2M↵. With this, we get that
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C. Non-linear Neural Networks

Proposition 4 (Dropout regularizer in deep regression).

bLdrop(w) = bL(w) + bR(w), where bR(w) = �
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kujk2ba2j .

where baj =
q
bEiaj(xi)2 and � = p

1�p is the regularization parameter.

Proof of Proposition 4. Similar statements and proofs can be found in several previous works (Srivastava et al., 2014; Wang
& Manning, 2013; Cavazza et al., 2018; Mianjy et al., 2018). Here we include a proof for completeness. Recall that
E[Bii] = 1 and Var(Bii) =

p
1�p . Conditioned on x, y in the current mini-batch, we have that:
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Now taking the empirical average with respect to x, y, we get
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which completes the proof.

Proposition 5. Consider a two layer neural network fw(·) with ReLU activation functions in the hidden layer. Furthermore,
assume that the marginal input distribution PX (x) is symmetric and isotropic, i.e., PX (x) = PX (�x) and E[xx>] = I. Then
the following holds for the expected explicit regularizer due to dropout:
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Proof of Proposition 5. Using Proposition 4, we have that:
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Plugging back the above identity in the expression of R(w), we get that
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where the second equality follows from the assumption that the distribution is isotropic.

Proof of Proposition 1. For � 2 (0, 1
2 ), consider the following random variable:
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It is easy to check that the x has zero mean and is supported on the unit sphere. Consider the vector w = [ 1
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�
; 0]. It is easy

to check that x satisfies R(w) =
p
E�(w>x)2 = 1; however, for any given C, it holds that kwk � C as long as we let

� = C
2.

Proof of Theorem 2. For any j 2 [h], let a2j := E[�(v>j x)2] denote the average squared activation of the j-th node with
respect to the input distribution. Given n i.i.d. samples S = {x1, · · · , xn}, the empirical Rademahcer complexity is bounded
as follows:
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where we used the fact that the supremum of product of positive functions is upperbounded by the product of the supremums.
By definition of F↵, the first term on the right hand side is bounded by ↵. To bound the second term in the right hand side,
we note that the maximum over rows of V> can be absorbed into the supremum.

1

n
E⇣ sup

v
|

nX

i=1

⇣i
�(v>xi)p
E[�(v>x)2]

| =
1

n
E⇣ sup

E[�(v>x)2]1
|

nX

i=1

⇣i�(v>xi)|


2

n
E⇣ sup

E[�(v>x)2]1

nX

i=1

⇣i�(v>xi)


2

n
E⇣ sup

�E(v>x)21

nX

i=1

⇣i�(v>xi) (�-retentiveness)



Dropout: Explicit Forms and Capacity Control

Let C† be the pseudo-inverse of C. We perform the following change the variable: w C�†/2v.

R.H.S. 
2

n
E⇣ sup

E[(w>C†/2x)2]1/�
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where the last inequality holds due to Jensen’s inequality. To bound the expected Rademacher complexity, we take the
expected value of both sides with respect to sample S , which gives the following:
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where the last inequality holds again due to Jensen’s inequality. Finally, we have that Exix>i C†xi = Exihxix>i ,C†
i =

hC,C†
i = Rank(C), which completes the proof of the Theorem.

Proof of Theorem 3. For simplicity, assume that the width of the hidden layer is even. Consider the linear function class:

Gr := {gw : x 7! w>x, E(w>x)2  d1r/2}.

Recall that Hr := {hw : x 7! u>�(V>x), R(u,V)  r}. First, we argue that Gr ⇢ Hr. Let gw 2 Gr; we show that there
exist u,V such that gw = fu,V and fu,V 2 Hr. Define u := 2
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Furthermore, it holds for the explicit regularizer that
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Thus, we have that Gr ⇢ Hr, and the following inequalities follow.
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where the last inequality follows from Khintchine-Kahane inequality in Lemma 1.

Next, we define some function classes that will be used frequently in the proofs.
Definition 1. For any closed subset [a, b] ⇢ R, let ⇧[a,b](y) := max{a,min{b, y}}. For z := (x, y) and f : X ! Y ,
define the squared loss `2(f, z) := (1� yf(x))2. For a given value ↵ > 0, consider the following classes

W↵ := {w = (u,V) 2 Rd1 ⇥ Rd0⇥d1 ,

d1X

i=1

|ui|

q
E�(v>i x)2  ↵}

F↵ := {fw : x 7! u>
�(V>x), w 2W↵},

G↵ := ⇧[�1,1] � F↵ = {gw = ⇧[�1,�1] � fw, fw 2 F↵}

L↵ := {`2 : (gw, z) 7! (y � gw(x))2, gw 2 G↵}

Lemma 3. Let W↵,F↵,G↵,L↵ be as defined in Definition 1. Then the following holds true:

1. RS(G↵)  RS(F↵).

2. If Y = {�1,+1} (binary classification), then it holds that RS(L↵)  2RS(G↵).

Proof. Since ⇧[�1,�1](·) is 1-Lipschitz, by Talagrand’s contraction lemma, we have that RS(G↵)  RS(F↵). The second
claim follows from

RS(L↵) = E⇣ sup
w2W

1

n

nX

i=1

⇣i(yi � gw(xi))2

= E⇣ sup
w2W

1

n

nX

i=1

⇣i(1� yigw(xi))
2 (yi 2 {�1,+1})

 2E⇣ sup
w2W

1

n

nX

i=1

⇣iyigw(xi)

= 2E⇣ sup
w2W

1

n

nX

i=1

⇣igw(xi) = 2RS(G↵)

where the first inequality follows from Talagrand’s contraction lemma due to the fact that h(z) = (1� z)2 is 2-Lipschitz for
z 2 [�1, 1], and the penultimate holds true since for any fixed (yi)ni=1 2 {�1,+1}n, the distribution of (⇣1y1, . . . , ⇣nyn) is
the same as that of (⇣1, . . . , ⇣n).
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Proof of Corollary 1. We use the standard generalization bound in Theorem 6 for class G↵:

LD(gw)  bLS(gw) + 4MRS(G↵) + 3M2

r
log(2/�)

2n

 bLS(gw) + 8RS(F↵) + 12

r
log(2/�)

2n
(Lemma 3)

 bLS(gw) +
16↵kXkC†
p
�n

+ 12

r
log(2/�)

2n
(Theorem 2)

where second inequality follows because the maximum deviation parameter M in Theorem 6 is bounded as

M = sup
w2W

sup
(x,y)2X⇥Y

|y � gw(x)|  sup
w2W

sup
(x,y)2X⇥Y

|y|+ |gw(x)|  2.

Proof of Corollary 2. Recall that the input is jointly distributed as (x, y) ⇠ D. For X ✓ Rd0
+ , let X 0 = X [ �X be the

symmetrized input domain. Let ⇣ be a Rademacher random variable. Denote the symmetrized input by x0 = ⇣x, and the joint
distribution of (x0

, y) by D
0. By construction, D0 is centrally symmetric w.r.t. x0, i.e., it holds for all (x, y) 2 X ⇥ Y that

D
0(x, y) = D

0(�x, y) = 1
2D(x, y). As a result, population risk with respect to the original distribution D can be bounded

in terms of the population risk with respect to the symmetrized distribution D
0 as follows:

LD(f) := ED[`(f(x), y)]
 ED[`(f(x), y) + `(f(�x), y)]

= 2ED[
1

2
`(f(x), y) +

1

2
`(f(�x), y)]

= 2EDE⇣ [`(f(⇣x), y) | x, y]
= 2ED0 [`(f(x0), y)] = 2LD0(f) (9)

Moreover, since D
0 is centrally symmetric, Assumption 1 holds with � = 1

2 . The proof of Corollary 2 follows by doubling
the right hand side of inequalities in Corollary 1, and substituting � = 1

2 .

C.1. Classification

Although in the main text we only focus on the task of regression with squared loss, it is not hard to extend the results to
binary classification. In particular, the following two Corollaries bound the miss-classification error in terms of the training
error and the Rademacher complexity of the target class, with and without symmetrization.

Corollary 3. Consider a binary classification setting where Y = {�1,+1}. For any w 2 F↵, for any � 2 (0, 1), the
following generalization bound holds with probability at least 1� � over S = {(xi, yi)}ni=1 ⇠ D

n:

P{yfw(x) < 0}  bLS(gw) +
8↵kXkC†
p
�n

+ 4

r
log(1/�)

2n

where gw(·) = max{�1,min{1, fw(·)}} projects the network output onto the range [�1, 1].

Proof of Corollary 3. We use the standard generalization bound in Theorem 5. Recall that gw = ⇧[�1,1](fw), where
⇧[�1,1](y) = max{�1,max{1, y}} projects onto the range [�1, 1]. It is easy to bound the classification error of fw in
terms of the `2-loss of gw:

P{sgn(fw(x)) 6= y} = P{yfw(x) < 0} = E[1yfw(x)<0] = E[1ygw(x)<0]  E(1� ygw(x))2 = LD(gw). (10)
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We use Theorem 5 for class 1
4L↵ to get the generalization bound as follows:

1

4
LD(gw) 

1

4
bLS(gw) + 2RS(

1

4
L↵) +

r
log(1/�)

2n

=) LD(gw)  bLS(gw) + 4RS(F↵) + 4

r
log(1/�)

2n
(by Lemma 3)

=) LD(gw)  bLS(gw) +
8↵kXkC†
p
�n

+ 4

r
log(1/�)

2n
(by Theorem 2)

Corollary 4. Consider a binary classification setting where Y = {�1,+1}. For any w 2 F
0

↵, for any � 2 (0, 1), the
following generalization bound holds with probability at least 1 � � over a sample of size n and the randomization in
symmetrization

P{ygw(x) < 0}  2bLS0(gw) +
23↵0
kXkC†

n
+ 8

r
log(1/�)

2n

Proof of Corollary 4. Akin to proof of Corollary 2, we have that LD(f)  2LD0(f), and the marginal distribution is
1
2 -retentive. Proof of Corollary 4 follows by doubling the right hand side of inequalities in Corollary 3, and substituting
� = 1

2 .
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d1 = 30 d1 = 110 d1 = 150 d1 = 190

Figure 1. MovieLens dataset: the training error (top), the test error (middle), and the generalization gap for plain SGD as well as dropout
with p 2 {0.25, 0.50, 0.75} as a function of the number of iterates, for different factorization sizes d1 = 30 (first column), d1 = 110
(second column), d1 = 150 (third column), and d1 = 190 (forth column).

D. Additional Experiments

In this section, we include additional plots which was not reported in the main paper due to the space limitations.

D.1. Matrix Completion

Figure 1 in the main paper shows comparisons between plain SGD and the dropout algorithm on the MovieLens dataset
for a factorization size of d1 = 70. The observation that we make with regard to those plots is not at all limited to
the specific choice of the factorization size. In Figure 1 here, we report similar experiments with factorization sizes
d1 2 {30, 110, 150, 190}. It can be seen that the overall behaviour of plain SGD and dropout are very similar in all
experiments. In particular, plain SGD always achieves the best training error but it has the largest generalization gap.
Furthermore, increasing the dropout rate increases the training error but results in a tighter generalization gap.

It can be seen that an appropriate choice of the dropout rate always perform better than the plain SGD in terms of the test
error. For instance, a dropout rate of p = 0.2 seems to always outperform plain SGD. Moreover, as the factorization size
increases, the function class becomes more complex, and a larger value of the dropout rate is more helpful. For example,
when d1 = 30, the dropout with rates p = 0.3, 0.4 fail to achieve a good test performance, where as for larger factorization
sizes (d1 2 {110, 150, 190}), they consistently outperform plain SGD as well as other dropout rates.
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Figure 2. (left) “co-adaptation”; (middle) generalization gap; and (right) ↵/
p
n (top) with symmetrization on FashionMNIST; and

(bottom) without symmetrization on MNIST. In left column, the dashed brown and dotted purple lines represent minimal and maximal
co-adaptations, respectively.

D.2. Shallow Neural Networks

In Figure 2, we plot the co-adaptation measure, the generalization gap, as well as the complexity measure ↵/
p
n as a

function of width of the network, for FashionMNIST with symmetrization, and for MNIST without symmetrization.

The co-adaptation plot is very similar to Figure 2 in the main text. In particular, 1) increasing the dropout rate results in less
co-adaptation; 2) even plain SGD is biased towards networks with less co-adaptation; and 3) as the networks becomes wider,
the co-adaptation curves corresponding to plain SGD converge to those of dropout. We also make similar observations for
the generalization gap as well as the complexity term ↵/

p
n. In particular, 1) a higher dropout rate corresponds to a lower

generalization gap, uniformly for all widths; 2) the generalization gap is higher for wider networks; and 3) curves with
smaller complexity terms in the right plot correspond to curves with smaller generalization gaps in the middle plot.

D.3. Deep Neural Networks

In Section 3, we derived generalization bounds that scale with the explicit regularizer as O(
q

width·R(w)
n ). Although our

theoretical analysis is limited to two-layer networks; empirically, we show in Figure 3 that the generalization gap correlates
well with this measure even for deep neural networks. In particular, we train deep convolutional neural networks with a
dropout layer on top of the feature extractor, i.e. the top hidden layer. Let featurei denote the i-th hidden node in the top
hidden layer. Akin to the derivation presented in Proposition 4, it is easy to see that the (expected) explicit regularizer is
given by R(w) = p

1�p

Pwidth
i=1 kuik2a2i , where width is the width of the top hidden layer, U denotes the top layer weight

matrix, and a
2
i = Ex[featurei(x)2] is the second moment of the i-th node in the top hidden layer.

We train convolutional neural networks with and without dropout, on MNIST, Fashion MNIST, and CIFAR-10. The
CIFAR-10 dataset consists of 60K 32 ⇥ 32 color images in 10 classes, with 6k images per class, divided into a training
set and a test set of sizes 50K and 10K respectively (Krizhevsky et al., 2009). We do not perform symmetrization in
these experiments. In contrast with the experiments in the previous section, here we run the experiments on full datasets,
representing each of the ten classes as a one-hot target vector.
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MNIST Fashion MNIST CIFAR-10

Figure 3. (top) generalization gap and (bottom) the complexity measure (
q

width·R(w)
n ) as a function of the width of the top hidden layer

on (left) MNIST, (middle) Fashion MNIST, and (right) CIFAR-10.

For MNIST and Fashion MNIST datasets, we use a convolutional neural network with one convolutional layer and two fully
connected layers. The convolutional layer has 16 convolutional filters, padding and stride of 2, and kernel size of 5. We
report experiments on networks with the width of the top hidden layer chosen from width 2 {26, 27, 28, 29, 210, 211}. In
all the experiments, a fixed learning rate lr = 0.5 and a mini-batch of size 256 is used to perform the updates. We train the
models for 30 epochs over the whole training set.

For CIFAR-10, we use an AlexNet (Krizhevsky et al., 2012), where the layers are modified accordingly to match the dataset.
The only difference here is that we apply dropout to the top hidden layer, whereas in Krizhevsky et al. (2012), dropout is
used on top of the second and the third hidden layers from the top. We report experiments on networks with the width of
the top hidden layer chosen from width 2 {25, 26, 27, 28, 29, 210, 211, 212}. In all the experiments, an initial learning rate
lr = 5 and a mini-batch of size 256 is used to perform the updates. We train the models for 100 epochs over the whole
training set. We decay the learning rate by a factor of 10 every 30 epochs.


