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Chapter 1

Introduction

Artificial intelligence (AI) technologies based on machine learning algorithms are viewed
to have the potential to solve major global challenges. Recent estimates suggest that Al
technologies can yield an increase of up to 14% of the global GDP, or around US $15
trillion, by 2030 [53, 45]. Applications in finance, medicine, education, industry as well as
in governmental organizations are becoming more common and private investment in Al
during 2022 alone totaled around US $90 billion [10]. The end-goal is to create systems
which are sufficiently sophisticated to automate general decision-making.

Networks play directly or indirectly a critical role in large-scale machine learning al-
gorithms. A network (or graph in this manuscript) consists of a set of wvertices, and
connecting these vertices there are edges that model pairwise binary relations. Vertices
can represent, for example, different people in a social network, while edges can be friend-
ships or professional connections. A graph is the simplest model to encode information
about relationships between individual elements in a system, and there is a large field
studying graphs as static objects. In applications, however, there is often an underlying
process—usually stochastic—that is based on a network structure whose connections are
also reciprocally altered by the process. In the social network example, a user will inter-
act and share information with close contacts, and with this information, his/her contact
network will also change when meeting new people. From their use, we can distinguish
two essentially different types of networks in machine learning algorithms.

On the one hand, a network can be purposefully coupled to a stochastic process from
real-world phenomena to capture and encode its features. In Neural Networks (NNs),
for example, functions representable by layered graphs with weighted edges emulate the
brain with neurons and axons as vertices and edges respectively. During training, NNs
change their weights using samples in order to learn statistical relationships in the data.
After training with a large number of samples, they become capable of predicting new
datapoints. As it turns out, the predictive ability of such networks depends strongly on
the network characteristics and the training rule used. Such structuring of the network
to encode information about the process—data in this example—is usually referred to as
“training of the network”. This is usually the setting of supervised machine learning.

On the other hand, structured networks can simplify the learning process. A common
example occurs when we have data in a high-dimensional space that actually has a simple
lower-dimensional description. In community detection, for example, we aim to detect
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sets of points in the data that form communities and share some property. Here, we
understand “property” as a feature that is mostly common among members of the same
community. For example, in a social network, communities can be defined by hubs of
people that form cliques or that share a similar number of contacts. A structured network
is used to learn these communities by finding sets of datapoints that match a prescribed
network structure. This is usually the setting of unsupervised machine learning.

The workhorse of machine learning is stochastic optimization. Its success relies upon
the fact that a learning problem in a random environment can be translated into an
optimization problem with stochastic elements. Learning algorithms based on stochastic
optimization have immediate application in settings where randomness of data generates
uncertainty. Perhaps the most famous example is translating the problem of learning a
distribution with a finite number of samples into the problem of minimizing a function with
random coefficients, which we will also explain in Section 1.3. Many learning problems can
be expressed in this manner and examples can be found in both supervised, unsupervised,
as well as reinforcement learning, where an agent acts upon an environment in order to
learn how to maximize a received reward.

In this thesis we will study two specific algorithms that are used in the supervised
and unsupervised settings, respectively. The first algorithm is dropout [117]. In the train-
ing of NNs, the network may learn just the samples provided for training without being
able to predict new examples well. This phenomenon is called owverfitting. Dropout is
a technique to avoid overfitting during training of NNs. While training occurs, dropout
changes the structure of the NN stochastically and there is a parameter determining the
stochastic change of the network: the dropout probability. Dropout [117] was introduced
by Krizhevsky, Sutskever and Hinton to train the winning Convolutional Neural Network
(CNN)—a type of NN used to learn images—for the ImageNet-2012 (ILSVRC-2012) com-
petition [118], which kick-started the interest in deep learning. Despite its ample use
in data science, the understanding of the statistical and convergence properties of this
algorithm has remained limited and the choice of its parameters, such as the dropout
probability, is usually left to trial and error.

We will use stochastic optimization techniques to investigate the convergence and
approximation properties of dropout and its variants during the training of NNs. Our
contributions with respect to dropout in this thesis are as follows:

% We establish convergence guarantees (Chapter 2), and analyze how the convergence
rate depends on the choice of parameters, like depth and width of the NN, as well as
the dropout probability (Chapters 3 and 4). We provide explicit convergence rates
for some models that depend on the NN architecture and the dropout probability.
Moreover, we compare the theoretical results with simulations, and explain their
consequences.

% We investigate the approximation properties of NNs with the randomness of dropout,

and show that they can approximate functions arbitrarily well, even in the presence
of this additional randomness (Chapter 4).

The second model we analyze is inspired by community detection. We study Block
Markov Chains (BMCs), a class of relatively new models for clusters in sequential data.
Clusters in a BMC are modeled within a random trajectory of states. The random tran-
sitions from one state to another in a BMC depend only on the clusters that these states



belong to. Thus, in the random trajectory, there are dependencies between transitions
through time that are cluster-dependent. The goal is then to infer the underlying cluster
structure just from the random trajectory of states. This is possible by knowing that the
transition dynamics are of low rank and only depend on the clusters.

There is an algorithm with theoretical guarantees for exact recovery of the clusters
in BMCs [27]. For the provable guarantees of the algorithm, a precise description of the
estimation error of the dynamics is required in one of its steps. The observed trajectory
is recorded with a random matrix whose size is the number of different states, and which
encodes the transition dynamics. This matrix is then used to recover the clusters, and as
it turns out, the order of the spectrum of this matrix determines part of the estimation
error that the cluster algorithm makes. Our contributions with respect to BMCs in this
thesis are:

% We use random matrix theory to study the spectral error of BMCs (Chapter 5). This
involves spectral concentration of certain matrices with dependent entries coming
from a BMC. We obtain order-sharp bounds for the spectral error of BMCs when
the observed trajectory is long, and short (sparse regime). Our results improve the
estimates of [27] and characterize the order of the spectral error in BMCs.

K2

% We test the BMC clustering algorithm in real-world sequential data from finance,
genetics, and geography (Chapter 6). Concretely, we evaluate the spectral error from
the clusters recovered from these datasets and numerically assess the robustness of
the BMC model by using a perturbative approach. Finally, we determine if the
model is appropriate to describe the observed transition dynamics in the data by
conducting model selection.

Dropout and clustering in BMCs pertain to fundamentally different problems. One is
related to stochastic optimization in NNs and the other to community detection. Nonethe-
less, both algorithms share the underlying idea of using structured networks to represent
and constrain the learning process.

This thesis has two parts. The first part contains the contributions to the research
on dropout and consists of Chapters 2, 3 and 4. The second part of the thesis covers the
research on the BMC model and consists of Chapters 5 and 6.

The remainder of this introduction has the following structure. We will first introduce
dropout within the context of stochastic learning algorithms for NNs in Sections 1.3 and 1.4.
In Sections 1.5 to 1.7 we will describe the BMC model together with its applications. The
results of this thesis for these two parts are summarized in Sections 1.4 and 1.7, respectively.
Finally, in Section 1.8 the reader can find additional literature and positioning of the results
of this thesis.

Part I: Dropout in NNs

In this first part we consider dropout from the stochastic optimization perspective and
aim to understand its convergence properties. We investigate models for NNs for which
precise theoretical results can be derived, which we later complement with simulations.
Furthermore, we analyze the approximation capability of random NNs that have dropout
as the source of randomness.
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1.1 Background of Part I

NNs have found ample use in present-day big data applications. They are commonly
used for supervised learning, that is, they learn first from samples that contain input and
output pairs and are later tasked with predicting an output if a new input is provided.
For example, in classification tasks, the input space X can be the space of images and
the output space ) can be the space of labels. In this example, we are given samples
(z,y) € X x Y of the type!

} orange), (i, dolphin), (E :‘J, keyboard),
<H, orange), (E, man)7 (u, shark) yoe (1.1)

and the task of supervised learning is to find a map 6 : X — ) using the previous labeled
images such that 6 can also predict the labels of unseen images. You may think of these
as a list of pairs such as

(Ea) (R ) () (

When 6 can correctly predict the labels of new unlabeled images, such as those in (1.2),
we say that 6 has good generalization properties. On the contrary, if 8 can only correctly
predict labels of the previous labeled images in (1.1), we say that 6 overfits and does not
generalize well.

In deep learning with NNs, the map € is usually encoded by a NN. A typical NN with

L layers has a structure as shown in Figure 1.1, where an output vector of layer i —1 is fed
into the next layer i. First, it is multiplied by a weight matrix W; and added to a vector
or bias b;, and second, a componentwise nonlinear function o : R — R is applied to the
resulting vector. While there are many variants of NNs, we will consider only feed-forward
NN as depicted in Figure 1.1 for the sake of simplicity.

The problem in supervised learning consists of finding the right weights W = (W;,b;)%_,
for the NN by using available training data so that the prediction error becomes small. In
our example with pictures from (1.1) and (1.2), we may consider e.g., the 0— 1 loss for
labels, that is, for two labels a,b,

Ia,b) = {(1) ii;z (1.3)

If we denote a function that uses the NN in (1.1) with its weights W by 6y, then the
empirical error with the first three images in (1.1) will be

Jfw)y =1 <9W ‘;". ,orange) +1 (Gw (i) ,dolphin) +1 (9W (E;';-) ,keyboard> .

IThese images belong to the Canadian Institute For Advanced Research (CIFAR)-100 dataset
[128], which we will also use in Chapters 2 and 3.
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ap=xr€X,

a; = o(Wiai—1+b;),

arp =y €.

Figure 1.1: A NN-graph on the right and its computational analog on the left. Each edge
(,7) in this graph represents a weight W; ; which multiplies the output of a
node or neuron. After each node sums the incoming contributions, a nonlinear
function o is applied. In this example, the input is a vector © € R*, and
the output a vector y € R3. After each layer i, the weight multiplication is
equivalent to a multiplication by a weight matriz W; as shown on the left. A
vector of biases b; can also be added after weight multiplication. The number
of layers in this case is L = 3.

The common way to determine the weights of a NN is by using gradient descent or
its stochastic version, Stochastic Gradient Descent (SGD), to minimize this empirical
error. In gradient descent, minimization of a function is accomplished by initializing the
parameters—the weights W of a network in our case—and updating them iteratively in the
direction that the function decreases locally, namely in the (negative) gradient direction
if f is differentiable. Thus, at step ¢, we update recursively a vector wlt] containing the
weights with the gradient of f at w!t!, denoted by Vf(w[t])7 with some step size alt} >0
controlling the update speed, that is

wltF1) — lt] — o1y £l (1.4)

In our previous example on a classification task with images and labels from (1.1), the
hope is that gradient descent will converge to weights w* that also make the prediction
or test error of the labels in (1.2) small.

One of the early suggested issues when training NNs was that weights of individual
neurons could be very correlated with other neurons nearby. Predictions using these
neurons would thus become sensitive to out-of-sample data and make a NN overfit. A
proposed solution was to ‘drop’ neurons at random during training. In this way, the
training would spread correlations across the NN. This motivation to avoid overfitting
by dropping nodes of NNs was the origin of dropout [117]. It was successfully used for
classification of images in Alex—Net, the NN of the winning submission in the ImageNet—
2012 competition [118], which encouraged the use of deep NNs for label prediction and
sparked the interest in deep learning. An empirical example of the effect of dropout
training can be seen in Figure 1.2.

The original dropout algorithm works by dropping nodes of the NN independently at
random. At each step of SGD, nodes are selected randomly with probability 1 —p and
temporarily dropped from the network (meaning that their associated weights are set to
zero for that step). Here, we denote by p € [0,1] the probability of a node to remain. Then,
a gradient update is computed using the remaining subnetwork in the usual manner. The
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5 80 —— with dropout X —— with dropout

£ - - - without dropout S 80 - - - without dropout

o g

g g

= kS

= =

) E TNty o p vk V"'W*‘.ﬁw"'

o0 )
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0 100 200 300 400 500 0 100 200 300 400 500
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Figure 1.2: Example of the effect of dropout in the classification error of images depending
on the number of epochs of training with SGD. Note that with dropout, while
the error in the training set is larger and more time to converge is needed, in
the test set the error is actually smaller.

update direction is the same then as if the network structure had none of the dropped
nodes. Figure 1.3 shows a schematic depiction of the procedure.

($t+1)1 %O

($t+1)2 i

O— (zt411

— (2t11)2 ~
O ( t+ ) Zt+1(Wt,xt+1):NETWORKt+1(Wt,IEt+1)

(t41)3 — -
O— (zt41)3 Wit1 =We —atVw (ze41) We, Te41)

(13t+1)4 ﬁo

($t+2)1 *,O
O— (24211
($t+2)2 7 Zt+2(Wt+1,33t+2) = NETWORKt+2(Wt+1,CL‘t+2)

O— (2t42)2
()H (2t42)3

(Tr42)3 — Wite =Wip1 — a1 Vv (zeg2) Wegt, 2i42)

(Tt42)2 —O

Figure 1.3: Example of using dropout SGD on a NN. For each step t, the gradient is
computed assuming that only the weights present in the network—denoted by
W, —are variables at that step t. Note that only the weights W, are also
updated since the gradient for the dropped edges is zero.

Intuitively, by training a different network at each step, dropout adds redundancy in
the weights of the NN. One can expect in this case that the network learns only the general
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features of the training data instead of specific images. Thus, it may be able to generalize
better. One can also anticipate, however, that the additional stochasticity introduced by
dropout during training, namely the fact that we choose a different subnetwork to update
every step, will come at the cost of a lower convergence rate.

From a practical point of view, we would like to know what the cost of training NNs
with dropout is, how it depends on the parameters of the network like width and depth,
and most importantly how it depends on the dropout probability. We remark that the
dropout probability should also tune the penalization on overfitting. We can therefore ask
the following fundamental questions:

(1) Is training of NNs with dropout or its variants guaranteed to converge?
(2) What do the weights converge to when training with dropout?
(3) At what rate does a training algorithm using dropout converge?

Regarding the study of dropout as a stochastic optimization algorithm, there are sur-
prisingly few results in the literature that tackle questions (1)—(2) and especially (3). For
this latter question in particular, apart from the results presented in this thesis, we can
only mention [25], which we review in Section 1.8 at the end of this chapter.

Looking at dropout in a more abstract setting, we can similarly consider a class of
random networks that use dropout as a source of randomness. The study of random NNs
is motivated by the need to make training less complex. In particular, in NNs with two
layers, if only one layer needs to be trained while the other is random and fixed, the
optimization problem can become convex [130]. In this case, more efficient optimization
methods for training than SGD exist. Hence, random networks may yield an alternative
pathway to training NNs in a cost-efficient manner. Determining if random NNs can still
approximate functions is a first step in this direction. If we consider networks with dropout
as a class of random NNs, we may ask if they still can approximate the same functions as
a NN, despite the randomness in the network structure.

(4) Do NNs with dropout still have a universal approximation property?

The focus in the first part of the thesis is on questions (1)—(4) which are partially
answered in Chapters 2, 3, and 4 respectively.

We will briefly introduce basic concepts from NNs and learning in Sections 1.2 and 1.3
respectively before giving an overview of the results in Section 1.4.

1.2 Neural networks

NNs as well as an efficient implementation for computing gradients of their functions
with backpropagation have been known since the 1980s. The large-scale data availability
and computational capacity have allowed NNs with up to billions of parameters to be
trained and used in the last decade. They are useful in tasks ranging from computer
vision [8, 48], scheduling [24], natural language processing, and generative models for text
and images [19, 6] to reinforcement learning [94]. With enough parameters and the right
architecture, NNs can approximate arbitrary functions and are therefore said to satisfy
a universal approximation property [69, 156]. Many different activation functions have
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been used in NNs; to name a few, ReLU, Leaky ReLU, sigmoid, soft-max, GeLU, etc.
Similarly, many tailor-made NN architectures have appeared that try to use the network
architecture to better encode data for the target task. An example of a well-known CNN,
which is commonly used for image classification, is depicted in Figure 1.4. We refer to
Section 1.8 at the end of this chapter for futher references on other types of NNs.

Dropout, which we will study in the first part, exploits the stochastic properties of
the training algorithm for NNs with SGD, which we describe in the next section in the
context of learning.

sSila%

| Subsampling |

Normalization

Full connections

Subsampling
Convolution Convolution

Figure 1.4: LeNet-5 architecture of a CNN used for image classification of digits [145].
This NN architecture has several convolutional layers as well as fully-connected
ones and can be trained to classify text as well as images. This network is the
base architecture used for simulations in Chapters 2 and 3 that examine the
convergence rate of SGD with dropout in deep and shallow networks.

1.3 Stochastic gradient descent and learning

We now formalize the learning problem that we have introduced in Section 1.1. Suppose
that we have a distribution g with values on X x ) =R¢% x R for d > 1 and suppose that we
have n i.i.d. samples (1,%1),. .., (Zn,yn) of p, which we will also refer to as datapoints. In
function approximation, we would like to find a map 6 : X — Y such that 6(z) approximates
the value of y € Y for a given xz € X sampled from pu.

In order to define what constitutes a good approximation, we define first a loss function
1:YxY — R, for example, I(a,b) = (a—b)? or the 0-1 loss for labels that we have defined
in (1.3). Then the loss for a datapoint (z;,y;) is defined by [(6(z;),y;) and we define the
empirical risk of 0 as

n

N 1
Ra(0) = g;lw(xi),yi). (15)
i=
In learning we want to find a map 6 that approximately captures the general features of
the data (p in this case). To do so we minimize (1.5) with n datapoints available. However,

we actually would like to find a minimizer of the true or test risk

R(0) = E(g,y)~np(1(0(),9))- (1.6)

A common way to approach the learning problem is to choose a function class F for 6
where maps are expressive enough to approximate the pairs (x;,y;); and simple enough
to not be able to exactly fit the data and thus overfit. In most cases, the function class is
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parametrized by some vector w € © C RY and so F = {0 :we®C ]RN}, In particular,
the minimization problem in (1.5) becomes a problem of minimizing the function f(w)=
R (Bu).

A way to minimize a function f(w), or in general to minimize other differentiable
functions, is to use a descent scheme as described in (1.4). In common applications,
however, the amount of available datapoints n or the dimension d of the input space
X are large. Thus, computing Vf (w[t]) exactly for each iteration is computationally
costly. Finding a sufficiently good update at low computational cost is then beneficial
in the trade-off between accuracy and complexity. SGD addresses this issue by using
an unbiased estimator g;(witt) of Vf(wit}), which is enough to decrease the objective
function in expectation. In particular, the update rule becomes

wltH1) gl o (g, (lt]

Vf(w) =E[ge1 (wl)]Gy], (L.7)

where the expectation is taken conditional on all previous samples g; for i =1,...,t and
wl®. The most common choice for gi+1 is to take uniformly at random a datapoint or a
batch n; of them, where n, < n. In the case of a single datapoint,

ge1 (W) = V10,10 (=), y 1), (1.8)

where the pairs (x[t],y[t]) are sampled uniformly at random from the training dataset at
each step t.

Under mild assumptions on the step sizes a*} and the variance and regularity of the
gradient estimators (g¢)¢, the iterates (wl*); converge to a stationary point of the target
function f [171, 140, 127, 50, 132].

Abusing notation by denoting R, (f) = R, (w), SGD is not guaranteed to converge
to a neighborhood of a global minimum w}, € argminw(f%n(w)). This occurs, for example,
in nonconvex functions that possess many local minima. If wggp is the output of SGD,
there can be a positive gap of the empirical risk minimizer compared to the optimum:

R (wsap) — argmin, Ry, (w) > 0. (1.9)

Even in the case that the global optimum wj, of R is found, there is still a so-called

generalization gap
Ro(w7) = R(w) (1.10)

which will depend on the class F, the distribution p of data and the number of samples
n. There is extensive work on studying the properties of the generalization gap in (1.10)
from the statistical point of view for many function approximators, including NNs [28].

When the dimension of the parameter space dim(©) = N is much larger than that of
the number of available samples n < N, such as with NNs, overfitting of data can occur
since the problem is usually highly underdetermined. A common way to avoid this issue
and improve generalization is to try to penalize the complexity of the functions 6,, in
the optimization problem. Adding a penalization is commonly referred to as regularizing.
Dropout is an indirect technique that uses stochasticity in the NNs to regularize the type
of weights that SGD finds. For more information about other regularization techniques,
we refer to Section 1.8 at the end of this chapter.
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1.4 Dropout and summary of results of Part 1

The class of dropout algorithms that we will study consists in practice of multiplying weight
matrices of the NN in each iteration componentwise by independently drawn random
matrices with {0,1}-valued entries. The elements of these random matrices indicate during
a training step whether each individual edge or node is filtered (0) or is not filtered (1). The
resulting weight matrices are then used in the backpropagation algorithm for computing
the gradient of a NN. While in the original Dropout algorithm in [117] only nodes from
the network were dropped, several stochastic training algorithms that avoid overfitting in
NNs have appeared since then (for example, Dropconnect [115], Cutout [64]). Figure 1.5
depicts a NN where we use Dropconnect and drop individual edges instead of nodes.

Mathematically, dropout turns the backpropagation algorithm into a step of an SGD
algorithm in which the primary source of randomness is the NN’s configuration. Under
mild independence assumptions, dropout actually optimizes a risk function averaged over
all possible NN configurations [110].

1 — Tr1 —

O—n O—mn
xro — ro —

O— 2 O— v2
z3 — r3 — O

O— us3 O— u3
T4 — T4 —

(a) Case p=0.7.

(b) Case p=0.25.

Figure 1.5: (a,b) Training step of dropconnect [115] on a NN with L =3 layers. In this
algorithm, every iteration, a random NN is first generated by removing each
edge independently of all other edges with probability 1 —p € (0,1]. The output
of this random NN is then used to update all weights using backpropagation.

Most theoretical focus has been on the regularization effects of dropout algorithms
[117, 110, 114, 105, 100, 51, 60, 42, 26, 31]. For example, it is known that in NNs with
linear activations—also equivalent to a matrix factorization problem—dropout induces
a regularization on the nuclear norm of the weight matrices [63]. Thus, using dropout
reduces the complexity of the class of estimators in matrix completion problems [12].

In this thesis we look instead at dropout from the stochastic optimization point of view
and investigate the convergence properties of SGD with dropout. Dropout will yield an
approximate minimizer wsgp for a different empirical risk R,, than R, for which a similar
gap to (1.9) can be expected. In this case, we expect that convergence guarantees and the
convergence rate will depend on the characteristics of the NN and the dropout algorithm
used. On a related note, we will also study the approximation properties of dropout
and explore if there is still a universal approximation property for random NNs with the
randomness of dropout. We present in the following three subsections the summary of
results of this part.
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1.4.1 Convergence guarantee

In Chapter 2, we will consider dropout from the stochastic approximation point of view
and prove that dropout converges. In particular, we use a set of activation functions that
can be bounded by polynomials and consider feed-forward NNs. We will prove—under
some assumptions on the loss, moments of the data, and step sizes—that if we project
the iterates of SGD with dropout onto a compact set, then the iterates converge to a
stationary point of the Ordinary Differential Equation (ODE)

aw
= —VDW), (1.11)

where D is an expectation of the original risk over the dropout filters. The results hold
not just for dropout, but for dropout-like filters that are not necessarily independent and
can also depend on the data. This convergence guarantee shows that dropout converges
and to which points it implicitly converges. Our first result in Chapter 2 will thus answer
questions (1) and (2) listed before.

1.4.2 Convergence rate

The convergence guarantee result in Section 1.4.1 is a first result to understand dropout.
In Chapters 2 and 3, we go further and study the convergence rate of dropout and its
dependence on the distribution of the filter variables.

In Chapter 2, we examine first the convergence rate to reach e-stationarity on a generic
nonconvex function with SGD when we use dropout filters in the stochastic update. Specif-
ically, we obtain a decreasing bound for min, ¢ E[|[VD(W)|3] in the number of itera-
tions T of SGD, which also depends on the dropout probability 1 —p. With this result,
we discuss how dropout changes the difficulty of finding stationary points.

In Chapter 2 we go one step further and study the convergence rate in arborescences—
a toy model for deep NNs; see Figure 2.1c in Chapter 2—with linear activations, where
the effects of dropout can already be observed. In particular, we will determine that
in these networks, the convergence rate can decrease up to an exponential factor of p,
where L is the number of layers where dropout is used and 1 — p is the dropout probability.
Hence, dropout affects very strongly the convergence rate in this model. In Chapter 2
we also conduct experiments with realistic NNs and real datasets. In contrast, we do not
experimentally observe an exponential decrease in wide NNs with two or three layers of
dropout. We will also explain heuristically why this is the case.

The results in Chapter 2 refer to the convergence rate of dropout depending on the
depth of the dropout layers of the NN. A related question concerns what the dependence
on the width of the NN is. In Chapter 3, we will consider a simplified model of a NN: a
shallow linear NN. We will use the ODE method from stochastic approximation to relate
the iterates of SGD with dropout with the gradient flow of an ODE as in (1.11). We
will prove that the expected convergence rate exponent w of this gradient flow close to
convergence to a minimum behaves as

~_P-p)
fp+(1—-p)’

where f is the width of the network. This result will also shed light onto the difficulty of
finding a minimum with dropout.

(1.12)
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Numerical simulation will show, moreover, that the rate in (1.12) qualitatively agrees
with simulations. Interestingly, the inverse dependence on the width f in (1.12) occurs
only close to convergence. Far away the opposite occurs: overparametrization with large f
seems to favor convergence to a minimum in the first stages of Gradient Descent (GD) but
not up-close. Together with the simulations these results may be translated to heuristics
of what to expect when training with dropout. Combined, the results from Chapters 2
and 3 address question (3) with two different approaches.

1.4.3 Approximation properties

In Chapter 4, we will analyze dropout in NNs more abstractly and investigate the approx-
imation properties of random NNs where the randomness comes from dropout.

Denote a feed-forward NN, h: R? — R, with random dropout filters m by h(w®m) for
any w € R?, where @ is the componentwise product. With m as a random filter, k will be a
random function which we will call for now a dropout NN. In Chapter 4 we will prove that
a class of dropout NNs, denoted by DDNN, satisfies a universal approximation theorem.
In particular, for any g € C(]0,1]) and any € > 0, we have that there exists h € DDNN such
that

Enn(llg(w) — h(w ©m)|oo] < e. (1.13)

In Chapter 4 we will prove (1.13) under a variety of assumptions, like the choice of normed
space, the filter distributions, and if we consider dropout also on the input layer, which
requires special attention. In practice, the weights of the NN after training with dropout
are usually scaled by the expectation of m for prediction. We go one step further and
prove furthermore that DDNN satisfies a universal approximation theorem also in this
sense. Namely, in the notation of the previous example, there also exists h € DDNN such
that

Em[llg(w) —h(wom)|ec] <€ and [lg(w)—h(wOE[m])] <e. (1.14)

The proof of such results is constructive and we provide concrete examples in the case
of dropout.

Part II: BMCs

In the second part of this thesis, we discuss Block Markov Chains (BMCs), a class of
models for sequential data with clusters. Firstly, we investigate the spectral properties
of BMCs, and secondly, we use real-world examples of sequential data to evaluate the
clustering algorithm for BMCs.

1.5 Background of Part II

Discovering low-dimensional structures in data can improve the understanding of how the
underlying data-generating process behaves. This is especially interesting for sequential
data, which are ubiquitous. We introduce this topic with a concrete example from natural
language processing used in machine learning.

Example: We have several texts extracted from newspapers and our task is to classify
the texts by topic. By looking at keywords, one may be able to classify the texts well,
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but with many topics this may not be possible since there are too many words. We can
try instead to find a lower-dimensional representation of a text by checking if it contains
sets of words with similar meanings and by how they follow each other as strings of words.
These sets of words—which we refer also as clusters or communities?—can have similar
contexts as depicted in Figure 1.6. Once we have identified them, texts can be more easily
classified using this low-dimensional latent structure [143]. The problem now is apparent:
Can we find these clusters of words by just observing a sufficiently long text?

The car was right in front of the house.
(]
X1 = ‘the’
X9 = ‘black’
X3 = ‘car’
X; = ‘the’
X1 = ‘white’

X2 = ‘house’

Figure 1.6: Text can be modeled as a sequence of words or states (circles in the picture)
i a chain Xq,...,Xs,.... Fach state Xy belongs to a cluster, like the green
cluster which contains ‘colors’, but which we do not know a priori.

As hinted by the example in Figure 1.6, there are many potential applications of com-
munity detection in the sequential setting. For example, in streaming services of movies
or music, future recommendations for a user are generated by looking at his/her past se-
quence of consumed media genres or categories. Especially interesting is its potential use
in model-based reinforcement learning, where an agent tries to learn the state transition
dynamics of its environment with sequences of states and rewards [4, 30]. In Chapter 6
we will see other examples. These previous applications rely on the same idea: Can we
detect and recover communities from a trajectory in sequential data?

To proceed, we introduce modeling assumptions in order to formally describe commu-
nities and make the problem tractable. In our setting, there are n states or nodes with
labels in [n] = {1,...,n} and we observe a trajectory of length 7, of connected nodes
X1,--+, X, -, X7,. We will first assume that the probability of seeing a node X4 at
time t+4 1 depends only on the immediate previous node X; in the trajectory, that is, the
process {X;}¢>0 satisfies the Markov property

PXip1=J| Xe =0, Xe—1=1t1-1,...Xo =i0) =P[Xe41 =7 | Xt =1], (1.15)

for all nodes j,i,it—1,...,i0 € [n].

To define the communities, we will first assume that there are K <« n communities
and each node j € [n] has a label in [K] which determines the community it belongs to.
Hence, we assume that there exists a true cluster assignment map v, : [n] — [K] which

2In this thesis we will make no difference between communities and clusters.
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encodes the clusters. All we observe is a trajectory of the process {X; }+>0, which is driven
by dynamics that are based on the community structure. The first dynamical assumption
about the process is that if X is a state in a cluster k € [K], then the process transitions
to a cluster [ € [K] with some probability gx ;. The probabilities gx ; € [0,1], which we call
cluster transition probabilities, thus satisfy Z{il gr,; =1 for k € [K]. In the example with
music streaming recommendations, if a user has listened to rock, then this assumption is
equivalent to assuming that there are certain probabilities of choosing a song in a different
genre, like pop or classical music, without specifying the song in that genre first. The
second dynamical assumption is that if at time ¢+ 1 a transition to cluster [ € [K] occurs,
the trajectory will transition to a state X;1; chosen uniformly at random in this cluster I.

S A

0.1

0.9

Figure 1.7: A wvisualization of a BMC with K = 3 clusters and q =
[[0.9,0.1,0],[0,0.1,0.9],][0.3,0.7,0]]. The thick arrows visualize the cluster
transition probabilities qi 1, while the thin arrows visualize the transitions of
a sample path {X;}1>0. Figure courtesy of [2].

These two dynamical assumptions are the basis of the BMC model for communities
in sequential data. An example of a BMC with K = 3 is depicted in Figure 1.7. The two
dynamical assumptions imply that the transition from a node i € [n] to a node j € [n]
occurs with the following state transition probability

- - Qvn (3),vn (5)
P =PXy1=j| Xy =i]= . 1.16
I Xepr =7 Xe =1 Size of cluster vy, (j) (1.16)
We consider disjoint clusters in the model, which we denote by V; for [ € [K]. Thus, we
will partition the state space [n] of a Markov chain. The process {vy,(X¢)}s>0 given by
the sequence of clusters of each state together with the size of the clusters fully capture
the dynamics of the trajectory {X;}i>0.

Spectral error in BMCs

It was shown by Sanders, Proutiére and Yun in [27] that community detection in BMCs
and recovery of clusters is possible under some assumptions on the cluster transition
probabilities, the size of the clusters [V |;c[x] and the length T}, of the observed trajectory.
The clustering algorithm consists of two steps. The first one yields a guess 2, for the
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true cluster assignment map v,. The second step exploits the structure of the BMC to
iteratively improve the cluster assignment based on the observed trajectory.

The guess 7, for the true assignment map v, in the first step is based on spectral
clustering, where a matrix encoding the transitions is expected to have low rank. In the
case of a BMC we can define an empirical counting matrix

Tn
Ni; :Zl[XtH =75, Xe =1, (1.17)
t=1

which will encode the number of transitions seen in a trajectory of length T,.

The idea of using spectral clustering is that under the BMC assumption N = ]E[N | has
rank K due to the K-cluster structure. Since we do not have access to N, we can use the
empirical approximation N and examine the rank of the matrix N which we expect to
be approximately K. This notion of approximation is characterized by the spectrum of
N having a certain size and more importantly the spectrum of the difference N — N. A
measure of this difference is the spectral norm or spectral error |N — N||, defined as

IN=N| = sup [[(N—N)zls. (1.18)

The spectral error thus characterizes part of the approximation error that we make when
using N to estimate the clusters that are encoded in N.

In [27] it is proven that if T}, = w(n), then there exist ¢ > 0 and Nr, a regularized
matrix of N such that asymptotically in n, with high probability,

) T, (T,
IN: — N|| < e f]og(f). (1.19)

The bound in (1.19) is sufficient to prove that detection and recovery are possible in
BMCs asymptotically. However, when comparing to other models from graph theory, this
bound was suspected not to be sharp in terms of the ratio T, /n.

Knowing the correct order of the spectral norm in BMCs will determine the limits of
the spectral clustering and shed light on the effect of dependencies in the BMC model.
Hence we ask the following questions:

(5) Is the upper bound for the spectral error of BMCs in (1.19) sharp?

(6) Is there a matching lower bound to the spectral error in BMCs?

From the technical perspective, questions (5)—(6) can also be asked from the study
of random matrices (namely, the random matrix N ) with dependencies coming from a
Markov chain. In particular, methods that may work for matrices with independent
entries are not readily applicable in the setting of BMCs.

Experimental evaluation of BMCs

While BMCs provide an appealing model for communities in sequential data, as shown
with the example of Figure 1.6, it is also interesting to examine whether they can be used
to capture hidden structures in real-life data sets. This question had not yet received
attention in the literature.
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One may think that, perhaps due to the simple assumptions of the BMC model, finding
interesting clusters with the clustering algorithm for BMCs in real data is unlikely. As it
turns out, despite these assumptions, meaningful clusters can still be found. For example,
clusters like the ‘colors’ cluster in Figure 1.6 can be obtained with the clustering algorithm
for BMCs with texts [9]. For a given dataset, however, assessing the performance of the
clustering algorithm may not be so obvious as with the words example. One of the concerns
is that other simpler and more interpretable models than BMCs could still be suitable for
obtaining meaningful clusters. Thus, a clear motivation for understanding the scope of
the model is to evaluate if BMCs are appropriate for a particular dataset. A question we
may ask is the following:

(7) How well do the BMC model and the clusters obtained with its clustering algorithm
describe dynamics in real-world sequential data?

A parallel motivation to the suitability of the model is also to ascertain the limitations
of the model, which could provide bounds on its usefulness. On the one hand, a way to
approach the limitations is to compare previously known theoretical properties of BMCs
with those obtained from real data. Specifically, we can analyze for example if the asymp-
totic bounds for the spectral error of a BMC that we have seen in the previous paragraphs
match those inferred from examples. On the other hand, we may also probe the limita-
tions of the model in a more controlled environment. Specifically, we may consider the
performance of the algorithm under different models for clusters in sequential data that
are not exactly BMCs. A broad question encompassing these two examples is then:

(8) How robust is the clustering algorithm for BMCs?

In the second part of this thesis we will address questions (5)—(8). In Chapter 5, we
bound the spectral norm for generic BMCs. In Chapter 6 we focus on the applicability of
BMCs to real sequential data from a practical point of view. As for the remainder of this
part, we first introduce spectral clustering for BMCs in Section 1.6, which will provide
context for the summary of results later in this part of the thesis.

1.6 Spectral clustering

The clustering algorithm in [27] that reaches the detection and recovery thresholds for
BMCs consists of two steps. Firstly, an initial guess for the underlying cluster assignment
Dy, is found by using the random matrix N defined in (1.17) associated with the sample
path. If we assume that the number of clusters K is given, then the first K singular vectors
of N are used to construct a low-rank approximation of the random matrix N , after which
a distance-based clustering algorithm like k-means is applied to find the first guess o, of
the cluster assignment. This method is also called spectral clustering, which is one of the
most popular algorithms for community detection due to its efficiency [93]. Secondly, the
initial guess for the cluster structure 7, is refined by means of an improvement algorithm
that reconsiders the sequence of observations and performs a greedy, local maximization
of a log-likelihood function of the BMC model. In order to provably obtain a first guess
Dy, that is close to the true assignment v,, a sufficiently small bound on the spectral error
of (1.19) is required.
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In BMCs, the spectral clustering is inspired from similar spectral clustering algorithms
found in random graphs. In a graph, the adjacency matrix A,, encodes the graph structure
by setting the entries of a matrix with dimension n to 1 or 0 depending on whether there
is an edge or not respectively. Formally, (A4,);; = 1[(i,5) € £], where £ is the edge set of
the graph. When the graph is random and contains clusters, we have a random adjacency
matrix fln Then fln — E[An} is a centered random matrix with independent entries and
a certain block structure, namely, the one corresponding to the true cluster assignment
Un. A block structure contributes significantly to the spectrum of A,,, which usually
encodes global properties of the graph. For the recovery of clusters, this fact suggests that
examining the largest singular values of A, may provide information about the clusters.
In our asymptotic setting, this translates to expecting that the largest K singular values
of A,, will be approximately those of E[A,] and will be increasing in n. The difference
A, fE[/ln] will thus have asymptotically lower order than the main singular values of
A,, and so the contributions of the block structure to the spectrum can be asymptotically
separated from the stochastic noise. This is the fundamental property that justifies the
use of spectral methods for clustering and will also be the case in BMCs with N.

A term that appears in the theoretical analysis of spectral clustering and in the recovery
thresholds for BMCs, and generally in random graphs, is the average degree, that is, the
average number of edges connected to a node in the network. An example from random
graphs is the Erdés—Rényi random graph (ERRG), where there is only one community of
(all) n vertices and an edge is present independently of others with probability p, € (0,1).
Hence, the average degree in ERRGs is np,. In BMCs, we can similarly define the average
degree as the average number of transitions per state, that is, T), /n.

Depending on the average degree, there are fundamentally different regimes for a graph,
where global properties can be different and can impact the performance of the spectral
clustering. These regimes are the dense and sparse regimes. We say that a graph of n
vertices is dense if the average degree is asymptotically larger than or equal in order to
log(n) and sparse if the average degree has asymptotically an order less than log(n). For
example, an ERRG becomes asymptotically disconnected with high probability only if
the graph is sparse [167, 166]. Similar thresholds appear also in the generalization of the
ERRG with more communities, which is the well-known Stochastic Block Model (SBM)
[169]. In the sparse regime, the spectrum for random graphs can be dominated by a
small amount of vertices with large connectivity compared to the remaining vertices [133,
139]. Global properties of the graph like communities can be consequently hidden in the
spectrum by the contribution of these large-degree vertices, which negatively impacts the
performance of the spectral clustering. We expect similar phenomena to occur in BMCs,
and indeed, in Chapter 5 we verify that a different treatment to NN is required in the sparse
regime.

From the previous analogies of the BMC model and random graphs, we can try to
compare the spectrum of a BMC to that of a random graph in a fair setting. In Table 1.1,
the spectral norm of BMCs is compared to the spectral norm ||A,, —E[A,]|| of an ERRG
with a similar order of the average degree. In both dense and sparse regimes, the compar-
ison suggests that the spectral norm of BMCs is of order 1/T},/n, which is not the order
of the bound in (1.19). Indeed, as we show in Chapter 5 this intuition is correct.
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Model  Average degree  Spectral norm Reference
ERRG npp =Tn/n Op(\/Tn/n) [133]
BMC Tn/n Op(v/(Tn/n)log (T, /n)) 27]
BMC Tn/n Op(\/Tn/n) this thesis

Table 1.1: Comparison of previously known spectral bounds for an ERRG and a BMC,
together with the new bound in this thesis. We assume that the average degree
is Ty, /n in all cases, which in the ERRG is equivalent to an edge probability of
Pn = Tn/nQ. We show in this thesis that the previous bound for BMCs can be
improved to match the expected order. The notation of Op and Op denotes that
O and © hold with high probability. See Chapter 5 for a formal definition.

1.7 Summary of results of Part 11

The focus of the second part of the thesis is on questions (5)—(7). As mentioned in
Section 1.6, the spectral error plays an important role in the clustering algorithm for
BMCs, and knowing sharp bounds will determine the limits of the spectral clustering. This
question is investigated in Chapter 5. In Chapter 6 we evaluate the clustering algorithm
for BMCs in real datasets. The contributions of Chapters 5 and 6 are summarized in the
following two subsections respectively.

1.7.1 Spectral norm in BMCs

The previously known bound in (1.19) is sufficient to prove that detection and recovery
of clusters are possible in BMCs. However, if we compare the bounds in the BMC model
to similar bounds in random graphs fairly, the bound in Equation (1.19) is suspected not
to be sharp. In both dense and sparse regimes, we expect the spectral norm in BMCs to
have order \/T}, /n.

In Chapter 5 we examine the spectral norm of N — N and show first a sharp upper
bound in the dense regime. Namely, we establish that

|8 = NIl = Op(y/To /). (1.20)

Futhermore, we also establish the bound (1.20) in a sparse regime, for which a different
analysis is required. To avoid the effect of large-degree nodes in the spectrum, we have
to use a special regularization Np of the matrix N. Namely, a proportion of the largest
entries of N will be set to zero. This type of regularization is necessary in BMCs and
random graphs to avoid nodes with comparably large degree [133]. See Chapter 5 for
further details.

We show the bound in (1.20) with an approach used in [27, 133, 93] for bounding
the spectrum of random graphs, which we will adapt to the case of BMCs. For this
purpose, we will leverage concentration inequalities for Markov chains [98] to deal with
the characteristic dependencies in BMCs.

Finally, in Chapter 5, we show that the order in (1.20) is actually sharp. Namely,
asymptotically with high probability there is a lower bound HN —N| >C+/T,/n for C>0.
Thus, the order of the singular values of the spectral error will be fully characterized. These
two results answer questions (5)—(6) positively.
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Figure 1.8: (Left) The frequency matrix N of the DNA dataset where states have been
ordered with the clusters. (Right) The frequency matriz N of a sampled BMC
model with the inferred parameters from the DNA dataset with states ordered
with the clusters, similarly to (Left). The BMC model captures some cluster
information, despite the inhomogeneity in the dataset.

1.7.2 Experimentally testing the BMC model with sequential data

From an application point of view, a BMC could be a useful model for dimensionality
reduction in a time series as hinted in Section 1.5. Examples of time series for which
Markov chains have historically been used include plant / human DNA (microbiology)
[162, 134], speech / text (natural language processing) [158], and GPS location data
(geography / ethology) [39, 47].

In Chapter 6 we consider BMCs from a practical point of view and use the cluster
recovery algorithm for BMCs in real-world sequential data. We consider three datasets:
stock market data, Deoxyribonucleic Acid (DNA) sequences and the Global Positioning
System (GPS) coordinates of bisons (see Chapter 6 for further details on the datasets and
their sources). We use the clusters and BMC parameters recovered for these three datasets
in order to evaluate different properties of the clustering algorithm. For comparison,
in Figure 1.8 the count matrix N from a BMC-generated model versus one from DNA
is shown. Chapter 6 is based on [9], where additionally, a comprehensive analysis and
evaluation of the BMC model and the recovered clusters in the aforementioned datasets
are conducted.

First, we will examine the spectral gap for BMCs in the data in a qualitative manner
and compare the expected orders for the singular values. The analysis will show that the
spectral error, while enough to provide guarantees in a true BMC, appears not to be very
robust in real data and is sensitive to model violations. We will also provide a heuristic
argument for why this is the case.

In order to further assess the clustering algorithm, a robustness analysis is conducted.
To do so, BMC models with additional noise are considered. The cluster comparison in
these perturbed BMC models will show numerically that the algorithm is robust under
small to moderate perturbations of different noise models and that it can still approxi-
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mately recover parameters of models that are not BMCs.

In the last part of Chapter 6, we will evaluate the merit of the BMC model. A particular
motivation is to decide if the clusters and the transition dynamics of the data could also
be explained by a simpler model instead of a Markov chain, namely, by a model without
time dependencies. For these datasets, we will use model selection tools and decide if the
BMC model is a good representation of the dynamics of the data compared to other less
and more complex models. In the full state space, conducting model selection will not be
possible due to the large number of free parameters. Thus, we will exploit the state space
reduction and perform model selection in the low-dimensional latent space of clusters. The
analysis will provide evidence that the cluster transitions of the different datasets seem to
follow a model with Markovian dependence, except for the stock market.

1.8 Related literature and positioning

In this last section of the introduction we provide references and position the results of
this thesis in the literature.

Part I: Dropout

NNs. In the last years, many NN architectures have appeared that are tailor-made for
the target task, e.g., image classification like those in (1.2) or for reinforcement learning,
where sequences of observations and rewards are the input that an agent receives when
acting upon the environment. We can mention among many others CNNs [54], Graph
NNs [131], VGG16 [104], Variational Autoencoders [40] and policy-value networks for
reinforcement learning and its variants [94, 43].

Despite its ample use and success, the understanding of NNs for tasks in supervised
learning is still incomplete. It is not yet fully understood, for example, why SGD succeeds
at finding good local minima of the nonconvex risk function in NNs [73], that is, the gap in
(1.9) is often found to be small. While there are convergence results for overparameterized
NNs [34]—the number of free parameters N is larger than the number of samples n—it is
not fully clear why NNs generalize well in spite of the potential for overfitting [66]. From
the statistical point of view, a major issue is the difficulty of estimating parameters in
a high-dimensional space from comparably small amounts of data, which is typically the
case in NNs. This is the so-called curse of dimensionality in statistics. Nonetheless, it is
found experimentally that NNs can have a small gap in (1.10), and there are results in
the literature [28] that provide some understanding of this dichotomy.

Variants and applications of dropout. The first version of a dropout algorithm was
introduced in [117] which was used for the ImageNet competition in [118]. Variants of
the algorithm have appeared ever since, including versions in which edges are dropped
[115]; groups of edges are dropped from the input layer [64]; the distribution of the filters
are Gaussian [92, 68]; the dropout probabilities change adaptively [109, 82]; and that are
suitable for recurrent NNs [108, 84], which are NNs that can be used to model evolution of
differential equations. The performance of the original algorithm has been investigated on
common datasets [117, 105], and dropout algorithms have found application in e.g. image
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classification [118], handwriting recognition [103], heart sound classification [79], and drug
discovery in cancer research [62].

Regularization and dropout. Theoretical studies of dropout algorithms have mainly
focused on their regularization effect. The effect was first noted in [117, 105], and subse-
quently investigated in-depth for both linear as well as nonlinear NNs by [110, 114, 100,
31]. Within the context of matrix factorization, it has been shown that Dropout’s reg-
ularization induces a shrinkage and a thresholding of the singular values of the optimal
matrices [51]. Characterizations of Dropout’s risk function and Dropout’s regularizer for
(usually linear) NNs can be found in [60, 42, 26]. In the context of matrix factorizaton,
we will see in Chapter 3 that the risk function of dropout, after rescaling by p, takes the
form

DW) = ||Y —WoW1 |3+ R(W), (1.21)

where || -||p is the Frobenius norm but R(W) is not a norm. The regularization term
R(W*) at a minimum W* of D(W) plays a role in bounding the generalization gap [12]
in NNs.

Other regularization techiques for NNs exist besides dropout. For example, [90] con-
siders normalizing the output of the layers. This is also called batch normalization. Early
stopping of SGD is also a common regularization technique. Other more classical ap-
proaches include adding an explicit regularization term. For example, a L' norm [122]
or L? norm [160] of the weights may be added as an explicit penalization term in the
minimization problem.

Convergence of dropout. Detailed theoretical investigations into the convergence of
dropout algorithms are relatively scarce. Independently of the results presented in this
thesis, a parallel result by [25] appeared that gives insight into the convergence rate of
Dropout in ReLLU shallow NNs for a classification task. There, a sample complexity bound
to reach e-suboptimality for the test risk is provided. In particular, O(1/e€) iterations
of SGD are required to reach e-suboptimality. The main result in [25] considers a ‘lazy
regime’ analysis for overparametrized NNs, for which weights do not change much with
the updates of SGD and can be controlled. The result relies on an assumption that the
data distribution is separable with a margin in a particular Reproducing Kernel Hilbert
Space (RKHS) that is coupled to the distribution of the filters. However, for dropout
the convergence rate derived there is independent of the dropout probability 1 — p, which
as explained in [25] is because of the separability assumption. Compared to our generic
convergence result of Proposition 2 in Chapter 2, we do not assume structure of the
function or data and look instead at the iterations required to reach e-stationarity of the
dropout risk in nonconvex smooth functions using dropout-like SGD. Despite this generic
assumption, an explicit dependence on the dropout probability is obtained.

We can also compare the result in [25] to the convergence of dropout in shallow linear
NNs of Theorem 10 in Chapter 3. While local in nature, the latter convergence result
gives also an explicit convergence rate for any width of the network. This comes, however,
at the cost of assuming that the stochasticity can be controlled by using the gradient flow
of an ODE. Moreover, we use completely different techniques than those in [25].

Finally, it must be noted that convergence properties have been thoroughly studied
within the context of NNs trained without dropout algorithms, see e.g. [35, 44, 33, 14]
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and references therein.

Stochastic approximation. Dropout algorithms can, by construction, be understood
as forms of stochastic approximation algorithms. Stochastic approximation techniques in
optimization were introduced by [171, 170], and have been the subject to a wide literature
due to their ubiquity. For overviews and their application to NNs, we refer to books by
[140, 127, 149]. We use results from [140] to prove our first result in Chapter 2.

Universal approximation in NNs. The first universal approximation theorem for
NNs with a sigmoidal activation function can be found in [156], and this canonical work
led to much follow-up research. Several years later [154] showed that the universal approx-
imation property relies more on a NN’s architecture than on the specific use of sigmoid
activation functions. Moreover, [153] established that deep, feed-forward NNs require a
nonpolynomial activation function in order for a universal approximation theorem to hold.
With a different approach, [148, 146] used the so-called probabilistic method to prove
the existence of a deterministic function that suitably approximates a target function in
deterministic NNs.

Approximation by random NNs. Parallel to the study of the approximation prop-
erties of NNs, the study of random NNs started. [159] is one of the first works where
universal approximation is mentioned (but not proved) side by side with a NN algorithm
in which random hidden nodes are placed.

A class of networks with random weights and biases, called Random Vector Functional-
Link Nets, was introduced in 1994 by [152]. [150] proved a universal approximation prop-
erty of these networks, by showing that the span of the node functions is almost surely
asymptotically dense in the many-node limit. This result does not apply to dropout
schemes since in the dropout setup the randomness is applied after choosing coefficients.

[141, 142] introduced a class of NNs that relies on a fixed NN topology on top of which
neurons forward positive and negative signals (spikes) at random points in time based
on their own “potential”. Specifically, a constructive proof of the universal approximation
theorem for such stochastic NNs in steady state was given. This class of networks also does
not cover the usual dropout—when we drop nodes—or dropconnect due to the different
dynamics assumed; moreover a dropout NN is trained randomly, but typically operated
deterministically.

[129] investigated uniform approximation of functions with random bases. This is a
particular case of a so-called random feature method, in which parameters are split in two
groups: parameters in one group are taken randomly (and not tuned), and the other part
is trained to achieve the best approximation. Therefore these results also do not cover
dropout or dropconnect since for the latter algorithms all parameters are trained.

Another commonly used class of NNs is the mizture of experts model. The idea is that
for different input regions different, typically simpler, networks (learners) are used for
prediction. The choice is performed by the gating network; training of the model consists
then of training individual learners together with training the gating network. [83] proved
a universal approximation theorem for a mixture-of-experts model, and [69] subsequently
generalized their findings to allow for so-called Gaussian gating.
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[37] considered a network architecture that can handle probability measures as input
and output. A universal approximation in Wasserstein metric was proven for continuous
maps from the space of measures into itself. Our results that will be described in Chapter 4
are more specific, and not covered by this result, since we study a different (more restricted)
approximation scheme.

Finally, we refer to the following surveys on results regarding the approximation prop-
erties by random NNs. A survey of approximation-theoretic problems was written by [144];
a recent survey by [13] contains a comparison of approximation properties for finite-width
and finite-depth networks. Several uniform approximation results for random NNs can be
found in [126, Section 5.4]; see also [46].

Part II: BMCs

Community detection. Regardless of the model for communities, randomness adds
difficulties to detecting and recovering a hidden cluster structure. Detection can become
difficult if the clusters are too similar or if the clusters are too loosely defined and only
a low number of connections exist. This latter problem occurs, for example, with sparse
networks, where clusters, if statistically different, cannot be detected due to lack of data.
Similarly, with a detection, that is, a statistical guarantee that clusters exist, recovering
such clusters may not be possible even in the limit that the number of vertices grows large.
In particular, the recovery algorithm may be computationally intractable. As hinted by
these trade-offs, there is an information-theoretical limit to community detection and
recovery, which has been studied for certain models.

For example, investigation of community detection problems within the context of
SBMs—the generalization of an ERRG with clusters—has seen great progress. In the
sparse regime, necessary and sufficient conditions for extraction of clusters that are pos-
itively correlated with the true clusters have been obtained [121, 102, 96]. In the dense
regime, conditions have been established under which the proportion of misclassified ver-
tices can tend to zero as well as under which asymptotic exact recovery occurs [86, 87, 91,
95, 107, 106, 85, 75, 72]. We refer to [65] for an overview of clustering algorithms.

BMCs and Markov chains. Community detection problems for BMCs have thus far
received less attention. In the sparse regime, an information-theoretical lower bound on the
detection error rate satisfied under any clustering algorithm was derived in [27] together
with a two-stage clustering algorithm that can accurately recover the cluster structure.

In a BMC, there is an information quantity I(c,q) depending on the cluster transition
probabilities g and cluster ratios « such that exact recovery is possible if

T, —nlog(n)/I(a,q) = w(l), (1.22)

that is, the true cluster assignment v,, can be asymptotically recovered up to a finite set of
states of [n] with high probability if (1.22) holds. In particular, exact recovery is possible
if T, = O(nlog(n)). On the other hand it can be proven that detection of clusters can be
conducted when T;, =w(n) [27]. As we will see, these scalings will also appear in Chapter 5
when estimating the spectral error in (1.18).

Besides BMCs, there are other models for Markov chains with low-dimensional latent
structures. In the dense regime, learning of low-rank structures in Markov chains from
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trajectories is studied in [47], where spectral methods are used to recover a low-rank
approximation of the Markov chain’s transition matrix; [18], where a maximum likelihood
estimation method was used; and [39], where an algorithm is analyzed that relies on
a spectral decomposition followed by an approximation of the convex hull of singular
vectors. Noteworthy too is [38], which describes a method for recovering a latent transition
model from observations of a dynamical system switched by a Markov chain with low-rank
structure; and [32, §5], where the problem is related to estimating a low rank ‘tensor-train’
decomposition from noisy high-order tensor observations.

Spectrum of random matrices and Markov chains. As mentioned in Section 1.5,
random graphs can be analyzed by considering the spectrum of an associated random
matrix. Such spectral properties have been extensively studied. Most results hold for
random matrices with independent or weakly dependent entries, see e.g. [168, 119, 99, 76,
58, 57]. Results on the spectra of adjacency matrices of e.g. SBMs or ERRGs also make use
of independence assumptions [133, 88]. There are further intriguing results on the spectra
of random Markov chains [123, 120, 116]. Compared to these models, in Chapter 5 we
will examine instead singular values coming from the random frequency matrix in (1.17).
A single sample path of a (nonrandom) Markov chain with an underlying block structure
is used as the source of randomness and the sample path can also be short compared to
the size of the system. For the dense regime, a recent article characterizes the limiting
distribution of the singular values of BMCs when T}, = Q(n?) [2].

In Chapter 5 we sharpen the spectral norm bounds of [27] and quantify an asymptotic
gap between the largest and smallest singular values. The proof method builds on the
techniques in [133, 124, 93] by incorporating concentration inequalities for Markov chains
[98] and relying on a perturbative argument using Weyl’s inequality [151].

Regularization in random graphs. As proposed in [27], our analysis in Chapter 5
also requires regularization of the random frequency matrix N in the sparse regime. We
zero out the entries of the frequency matrix that correspond to a fixed-size subset of most-
visited states. There exist also other regularization techniques for random graphs. Namely,
for an average degree d,, one may discard vertices with degree higher than a threshold
(14¢€)d, [133] for some € > 0 independent of n. Scaling down the weights of edges incident
to vertices of high degree is also possible [67, 59] and has some advantages in the sparse

regime compared to the previous methods that discard vertices.
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Chapter 2

Almost sure convergence of
dropout algorithms for neural
networks

Based on [29]:
“Almost sure convergence of dropout algorithms for neural networks”
by A. Senen—Cerda, and J. Sanders

In Chapter 1 we have motivated the analysis of dropout from the stochastic optimiza-
tion perspective. In this chapter, we introduce the first results concerning the convergence
guarantees of dropout as well as its convergence rate.

2.1 Introduction

While not explicitly mentioned in Chapter 1, an interesting aspect of dropout algorithms
is that they lie at the intersection of stochastic optimization and percolation theory, which
investigates properties related to connectedness of random graphs and deterministic (pos-
sibly infinite) graphs in which vertices and edges are deleted at random. In the case of
dropout, the output of the filtered Neural Network (NN) with temporarily deleted edges
is used to update the weights. If dropout filters too many weights we expect that little
information can pass through the network, which will consequently also yield a gradient
update for that step that contains little information. As an example, we may consider the
networks in Figures 2.1(a)—(b) when we use Dropconnect, that is, we filter each edge with
probability 1 — p independently of all other edges. In an L-layer NN with no biases, a path
from the input layer to the output goes through L weights that have filters. Then, the
probability that a path from input to output stays unfiltered and contributes to a weight
update is pY. If we now fix one edge in the path, then the probability of updating its
corresponding weight through that path in particular is also p~. There are, however, many
other paths in a NN passing through a single edge. The probability that one of those paths

27
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is not filtered will be large and may compensate the exponential factor p~. Considering
the connection to bond percolation, one may therefore expect at first glance that dropout
algorithms may perform worse than a routine implementation of the backpropagation al-
gorithm. However, dropout algorithms usually perform well due to their regularization
properties [117, 105]. From the point of view of bond percolation however, this should
still come at the cost of slower convergence of dropout algorithms, and conceivably by as
much as a factor pL.

(a) Case p=1. (b) Case p=0.25. (¢) An arborescence.

Figure 2.1: (a,b) Examples of Dropconnect’s training step [115] in a NN with L =3 layers.
We can easily observe that the number of paths x in (b) that fully transverse
the network (x =5) is much smaller compared to those of (a) (x =240). (c)
An example arborescence of depth L = 3.

In this chapter we establish first a convergence guarantee for dropout algorithms. Fur-
thermore, we analyze the sample complexity of Stochastic Gradient Descent (SGD) with
dropout and the convergence rate of dropout depending on the depth of the NN with a
toy model. At the end of the chapter, we investigate numerically and with heuristics what
convergence rate to expect in realistic NNs.

Summary of results

When using dropout with SGD, we use a stochastic estimate Al**T1 of the gradient of
the empirical risk. Denote by F[t"'l]7 X[t+1],Y[t+1] the dropout filters and the samples
provided to the SGD algorithm at time ¢ respectively. We define By (X,Y) to be the
gradient at T of the risk such as (1.5) if we have input and output pairs (X,Y) (denoted
by g:+1 in Section 1.3). Also depicted in Figure 1.3, dropout defines the estimate of the
gradient update as

AltH1 2 plt+l] o) Bri+ugwi (X[t+1]ay[t+1]): (2.1)

where ® denotes the componentwise product.

Note that the filters appear twice in (2.1). Firstly, they filter the weights W when
the gradient is computed depending only on the subnetwork provided by dropping some
edges or nodes. Secondly, they filter the updates in A1 since only the remaining weights
will be updated. Moreover, other distributions for the filters than those for dropout and
dropconnect are allowed (see also 2.2.3).
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Our first result is a formal probability theoretical proof that for any (fully connected)
NN topology and with differentiable polynomially bounded activation functions (see Def-
inition 2 for a formal definition), the iterates of projected SGD with dropout-like filters
converge. In particular, a step of projected SGD with dropout is given by

Wit — py, (Wl _ I+ DAl for ¢ e N, (2.2)

where Al\+1] is the estimate of the gradient with dropout in (2.1) and P4 is an operator
that projects the iterates onto a compact convex set H [61]. In order to state our first
result, we define dropout algorithm’s risk function as

D(W) = /l(‘l’f@vv(w),y)dp[(ﬂ X, Y) = (fz,y)], (2.3)

and we will consider I(a,b) = |a—b|? to be the fa-loss.
The first result is stated informally in the next proposition (see Proposition 1 below
for the exact set of assumptions (N1)—(N6)).

Proposition (informal). Under sufficient reqularity of the activation functions, bounded
moments and independence of random variables and some assumptions on the boundary
H, with update (2.2), the weights (W), converge to a unique stationary set of a projected
system of Ordinary Differential Equations (ODEs)

dw

TS = —VwDy(W)+r(W), (2.4)
where w(W) is a constraint term, which describes the minimum force required to keep the
gradient flow of VD in H.

This result gives us the formal guarantee that dropout algorithms are well-behaved for
a wide range of NNs and activation functions, and will at least asymptotically (meaning
after sufficiently many iterations) not suffer from problems that could have arisen from
the relation to bond percolation. Moreover, the function D(W) is the expectation of the
risk over the dropout’s filters distribution, which in our result is not restricted to dropping
nodes and can even be coupled to the data. This result also shows that SGD with dropout
converges to the stationary points of D(W). Note that while not explicit in the definition
of D(W) in (2.3), in practical scenarios where we have only a set of datapoints, D(W') will
be defined analogously to the empirical risk R, in (1.5) in Chapter 1. In online settings,
however, this may not be the case.

While a guarantee is necessary, a convergence rate would yield more insight into the
trade-offs of the algorithm. In our second result of this chapter, we compute a bound
for the sample complexity of the convergence of dropout to an e-stationary point of a
generic smooth nonconvex function D(W). We say W € W is an e-stationary point of
D if |[VD(W)]||2 < € holds. Note that stationary points are not necessarily minima, but
the sample complexity, understood as the number of iterations T required to reach e-
stationarity, is usually associated with the complexity of the function to be optimized.

For a generic smooth nonconvex function D(W'), we consider dropout to be SGD
with the update in (2.1), where filters F' are chosen independently at each step and are
{0,1}-valued for each parameter. In our result we assume boundedness and Lipschitzness
conditions on D(WW). Moreover, under some additional assumptions on the loss function,
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examples of NNs with sigmoid activation functions o(t) = 1/(1+exp(—t)) are also covered
by our result. In this particular case, D(W) = D(W) holds with the definition in (2.3). For
the general case we prove the following (see Proposition 2 below for the full description of
the assumptions (Q1)—(Q5)):

Proposition (informal). Assume that D(W) has enough regularity and satisfies some
boundedness and Lipschitzness assumptions. Let Wt} be iterates of (2.2). ForanyT €N
there exist ¢ >0 and c1,c2 >0 and olth = 1 constant such that if p > ¢/T, then

min E[HVD(W“})\@} =0 ( p(cﬁ(l_p)”)) . (2.5)
te[T] T

Hence, at least T iterations of dropout-like SGD algorithms are required to reach an
O((p(c1+(1—p)e) /T)'/*)-stationary point of nonconvex smooth functions in expectation.
Here, ¢1,co are constants depending on the data and function respectively. Compared to
the theoretical optimum rate of O(T~1/4) for SGD on nonconvex smooth functions [20],
this result shows that dropout changes the optimization landscape and approximate sta-
tionary points are easier to find depending on the dropout probability. To investigate the
convergence rate assuming a NN structure, we further examine theoretically and numeri-
cally the convergence rates in specific types of networks.

Our third result in this chapter is an explicit upper bound for the rate of convergence
of regular Gradient Descent (GD) on the limiting ODEs of dropout algorithms for arbores-
cences (a class of trees, see Figure 2.1c for an example), of arbitrary depth with linear
activation functions o(t) =¢. In particular, we will consider the update rule

Wit — with — avpw ith. (2.6)

Analyzing the convergence of training algorithms on simplified NNs structures with linear
activation functions is commonly used to gain insight into more complex models, see e.g.
[35, 44, 49]. Even without a dropout algorithm present, this task already provides a
substantial theoretical challenge as the optimization landscape is nonconvex. Our choice
to restrict the analysis to arborescences allows us to quantitatively tie our upper bound
for the convergence rate to the depth and the number of paths within the arborescence.
We prove the following (see Proposition 3 below for the full statement):

Proposition (informal). Assume that the base graph G of the NN is an arborescence of
depth L with |L(G)| leaves and the filters F follow the distribution prescribed by Drop-
connect or Dropout with dropout probability 1 —p. Then there exist « >0 and 1 >n>0
depending on the initialization such that the iterates of (2.6) satisfy

D(With —minD(W) < (D) fmmi/nD(W)) exp(—wt/2), (2.7)

with
[
Y a— 2
Lie@rP” 25
One important consequence of this result is that the convergence rate exponent indeed
deteriorates by a factor p” in these NNs. Finally, we complement this result with numerical
experiments. We target the dependency of the convergence on p for more realistic wider
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and nonlinear networks on commonly used datasets. Perhaps surprisingly, we do not
observe an exponential decrease of the convergence rate exponent due to dropout in these
simulations. We will offer some heuristic explanation for this result by looking at the
update rate of a generic weight. To our knowledge, the contents of this chapter present
the first experimental study of the convergence rate of SGD with dropout for deep NNs
with the dropout probability and depth as hyperparameters—parameters that are chosen
before training.

Our results lead to the following consequences. First, whenever the iterates of a
dropout algorithm with f2-loss are bounded, they are guaranteed to converge to a sta-
tionary point of the risk function D(W) induced by the dropout algorithm. Secondly,
we prove rigorously that the convergence rate when training with e.g. Dropout or Drop-
connect can change the convergence rate on the empirical risk depending on p and in
arborescences can decrease by as much as a factor p“. For more realistic wider networks,
however, we conduct numerical experiments that suggest that the convergence rate is not
necessarily affected by depth as much across different dropout rates 1 —p in deep neural
networks. Our findings motivate the theoretical study of the convergence rate of dropout
for wide networks. We suspect that there is a transition regime of the convergence rate.
Such transition would affect the dependence on p and would be observed when going from
networks with many layers of dropout with small width, where dependence on the rate
may be exponential in p, to networks with a few layers of dropout but very wide, where
dependence is not exponential anymore.

Notation

In this chapter we index deterministic sequences with curly brackets: a{l}, 6{1}, ete.
This distinguishes them from sequences of random variables, which we index using square
brackets, e.g. X[l],Ym, etc. This is the same notation used in Sections 1.1 to 1.4 of
Chapter 1.

Deterministic vectors are written in lower case like z € R?, but an exception is made
for random variables (which are always capitalized). Matrices are also always capitalized.
For a function o : R — R and a matrix A € R**?, a,b> 1, we denote by o(A) the matrix
with o applied componentwise to A. Subscripts will be used to denote the entries of
any temsor, e.g. x;, Aj;j, or T;;;. For any vector x € R?, the fy-norm is defined as
2|2 = (Z?Zl |2;|2)1/2. For any matrix A € R**?, the Frobenius norm is defined as || A|p £
iy 22:1 |A; j>)Y/2. For two matrices A, B, the Hadamard (componentwise) product
is denoted by A® B.

Let Ny be the strictly positive integers and Ng 2 N, U{0}. For I € N, we denote
[I]={1,...,1}. For a function f € C?(R"), we denote the gradient and Hessian of f with
respect to the Euclidean norm |||, in R by V f and V2f, respectively.

2.2 Model

We now formally define NNs, which we had depicted in Figure 1.1 of Chapter 1, as well as
the class of activation functions that we will use for the convergence guarantee below. We
also formally define SGD with dropout in the context of NNs and the risk function that
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dropout induces, which will be also used in the next chapter, albeit in different context

2.2.1 Neural networks and their structure

Let L denote the number of layers in the NN, and d; € Ny the output dimension of layer
I=1,...,L. Let Wi4; € R%+1%dt denote the matrix of weights in between layers [ and [ +1
for 1=0,1,...,L—1. Denote W = (Wr,..., W) € W with W £ R4LXL-1 x ... x R41*xdo
the set of all possible weights. In this chapter, we consider NNs without biases. Later
in Chapter 3, we will consider again a more general definition of NNs with biases in the
context of random NNs.

Definition 1. Let o be an activation function o :R — R. A Neural Network (NN) with
L layers is given by the class of functions ¥y : R — RIL defined recursively by

A()::E, Ai:U(WiAifl) ViE{l,...,L—2}, \I/V[/(:E):WLAL_leL. (2.9)

Commonly used activation functions include the Rectified Linear Unit (ReLU) function
o(t) = max{0,t}, the sigmoid function o(¢) = 1/(1+ exp(—t)), and the linear function
o(t) =t. In Sections 2.2 and 2.3 we restrict to the case that o belongs to a class of
polynomially bounded differentiable functions.

Definition 2. For o : R — R differentiable, denote the lth derivative of o by o®. The set
of polynomially bounded maps with continuous derivatives up to order r € Ny is given by

Cra(R) = {o € C"(R)|VI=0,...,r 3k > 0:sup|o®(z)(1+2?)7F| < 00}
z€R

Note that both the linear and the sigmoid activation function belong to Cpg(R) for
any r € Ng. Also, any polynomial activation function P(x) € R[z] belongs to C’;Eg(P)(]R)‘
The ReLU activation function is not in Cpgz(R) for any r € Ng. However, because the
class CEg(R) contains polynomials of any degree, we can approximate cases such as ReLU
by using, e.g., the softplus activation function oy(x) = log(1 + exp(tx))/t, which satisfies
that lim;_, . 0¢(x) = ReLU(z) for every z € R. Note that the softplus activation function
belongs to C35(R).

2.2.2 Backpropagation and SGD

In the same setting as in Section 1.3, we let (X,Y): Q — R% x R~ be a random variable
on the probability space (£2,F,P) with distribution u over input—output pairs. For a NN
Uy : R% — RIL | we can define a risk analogous to that of (1.5),

uw) 2 [ 1 (2).4)dFIXY) = (0] (2:0)
Here, [ : R4L — [0,00) is a convex loss function of one’s choice. Throughout this chapter,

we will specify the Euclidean ¢o-norm I(z,y) £ ||z — y||3 as our loss function of interest
without loss of generality.! Furthermore, we make no distinction between an oracle risk

!The argument can be extended to other smooth loss functions I(x,y) whose partial derivatives
can be bounded by polynomials of finite degree.
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function or empirical risk function. Both situations are namely covered by (2.10), which
can be seen by choosing the distribution p appropriately. What we assume is that one
has the ability to repeatedly draw independent and identically distributed samples from
i. Thus, the results cover the empirical risk case (where p has finite support) as well as
the online learning case.

As explained in Section 1.3, we want to find weights W that are close to or exactly in
the set argminyy U(W). In an attempt to find a critical point in the set argminy U (W),
SGD is commonly used in NNs training in order to approximate a gradient descent step
with low-iteration complexity. Let {(Y X}, oy . be a sequence of independent copies
of (X,Y), let W[ € W be an arbitrary nonrandom initialization of the weights. For
i=1,....,L,r=1,....di4+1, L =1,...,d;, the weights are iteratively updated according to

t+1 t
Wz[rl I= Wi[,’l]‘,l 7a{t+1}(BW[t] (X[t+1]7Y[t+1]))i7T7l (211)
for t=0,1,2,.... Here {a{t}}teNJr denotes a positive, deterministic step size sequence,

and the estimate of the gradient By (+,-) = Vi l(¥w (+),:) in NNs is computed using the
backpropagation algorithm, which is given in Definition 4 in Appendix 2.A. The stochastic
gradient is an unbiased estimate of the gradient of U(W). In particular, we have

{51(‘Ifw(w),y) _ouw)

E[(Bw (X,Y)). =E =
[( W( ' ))1’T’l] 8Wi,r,l 8Wi,r,l

=(VU);iri- (2.12)

2.2.3 Dropout algorithms and their risk functions

We examine a class of dropout algorithms that work by applying {0,1}-valued random
matrices as filters of the weights during the backpropagation step. Let (F,X,Y):Q —
{0,192 xdL-1 % . x {0,1}91%d0 x R4 x RYL he a random variable on the probability space
(Q,F,P). Here, we write F = (Fp,...,F1) and Fj11 € {0,1}%+1%% for j =0,...,.L —1,
similar to how we denote weight matrices. Let {(F[tLXM,Y[t])}teN+ be a sequence of
independent copies of (F,X,Y). In tensor notation, the weights are updated iteratively
by setting

w1 — it — o {t+1F Alt+1] (2.13)
where Alt*t1] is given by (2.1) for t =0,1,2,.... Note that in (2.1), if Fl[t:ll] =0 for some
1,70, then Agﬂrl = 0. In other words, filtered variables are not updated in these dropout
algorithms.

The update rule (2.13) together with (2.1) describes different dropout algorithms. In
canonical Dropout [117], F; .y = F; ;.; ~ Bernoulli(p) for any 1,I’ € [d;] with p=1/2. In
Dropconnect [115], F; ;.1 ~ Bernoulli(p) for all 4,7, with p=1/2. In Cutout [64], Fy ;=0
whenever |r— 51| <¢, c€ Ny and |l — Sz| < ¢ with (S, 52) ~ Uniform([d;] x [do]). In fact,
the class of dropout alﬁorithms we consider is quite large. For example, F!¥) can depend
on (X 1y, and F; ] does not need to have the same distribution as F J[t] for i # j.

If F [t] is 1ndependent of (X!, Y1) for each t € Ny and Q countable, then the dropout
algorithm’s risk function of (2.3) simplifies to

W)=Y PIF=f]> U¥pow(@),y)P[(X,Y) = (z,y)]. (2.14)
f T,y

Here the sums are over all possible outcomes of the random variables F and (X,Y),
respectively.
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2.3 Convergence of projected dropout algorithms

Our first result pertains to the convergence of dropout algorithms for a wide range of acti-
vation functions and dropout filters. While convergence is expected in practice, we prove
such convergence rigorously. In order to control the iterates of the stochastic algorithm, we
project the iterates into a compact set. The projection assumption is common when inves-
tigating the convergence of stochastic algorithms [140, 127, 149, 61]; it essentially bounds
the weights. For example, for VI e R and an update function f: R — R, f(V[t]) is pro-
jected onto an interval [a,b] is by clipping and setting VI = min{max{f(V),a},b}.
There are also results involving bounds on the generalization gap defined in (1.10) for NNs
where bounded weights play a role in avoiding overfitting [97].

2.3.1 Almost sure convergence

We first consider the notation and assumptions regarding the projection step of SGD. Let
H C W be a convex compact nonempty set and let Py : W — H be the projection onto
H. By compactness and convexity of H, the projection is unique. In a projected dropout
algorithm, the weight update in (2.13) is replaced by (2.2). Because of the projection, our
analysis will tie the limiting behavior of (2.2) to a projected ODE. To state such type of
ODE, we need to define a constraint term 7(W'), which is defined as the minimum vector
required to keep the solution of the gradient flow

% VDl (W) 4 (W) (2.15)

in H. Appendix 2.C defines the projection term carefully for the case that H’s boundary
is piecewise smooth. Finally, define the set of stationary points

Sy 2{WeH: —VwDly(W)+r(W)=0}. (2.16)

The set Sy can be divided into a countable number of disjoint compact and connected
subsets S1,S52,---, say. We choose the following set of assumptions:

(N1) o€ C25(R).

(N2) E[|[Y [1X 3] < 0oVm € {0,1,2},n € No.

(N3) The random variables (F[!; X[t:Y[t]), .\ are independent copies of (F,X,Y).
(N4) The step sizes ot} satisfy

Za{t} = 00, Z(a{t})2 < 0. (2.17)
t=1 t=1

(N5) o € CFg(R), with dim(W) <r.
(N6) —VwD|y(W)+n(W) #0 whenever ViyyD|y (W) #£0.

We are now in position to state our first result:

Proposition 1. Let {W[t]}teNo be the sequence of random variables generated by (2.2)
with (2.1) on a probability space (Q,F,P). Under assumptions (N1)-(N4) , there is a
set N C Q of probability zero such that for w & N, {WH(w)} converges to a limit set
of the projected ODE in (2.15). If moreover (N5)-(N6) hold, then for almost all w € Q,
(Wt (w)Yien converges to a unique point in {W € H|VD| (W) = 0}.
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Theoretically, Proposition 1 guarantees that projected dropout algorithms converge
for regression with the fo-norm almost surely. Proposition 1 implies that if one is using
a regular nonprojected dropout algorithm and one sees that the iterates {W[1};5q are
bounded, then these iterates are in fact converging to a stationary point of (2.3). Assump-
tions (N5)—(N6) are technical but are expected to hold in many cases. In particular, (N5)
holds for the uniformly convergent approximation to a ReLU activation function given by
softplus o+(z) =log(1+exp(tz))/t, and holds for many smooth activation functions. Also
(N6) is expected to hold when H is generic polytope for which the gradient VD is not
exactly orthogonal to the normal to the surface.

Observe also that Proposition 1 holds remarkably generally. For example, the depen-
dence structure of (F,X,Y) as random variables is not restricted; it covers commonly
used dropout algorithms such as Dropout, Dropconnect, and Cutout; and it holds for dif-
ferentiable activation functions. Proposition 1 includes also online and offline learning,
depending on the distribution g from which we sample.

Our proof of Proposition 1 is in Appendix 2.D and relies on the framework of stochastic
approximation in [140, Theorem 2.1, p. 127]. In the background the stochastic process
{W[t]}t>0 is being scaled in both parameter space and time so that the resulting sample
paths provably converge to the gradient flow in (2.15). Examining the proof, we expect
that Proposition 1 can be extended to cases where the filters as random variables have
finite moments, for example, when they are Gaussian distributed [68]. Concretely, the
proofs of Lemmas 4 and 5 in Appendix 2.D rely only on the assumption that F' has finite
moments, and may therefore be extended.

2.3.2 Generic sample complexity for dropout SGD

Examining Proposition 1, we note that it does not give insight into the convergence rate
or the precise stationary point of D(W) to which the iterates {1} converge. A related
goal in stochastic optimization is to ask for the number of iterations of (2.13) required to
achieve a point close to stationarity in expectation, also referred to the sample complexity
of the algorithm. We say W € W is an e-stationary point of a differentiable function D
if |[VD(W)]|2 < € holds. For nonconvex functions D with a Lipschitz continuous gradient
VD, SGD convergence to an e-stationary point in expectation can be achieved in O(e™%)
iterations; see [50, 20].

We will look at nonconvex functions with a Lipschitz continuous gradient and assume
that the filters F' and the data Z = (X,Y) are independent. We will also assume that
the distribution of Z is well-behaved so as to guarantee that we also have the following
relations for the functions D,U and r:

D(W) =Ep[U(FOW)| =Epz[r(FOW,Z)], and
VD(W) =Ep[FoVUF W) =Epz[FoVr(FoW,Z). (2.18)

Note that the function r in this setting includes the loss function formulation from (2.10)
with

rW,2) =l(Yw(X),Y), and Z=(X,Y). (2.19)

In the case of dropout, for example, we expect that the sample complexity of finding an

e-stationary point for the empirical risk will change depending on the dropout probability
1—p. In particular, if p is very small and ||VU(W)||s < C holds for any W € W, then
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VD(W)=Ep(FoVUFeW))=0(pC) as p— 0. On the other hand if p ~ 1, then the
variance of F'® VU(F @ W), will also be small. We make these intuitions rigorous in the
next proposition. We denote W =RY for some N € N to be the parameter space and
z € Z CR? a Lebesgue measurable set. We assume the following:

(Q1) r e C'(W, 2) and supyew zez I1(W,Z)| < M.

(Q2) supwew, zez [IVr(W,Z)[l2 <S.

(Q3) VU(W) is Lipschitz with Lipschitz constant £ (also referred to as U being ¢-smooth).
(Q4) The random variable F': Q — {0,1}* satisfies E[F] = p(1,...,1) € W for p € (0,1].
(Q5) The iterates (W), of (2.13) are bounded, that is, sup, |W||2 < R almost surely.

Except for (Q4) and (Q5), all other assumptions are routinely used in sample complexity
analysis. While the assumptions of Proposition 2 below hold for general nonconvex smooth
functions D, in the case of NNs and the setting in (2.19) we remark that there are examples
that satisfy these assumptions such as the following one:

Example 3. In a binary classification setting, we assume that the set Z is compact,
that is, the data pairs (x,y) € Z take values in a compact set where y € {0,1} are labels
for the two classes. A NN, denoted by Wy (-), uses sigmoid activation functions o(t) =
1/1+exp(—t) with output in R. The output of Uy is then used for binary classification
with a logistic map, that is, the predicted probability of belonging to one of the classes is
given by Wy (x) = 1/(1+exp(—Wyw (z)). In this setting, assumptions (Q1)—(Q3) will hold
if the loss | is also smooth (such as the €a-loss). In this case, in the notation of Section 2.2,
we have D(W) =D(W).

Regarding (Q4), note that it allows for dependencies between filters. We also assume
(Q5) for the sake of simplicity: we could instead use projected SGD with updates from (2.2)
instead of (Q5), but using projected SGD would leave the scalings in p and 7' invariant.?
Recall that D(W) =Ep[U(F o W)].

Proposition 2. Let (F[t])teN be a sequence of independent random variables with distri-
bution F. Let W be iterates of (2.13). Assume (Q1)-(Q5). Define J=S?+ SN2(PR* +
2/R).

(a) Let T €Ny. If p>2M{/(NS?T), then there exists a constant stepsize alth =5 >0
such that for all t € [T,

MIN

T (2.20)

min E[|VO(W) 3] < 4v/p(57+ (1= p)J)
te[T]

(b) Let T > 4. There exists a sequence of decreasing stepsizes satisfying ot = 1/(£+/t)
for all t € [T] such that

AME% +4ANp(S?+ (1 —p)J)log(T)
77 :

min E[||VD(W1) 3] <

2.21
mnin (2.21)

2With projected SGD, we would moreover have to use the expression VUP(w) = (w — Py (W[t] —
altt1Y Alt+1]Y)) /o {41} which makes the analysis more tedious. Note that VUP(w) = VU(w) when-
ever w € int(H). See [89] for an example of such analysis.
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In Proposition 2, we observe that finding approximate stationary points with dropout
is easier with a larger dropout probability 1 —p for a wide range of filter distributions like
dropout and dropconnect, as guaranteed by (Q4). In Proposition 2(a) we see a dependence
of the convergence rate on /p(S2 + (1 —p)J. The term pS? corresponds to the variance
of the gradient due the distribution of data in Z and decreases with p; while the term
p(1—p)J stems from the variance due to dropout. Note that the sum achieves a maximum
for p € (0,1). We note that Proposition 2 does not suggest that the convergence to minima,
a subset of the stationary points, is faster for smaller p. Indeed, as seen in the numerical
experiments in Section 2.5.1, the next chapter, or in similar work in [25], the NN structure
and data distribution changes the convergence rate dependence on the dropout probability
considerably. In particular, we will see in the next chapter that for shallow linear NNs
the local convergence rate of dropout close to a minimum seems to decrease as p 1 1.
Similarly, smaller p does not necessarily improve generalization. In particular, if the
dropout probability 1 —p is large, the optimization landscape will be flat with many
approximate stationary points. In this case, SGD with dropout with a limited sample
complexity of T iterations will not explore the landscape as much as when using a smaller
dropout probability. With a flatter landscape in mind, it may be better in the complexity
trade-off to use a larger p for finding an approximate minimum and generalize better
instead of finding a stationary point.

In Section 2.3 we discussed a generic convergence rate for the empirical risk of dropout.
In Section 2.4 we will next compute the convergence rate explicitly for NNs that are shaped
like arborescences.

2.4 Convergence rate of gradient descent for arbores-
cences with linear activations

In the previous section we have obtained a convergence guarantee as well as a bound
for the sample complexity of dropout. In this section, we focus on the convergence rate
of dropout in functions that have the structure of NNs. In particular, we will derive an
explicit convergence rate for dropout algorithms in the case that we have linear activations
o(z) = z and that the NN is structured as an arborescence: see Figure 2.1c. Specifically,
we will study the following regular GD algorithm on dropout’s risk function:

witt —with _ovDWith)  for teNo. (2.22)

Here, we keep the step size o > 0 fixed. Note that this algorithm generates a determin-
istic sequence {W{t}},c, as opposed to a sequence of random variables {W},cy, as
generated by (2.13),or (2.1). We will use a linear activation function o(t) = ¢, which com-
bined with the arborescence structure will allow us to obtain an explicit convergence rate.
While the iterates of (2.22) are not stochastic, analogous to Proposition 1, the stochastic
iterates will converge to a gradient flow of an ODE, whose discretization is given in (2.22).
Analyzing ODEs related to NNs is common in literature [17, 56]. For more discussion on
the relationship between the iterates of (2.22) and dropout we refer to Appendix 2.B.
Our main convergence result in Proposition 4 below holds for general distribution
functions. However we show here the cases of Dropout and Dropconnect, which are most
insightful. We use the following notation adapted from graph theory. Consider a fixed,
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directed base graph G = (£,V) without cycles in which all paths have length L, which
describes a NN’s structure as follows. Each vertex v € V represents a neuron of the NN,
and each directed edge e = (u,v) € £ indicates that neuron u’s output is input to neuron v.
Note that with each edge e € € in the NN, a weight W, € R and a filter variable F, € {0,1}
are associated. We will write W = RI€! for simplicity. For an arborescence GG, we denote
by L(G) the edge set of leaves. Let M > 2§ > 0 be real numbers and suppose that we
initialize the weights {W,}ece as follows:

M > W% > V25 for e € E\L(G)
\Wi| < 6/\/]L(G)| for I € L(G). (2.23)

The proof of Proposition 3 below is deferred to Appendix 2.1, which is a consequence
of our more general result in Proposition 4.

Proposition 3. Assume that the base graph G is an arborescence of depth L with |L(G)]
leaves, the activation function o(t) =t is linear, F is independent of (X,Y), and {We{o}}eeg
is ingtialized according to (2.23). If the {Fe}ece follow the distribution prescribed by Drop-
connect or Dropout, then there exists o > 0 such that the iterates of (2.22) satisfy

DWW —DWert) < (D(W %) — D(WOPY)) exp(—wt/2). (2.24)
with . ,
P 262\ 2L
w=0(1zarGe) ) (2.25)

2.4.1 Discussion

In Proposition 3 we consider the cases of Dropout and Dropconnect, in which nodes or
edges are dropped with probability 1 — p, respectively. Observe that the convergence rate
exponent depends on p~ and (262 /M?)%E where 262 /M? < 1; see (2.23). The first term in
particular indicates that as the NN becomes deeper, the convergence rate exponent of GD
with Dropout or Dropconnect will decrease by a factor p&. The second term (2562 /M?2)2L
shows the increased difficulty of training deeper NNs and has been observed e.g., by [44,
35]. The exponential dependence in L is moreover tight when using GD and is intrinsic to
the method [44]. Hence, dropout adds another exponential dependence to the convergence
rate in arborescences, which is due to the stochastic nature of the algorithm. In Figure 2.2
an experiment confirming this intuition on the convergence rate of dropout on a single
path for different depths can be seen.

Finally, our proofs of Proposition 3 and the related more general result in Proposi-
tion 4 below can be found in Appendix 2.H. The proof strategy is to show that a Polyak—
Lojasiewicz (PL) inequality holds, which allows one to obtain convergence rates for GD
on nonconvex functions [77]. The new part of the argument is that we use conserved quan-
tities and a double induction to identify a compact set in which the iterates remain and
simultaneously a PL inequality holds. The method that we develop depends intricately
on the arborescence structure and cannot be readily applied to other cases. We provide a
sketch of the proof in the next section.
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Figure 2.2: The average loss depending on the number of steps of SGD with dropout of the

function f(w) = (y—HiL:1 w;x)? and its average convergence slope. (a) The
average loss for L=1. (b) The average loss for L =3. (c) The average loss for
L=5. (d) The slope B of the fit of y=—Lx+~ for the curves in (a), (b) and
(c). The slopes 8 for a given | have been normalized at p=1 for comparison
across depths L. Note that for larger L, the effect of p becomes also more
pronounced. This is in agreement with the conclusion in Section 2.4, where
we expect a convergence rate depending on p“. In this case, other effects of
depth are also observed, such as a dependence on the initialization.
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2.4.2 Sketch of the proof

Besides the previous notation, we need to introduce the notation corresponding to sub-
graphs and paths. Let G be the set of all subgraphs of the base layered directed graph
G with d vertices, and let £(g) be the set of edges of a subgraph g € G. Let Fg (g;€) be
defined as the set of all paths in the directed graph g that start at vertex i, traverse edge
e, and end at vertex j. If the origin or end vertices are in the input or output layer,
the subscript or superscript is dropped from the notation, respectively. For every path
v £ (v,...,7.) € T(g), we write Py £ [lece, We and F, = [lce, Fe for notational conve-
nience. Finally, let Gr £ (£F,V) be the random subgraph of base graph G that has edge
set &p £ {e € E|F. = 1}. We denote puy, 2 P[Gr = g], and 1, £ Z{gegher(g)} g We first
provide an explicit characterization of dropout’s risk function in (2.3) in terms of paths in
the graph that describes the structure of the NN. This is possible since we assume linear
activation functions. The following lemma now holds, and is proved in Appendix 2.F.

Lemma 1. Assume that the base graph G is a fized, directed graph without cycles in which
all paths have length L and there are dy, output nodes (N6’), that o(t) =t (N7), and that
F is independent of (X,Y) (N8). Then

dr,
D) =Y mE[> (- Y P (2.26)

geg s=1 v€rs(g)

Moreover D(W) = J(W)+ R(W), where

TW)= Y nE[(Yy, — PyX4)7, (2.27)
ve(G)
ZMQE[Z Z (( )‘)KGQ_P’YX’YO Z P(SXB())] (2'28)
geg s=1~els(g) dsers(g)\{~}

Here, the constants 1., depend explicitly on F'’s distribution and the NN’s architecture.

Note that Lemma 1 essentially changes variables to rewrite the dropout risk function
as a sum over paths instead of a sum over graphs. This representation allows us to clearly
identify the regularization term R(W). For example in the case of Dropconnect [115],
where the filter variables {F,}.cg are independent random variables with distribution
Bernoulli(p), Lemma 1 holds with p15 = pl€@!(1 - p)IE@I=1€(9)] " Also note that if for all
subgraphs g € G and vertices i € [d] the number of paths that end at 7 satisfies [I["(g)| =1,
such as when G is an arborescence, then for all subgraphs g € G and paths v € I'(g) there
is only one path ending at a leave node vy, that is, T2 (g) = {v}.

We now focus on a base graph that is an arborescence of arbitrary depth; see Fig-
ure 2.1c. Hence we now replace (N6’) in Lemma 1 that assumes a generic graph by
assumption (N6), where G is specifically an arborescence. The following specification of
Lemma 1 is also proven in Appendix 2.F.

Corollary 1. Assume that the base graph G is an arborescence of depth L (N6), and
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(N7)-(N8) from Lemma 1. Then D(W)=ZIZ(W)+D(W°PY) where

IW) 2 D vy(ay— Py,
v€ET(G)
DW= >y (B[, ) B[V, Xy 2/ELXT ), (2.20)
vel(G)
and v, = n,YIE[Xgm], Zy & E[Y'YLX'YO]/E[X’?/O] for v € '(GQ). Consequently, R(W) =0 for
an arborescence.

The convergence result we are about to show uses the fact that for the system of ODEs
dW/dt = =V D(W) there are conserved quantities. Within the proof, these conserved
quantities have the crucial role of guaranteeing compactness for the iterates. Specifically,
let L£(g; f) denote the leaves of the subtree of g € G rooted at a vertex f € £(g), and define

the set of leaves of G as L(G) £ Useg £(G; f). We remark that in the previous notation
dr, = |L(G)]. For W € W and each leaf f € E\L(G), define the quantity

Cr=CrW)2W7i— > W2 (2.30)
IEL(G5f)

Define Cppin = Mileee\ £(G) C, and Ce{t} = CE(W{t}) for t € Ny also, both of which we
require later. Lemma 2 now proves that the function C in (2.30) is a conserved quantity;
the proof is in Appendix 2.G.

Lemma 2. Assume (N2) from Proposition 1, (N6) from Corollary 1, (N7), (N8) from
Lemma 1. Then under the negative gradient flow dW/dt = —VD(W),
dCy
— =0 2.31
T (2.31)
Jor all f € E\L(G).
We are almost in position to state our second result, but need to introduce still some
notation. We define the following constants

v| = E Uy, Vmin 2 min Vs, Vmax = max Uny (2.32)
Ve (@) ~er(Q)
~v€(G)

for notational convenience. Also, for 0 < § < M, we define
SE{WeEW: M>|Ws|>6>0VfeE(G)\LG):;M > |Ws|VfeL(G)},  (2.33)
a bounded set of parameters where if the weight is associated with a leaf, they are further-
more bounded away from zero. Let finally
B(e,) 2 {W W IW)<eWi- Y Wleljforfe 5\5((;)} (2.34)
leL(G:f)

denote the set of all weight parameters that are e-close to a critical point and for which the
conserved quantities in (2.30) deviate by no more than O(C’}O}) from their initial value

C}O}. These deviations are made explicit by the intervals

I 2(C1%/2,301% /2] for f € \L(G), and the set I £ x ree\ gyl CRIETEEN,
(2.35)
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Our proof shows that the iterates {W{t}}tzo stay in the intersection SN B(e,I), and this
implies that the weights (including those associated with the leaves) remain bounded. The
following now holds, and its proof can be found in Appendix 2.H.

Proposition 4. Assume (N2) from Proposition 1, (N6) from Corollary 1, (N7)-(N8)
from Lemma 1, that W% € SNB(e,I) and M' > |zy| for all v € T(G) (N9), that
L Cmin (W) > 62 (N10). If

o e/2(Chn)" 1 1
o < in (i [, AL -DI(W ) 20 €] ID(G) [ M2ED 5 o000y 11 )
(2.36)
then the iterates of (2.22) satisfy
DW ) —DWert) < (D(W ) — D(WOPY)) exp(—%4t). (2.37)

C{O})L—l.

min

where T = 4vmin exp(—1/2)(

Proposition 4 identifies explicitly how the convergence rate of GD on a dropout’s
risk function depends on the dropout algorithm and the structure of the arborescence:
parameters such as p,|L£(G)|, L are implicitly present in the constants vy, and ||v|; in
a,T.

Note that Assumptions (N9)—(N10) are relatively benign. These assumptions are for
example satisfied when initializing M > We{o} > /28 for e € E\L(G) and setting |W;| <
§/\/1L(G)] for all I € £(G) and e = Z(W{}), which we assume in Proposition 3. In other
words, this initialization sets the weights that are associated with leaves small compared
to all other weights.

2.5 Effect of dropout on the convergence rate in wider
networks

In Proposition 4, we have proven that the convergence rate depends on p for NNs shaped
like arborescences. Let Giree be a tree and e € £(Giree) be an edge. Denote by T'lfl(e) the
set of paths passing through e that are not filtered by dropout at time t. We observe that
at any given time t of dropout SGD,

]P’[wg] is updated] = P[I'¥ (e) # 0] = p". (2.38)

If we denote by tupdate(Giree) =1/ pL the average update time for a weight in Giree,
then we need 1/p’ more time on average for a given edge to be updated than when we do
not use dropout. For wider networks G, however, edges can be updated simultaneously
and repeatedly via different available paths. By the previous intuition we might still
expect that, if the updates are sufficiently independent, the convergence rate depends
approximately on 1/tpdate. In order to verify this intuition we will determine typdate for
NNs that are much wider than deep, and later simulate their convergence rates also in
realistic settings.

Suppose now that G is a graph of a fully-connected NN with L dropout layers each of
which has width D. For each of the vertices u € G in a dropout layer, there is an associated



2.5 Effect of dropout on the convergence rate in wider networks 43

dropout filter variable F,, ~; i.q. Ber(p) where p > 0 is fixed. That is, we use dropout. Note
that any other additional input or output layer without filters only changes the number of
paths by a multiplicative factor. Hence, we will restrict to the case that all nodes in the
layers have filter variables. In this case, we may consider a path v = (uq,...,ur) as a set
of L vertices—one for each dropout layer—instead of edges. For two paths v and §, we
consider their intersection vNd as the subset of vertices belonging to both paths. Hence,
|[yNé| =1 implies that the intersection has [ vertices, not necessarily forming a path.

We remark that we can restrict to the case L > 2. In the case of one dropout layer
L =1, an edge e = (u,v) conected to a dropout node v is updated if and only if the filter
F, =1, where u € G is the adjacent vertex to e with a dropout filter, so that in this
case ]P’[wg] is updated] =1 —p. For L =2, an edge e = (u,v) is updated if and only if
F,=F, =1, so that P[w([f] is updated] = 1 —p?. Recall that we denote by I'(e) the set of
paths v of G passing through e. For a path v € I'(e), in the following, we let F, = Hue'y Fy
be the indicator of a path being filtered. Thus, F is 1 is y is not filtered and 0 otherwise.
We will use Greek letters for paths and Latin letters for vertices when referring to filters
F, and F, respectively.

Lemma 3. Let G be a graph of a fully-connected NN with L > 2 dropout layers, each
with the same width D and with dropout filters F,, for u € G. For an edge e € E(G),
let Fr(e) = Z"/EF(E) FE, denote the random variable that counts the number of nonfiltered
traversing paths through e. If L,p are fized, then as D — oo,

L
PlFr() =0)=1-p2+0(5). (2.39)

Proof. We will use the Paley-Zygmund inequality. For a nonnegative random variable Z
with finite second moment, for any 6 € (0,1),

E[Z)
E[Z2]

P[Z > 0E[Z]] > (1—-6)? (2.40)

We will use (2.40) with the random variable Fp(.). The idea is that if D is much
larger than L, the average number of paths passing through e is also large. We are using
dropout, so the filter variable corresponding to an edge e = (u,v) will depend on only the
vertex u, that is, F, = F,. For counting paths we also need to take into account that the
filter F, will occurring in all paths passing through e. Since only the two vertices u and
v of e are fixed we can compute

E[Fre)= Y E[F]=p"T(e)|=p"D"2. (2.41)
€l (e)

We define the set of broken paths in I'(e) as
Ty(e) ={v= (wiy,...,ui,) € GF 3,6 €T(e),y =nNd}, (2.42)

that is, v € T'y(e) if and only if there exist n,d € I'(e) such that v =nNd. In particular,
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I'y(e) contains paths and unions of vertices of paths that pass through e. Then we have:

EF )= Y > E[FF= © > Z > PR, =1,F=1] (2.43)

~veT'(e) €l (e) ~veT'(e) I=2 sel(e)
[ynd|=t
Oy YT Y YOS g e
~veT'(e) =2 5T (e) =2 nely(e)vy,0€T(e)
[yNd]=l [nl=t  nCé,y
YNd=n
IV)Z Z (D(D YLt p2L=2t (2.45)
=2 neTy(e)
In|=i
W o~ (L2
v, T\ DI=2(D(D — 1)) E-lplp2l—2 9.4
;(H) (DD—1) 5y (240
:p2L_2D2L_4 +O(Lp2L_3D2L_5), (2.47)

where (i) we have first used that F., are indicators for occurring v € I'(e) and that at
least | > 2 since vertices u and v are shared among all paths in I'(e); secondly, that we
have separated the sum over paths into a path v and all other paths § that coincide in [
vertices. In (ii) we have computed the probability by noting that for v and ¢ such that
lynd|=12>2, E[F,F5] = ptp2L—=2l where the term p! accounts for the ! shared filters
corresponding to [ shared Vertlces and p?L—2! for the remaining products of filters. Note
that we have used the independence assumption for filters here. (iii) We have used here
that n = dN~ € T'y(e), so that we can separate the previous sum into first, fixing the [
vertices where two paths intersect—including e—with n € I'; (e) such that || =, and then
looking for all possible 0,y € I'(e) such that yNd =n. For (iv) we fix | vertices where v
and § coincide, then there are still (D(D —1))L~! possible ordered vertex pairs to choose
from all the other vertices where v and 0 do not coincide. (v) For the remaining sum,
for each [ fixed locations—including the vertices of e, which are fixed—we can still choose
D=2 remaining possible vertices. Additionally, there are for each I, (%:22) distinct [ —2
locations for these vertices. Hence, plugging (2.47) and (2.41) into (2.40) yields

2L y2L—4
PFre) > Op"DE 7% > (1- 9)2p2L—2D2L—f+ O(Lp?L—3D2L=5)) (2.48)
=(1-0)2 T O(LI D) (2.49)
= (1-0)*(P*+0(pL/D)). (2.50)

In particular, setting §~1 = 2pL DL 2

L > 2, we obtain that

and computing the higher order noting that
P[Fr() >1/2] > p*+O(pL/D), (2.51)
or alternatively noting that {Fp) < 1/2} = {Fp() = 0}, since Fp(.) € N we obtain

P[Fr(e) = 0] < 1—p? + O(pL/D). (2.52)
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Finally note that 1 —p? < P[Fr(ey = 0] since the edge e can be present in a path only if
the filters at both vertices of e have value 1, which occurs with probability p?, so that
P[Fr(e) > 0] < p*. 0

Note that in the proof of Lemma 3 we can recover the scaling p” that we have seen
in Proposition 4 by setting D =1 in (2.47) and in (2.45).

From Lemma 3 we expect that for a wide network with L layers where D > L and an
edge e € £(G), we have that

Plwl) is updated] = p? + O(pL/ D). (2.53)

If the convergence rate is related to the update rule, then we would expect that for
a wide network the rate would be independent of L which is different from the path
network considered in Proposition 4. In the next section we will verify this intuition on
real datasets. Note, however, that we do not expect to see the dependence on p as shown
in (2.53): this heuristic argument provides only the rate at which a weight is updated, and
stochastic averaging is not solely driving the convergence rate. In particular, in the next
chapter, we show that close to a critical point on a dropout ODE for wide shallow linear
networks, the dependence scales with a factor p(1— p) instead of p. This is due to the fact
that for larger p, there are regions of the landscape close to minima that become flat, as
also hinted by Proposition 2. Indeed, when p 1 1 the term (1 —p)J | 0 in the convergence
rate of Proposition 2 lowers the complexity of finding an e-stationary point. Hence, there
are landscape regimes and initialization issues that also account for the convergence rate
in NNs.

2.5.1 Numerical Experiments

In this section we conduct the dropout stochastic gradient descent algorithm numerically,3
for different datasets and network architectures. We measure the convergence rate for
different widths D, depths L, and dropout probabilities 1 —p. We then compare these
measurements to the bounds on the convergence rates obtained in Section 2.4. We use
Tensorflow* for the implementation.

Setup

Datasets. We will consider three commonly used data sets of images: the MNIST® [125],
CIFAR-100-fine®, and CIFAR-100-coarse datasets [128].

NN Architecture. We use as a base architecture a LeNet with 11 layers where the two
dense layers have been substituted with L fully-connected ReLU layers of width D. Each
of these layers have dropout with dropout probability 1 —p. While larger networks are
commonly used in practice, a LeNet architecture is sufficient to test the effect of dropout
on the convergence rate as we verify with the simulations.

3The source code of our implementation is available at https://gitlab.tue.nl/20194488/
almost-sure-convegence-of-dropout-algorithms-for-neural-networks.

4https://www.tensorflow.org/

5Modified National Institute of Standards and Technology (MNIST)

6Canadian Institute For Advanced Research (CIFAR)
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Loss. We use the cross-entropy loss, which is commonly used for classification. For two
distributions p and ¢ with support on [n] labels, the cross-entropy loss is defined as

l(p,q) == ailog(pi). (2.54)
=1

Stopping criteria. In all experiments, we stop after 40 epochs.

Initialization. In order to see the convergence rate close to a minimum. We use first
a Gaussian initialization, that is, we set every weight on the dense layers to W, ~
Normal(0,1/+/D) in an independent manner, where D is the width of the layer. While this
initialization is standard, we note that we cannot expect to compare convergence rates for
different numbers of layers L € {1,2,3} and for different dropout probabilities 1 —p, since
the loss functions are also different. In the course of our experiments, we found that there
are also many saddle points where SGD remains stuck, which complicated the estimation
of the convergence rate. In order to start approximately at the same neighborhood where
the iterates stay and continuously track minima across different choices of p, for each
L € {1,2,3} we have used a two-step approach in order to avoid areas of the landscape
with saddle points. We first run ADAM? for 2 epochs with p = 0.1 and store the weights.
Secondly, for each p € P we then perform dropout SGD with initialization given by the
stored weights. In this manner, we expect that we are approximately “tracking” the same
local region across the optimization landscape when we change p. Optimization with
ADAM is less prone to remain in flat areas of the landscape since it uses a dynamic step
size. Hence, if after the dynamic step the iterates remain in a part of the landscape with
no saddle points that smoothly changes with p, we also expect in this case to obtain
comparable convergence rates for SGD for each fixed L.

Step size and batch size. In each experiment, the step size is given by 1= 107° and the
batch size is b = 1024.

Fitting procedure. We fix a set of probabilities P C [0,1] and depths L = {1,2,3} and for
each pair (p,l) € P x L we run the algorithm above. From the value of the loss from all T
iterations of SGD £ = (I;)_, in one run, we compute a moving average a(£)’_,, where we
average the loss across a window with size given by the number of batches n; required to
complete one epoch. In this manner we obtain an average convergence rate and diminish
the stochasticity from the dataset. We then fit the averaged loss of the iterates a(ﬁ)g;o
for each p and [ to the function

Jap.1,Bp,1:7p,1) = prexp(—PBpit) +Vp.i- (2.55)

We run the experiment R = 10 times for each (p,l) and obtain an average convergence
exponent (Bp,1)(p.1)ePxL-

Results

In Figure 2.3 we can see the plots of prl. As suspected from the heuristic argument, we
do not see an increasingly large dependence on p for L =1,2 or 3 when D € {50,100}.
For the MNIST dataset some dependence on the depth is appreciated, but this may
be due to other factors that affect the convergence rate, like initialization issues. For

7 Adaptative Moment Estimation (See [101]).
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(b)

(@) ') (<)

Figure 2.3: The fit Bp,l forpe{ix1071:i€[10]} andl € {1,2,3} for LeNet with different
widths D and different datasets. Here (a) MNIST with D =50; (a’) MNIST
with D =100; (b) CIFAR-100-fine labels with D = 50; (V') CIFAR-100-fine
labels with D =100; (¢) CIFAR-100-coarse labels with D = 50; (') CIFAR-
100-coarse labels with D = 100. While for the MNIST dataset there seems to
be an increasing dependence of dropout on the convergence rate with the depth
L, for CIFAR no such dependence is observed. We remark, however, that in
the CIFAR datasets encountering saddle points was more common. For those
areas the loss profile is flat and so we expect the fits to be biased towards the
origin in some cases.

the CIFAR datasets, convergence is greatly affected by saddlepoints despite the use of
dropout. This is, however, common when using SGD with small constant stepsizes. In
particular, in practical scenarios other schemes that adjust the stepsize, like e.g. ADAM,
may be more appropiate when dealing with deep networks with dropout in different layers.
From the experiments it is concluded that despite the stochasticity provided by dropout,
the convergence rate is not affected much by a varying dropout probability 1 —p in wide
networks with a few dropout layers.

2.6 Conclusion

In this chapter we have seen a probability theoretical proof that a large class of dropout
algorithms for neural networks, converge almost surely to a unique stationary set of a
projected system of ODEs. The result gives a formal guarantee that these dropout al-
gorithms are well-behaved for a wide range of NNs and activation functions, and will
at least asymptotically not suffer from issues because of the connection to bond perco-
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lation. We leave the extension of this result for nonsmooth activation functions such as
ReLU for future work. Additionally, we established a bound for the rate of convergence
of dropout to a stationary point of a generic nonconvex function. An upper bound the
rate of convergence of GD on the limiting ODE of dropout algorithms was established as
well for arborescences of arbitrary depth with linear activation functions. While GD on
the limiting ODE is not strictly a dropout algorithm, the result is a necessary step to-
wards analyzing the convergence rate of the actual stochastic implementations of dropout
algorithms. Finally, Proposition 3 specifically implies that Dropout and Dropconnect can
impair the convergence rate by as much as an exponential factor in the number of layers
of very thin but deep networks. We have theoretically and experimentally verified this
claim in experiments with a path network. This fact is in contrast to wide networks with
a few dropout layers where a strong dependence on the dropout probability p is not ex-
perimentally observed. These two observations together imply that there is a change of
regime in the convergence rate from networks that are wide with a few dropout layers to
thin networks with many dropout layers.

Appendix

2.A Backpropagation Algorithm

We define the backpropagation algorithm used in Section 2.2 to compute the estimate of
the gradient.

Definition 4. Assume o € C1(R). Given weights W € W and input-output pair (x,y) €
R x RYL | the tensor By (x,y) € RLXAL-1 x ... x RN X0 s calculated iteratively by:

1. Computing A1,...,Ar using Definition 1.

2. Calculating fori=L—1,...,1,

Rp=Ap=(y—WpAp_1) eR%E,
Ry = (WX Rit1) (o' (Widi1)) € R%. (2.56)

3. Setting for i € [L], (Bw(z,y)), = —2R; AL .
Definition 4 is essentially a computationally efficient manner of calculating the gradient
Vi(Pw(x),y) in (2.10) by leveraging the NN’s layered structure together with the chain

rule of differentation in order to come to a recursive computation of the partial derivatives.

2.B ODE method

Regarding our second result in Proposition 4, observe that GD on a limiting ODE is not
exactly a dropout algorithm. Analyzing GD’s convergence rate however is an important
stepping stone towards analyzing the convergence rate of dropout algorithms. To see the
mathematical relation, consider that any dropout algorithm updates the weights

Wwlnt1l — el 4 o {n} Alnt1] (2.57)

randomly for n=0,1,2,---. Here, the al™} denote the step sizes of the algorithm, and the
AP represent the random directions that result from the act of dropping weights. As
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we will show in this chapter under assumptions of independence, these random directions
satisfy

E[A["'+1] | W[O],...7W["]] — fVD(W["]) (2.58)

for some continuous, differentiable function D(W). Observe that the algorithm in (2.57)
satisfies Wt = w4 ot (—vDW ) 4+ MI+1) where MY here is M1 =

E[AlH w0l wind] — Al and describes a martingale difference sequence. This
martingale difference sequence’s expectation with respect to the past W[O},...,W["} is
zero.

For diminishing step sizes oz{”}, we can consequently view dropout algorithms as in
(2.57) as being noisy discretizations of the ordinary differential equation

aw
= —VD(W()). (2.59)

In fact, we employ the so-called ordinary differential equation method [140, 127], which
formally establishes that the random iterates in (2.57) follow the trajectories of the gradient
flow in (3.2). Hence, after sufficiently many iterations n and for a sufficiently small step
size «, the convergence rate of the deterministic GD algorithm

wintl} — wind _ qupvind) (2.60)

gives insight into the convergence rate of the stochastic dropout algorithm in (2.57).

2.C Projection operator

We define here the projection operator m used in Section 2.3. Say that H is defined
by [ smooth constraints ¢; : W — R, i =1,...,1 satisfying ¢ (W) <0,...,q(W) <0, ie.,
H={WeW:q(W)<0Viec][l]}. Denote by VD|y (W) the gradient of D(W) restricted
to H and let TwW be the tangent space of W at W. Suppose that Vg;(W) # 0 whenever
¢;(W) =0, and that these are linearly independent. At any point W € 9H, we define the
outer normal cone

CW)2{veTwW : Vg(W)vl >0 forie (] st. ¢(W)=0}. (2.61)

We also assume that C' (W) is upper semicontinuous, i.e., if We By (W, 6), where By (W, 6)
is the ball of radius § > 0 centered at W and intersected with #H, then C(W) = Ns~g
(UWEBH(W’(;)C(W)). Let (W) £ —t1[W € 0H] with t € C(W) minimal to resolve the
violated constraints of D|y (W) at W € OH so that D|y (W) + (W) points inside H. In
particular, we have

1
m(W) == M(W)Vag(W) € —C(W) (2.62)
i=1
where {\;(W) > 0}._, are functions such that \;(W) =0 if ¢;(W) < 0.

2.D Proof of Proposition 1

The proof of Proposition 1 relies on the framework of stochastic approximation in [140].
Specifically, Proposition 1 follows from Theorem 2.1 on p. 127 if we can show that its
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conditions (A2.1)-(A2.6) on p. 126 are satisfied. In the notation of Sections 2.2, 2.3, these
conditions read:

(A2.1) sup, E[| AP+ ] < oo;

(A2.2) there is a measurable function g(-) of W and there are random variables Sl‘+1] such
that
E[AIHT ] F) = g(wlt) 4 i+, (2.63)

where F; denotes the smallest o-algebra generated by Usgt{W[O] (FUL XLy sy
(A2.3) g(-) is continuous;

(A2.4) the step sizes satisfy

Za{t} = oo,a{"} > 0,(1{”} — 0 for n >0 and at™ =0 for n < 0; (2.64)
t=1

(ath)? < o0; (2.65)
t=1

(A2.5) 3, alt})|pl]|g < 0o w.p. one;

(A2.6) g(-)=—-VD(:) for a continuously differentiable real-valued D(-) and D(-) is constant
on each stationary set S;.

We next also state for convenience Theorem 2.1 from [140] in the notation of this
chapter. Their result does require some notation, as it characterizes the limiting behavior
of the iterates of

Wt = py (Wl —qAl+) 2 il g Al+1] Ly Zin+t], (2.66)

For any sequence of step sizes al™ satisfying (A2.4), define to =0 and t,, = Z?:_ol alid,
Define the continuous-time interpolation

Wl for t, <t<tpii,
Wo(t :{ o tn= +1 (2.67)

wlol for t <0,

as well as for m € N, the shifted processes Wy, (t) = Wo(tm +1) for t € (—00,00). Let
furthermore o(t) = inf{n € Ny : t,, <t < tp41} for t € [0,00), and o(t) = 0 for t € (—o0,00),
and define

o(t)=1 _{i} .
Zo(t)z{zl_o atrZ; for te0,00), (2.68)

0 for te (—o0,00),

as well as for m € Ny, the shifted processes Z,, (t) = Zo(tm+t)_1 for t € [0,00) and Z,,(t) =

i=m

—Z:.i;(ltmﬂ) ot} Z; for t € (—o0,0). The following now holds:

Theorem 5 (A part of Theorem 2.1 from [140]). Let conditions (A2.1)-(A2.5) hold
for algorithm (2.66), with the projection onto H being as described in Appendiz 2.C. Let
(Q, F,P) be the probability space of the processes. Then there is a set N of probability zero
such that for w & N, the set of functions {Wn,(w,*), Zm(w,:),m < oo} is equicontinuous.
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Let (W(w,-),Z(w,-)) denote the limit of some convergent subsequence. Then this pair
satisfies the projected ODE (2.15), and {W["(w)} converges to some limit set of the ODE
inH. Suppose that (A2.6) holds. Then, for almost all w, {W™(w)} converges to a unique
Si.

In order to apply Theorem 5 and arrive at Proposition 1, we verify conditions (A2.1)—
(A2.6) through Lemmas 4-6 shown next in Appendix 2.D.1.

2.D.1 Verification of conditions (A2.1)—(A2.6)

First we assume conditions (N1)-(N3) and we prove that the variance of the random
update direction in (2.1) is finite. This verifies condition (A2.1). The proof can be found
below.

Lemma 4. Assume (N1)-(N3) from Proposition 1. Then supteNE[HAEHl]H%] < oo for
i=01,....L.

We prove next that if o € C5(R) , then the random update direction in (2.1), con-
ditional on all prior updates, has conditional expectation VD(WM). Lemma 5 verifies
conditions (A2.2), (A2.3), and (A2.5) (in particular, here 5! =0). The proof can be
found also below.

Lemma 5. Assume (N2)-(N4) from Proposition 1. Then E[AFH|F] = vD(WH). Fur-
thermore, VD : W — W is r—1 times continuously differentiable.

From these conditions the first part of Proposition 1 follows. To prove the second part
of Proposition 1, we have to prove that the set of stationary points Sy is well-behaved in
the sense that D|g, (W) is constant. If an objective function is sufficiently differentiable,
this is guaranteed by the Morse—Sard Theorem [173, 172]. In the present case however
we must take into account the possibility of an intersection of the set of stationary points
with the boundary 0. Assuming (N4) and (N5) provides sufficient conditions. The proof
of Lemma 6 can be found in Appendix 2.D.1:

Lemma 6. If (N2)-(N5) hold, then D(W) is constant on each S;.

Since Conditions (A2.1)=(A2.6) of Theorem 2.1 on p. 127 in [140] are proven satisfied,
the proof of Proposition 1 is now completed. O
Boundedness of Al‘t1l in expectation — Proof of Lemma 4

We need to carefully track all sequences of random variables created by a dropout algorithm
throughout this proof, which we state here first explicitly.

Definition 6 (Dropout iterates). During its (t+ 1)-st feedforward step, the algorithm
iteratively calculates

A = el g o g pEEY) Al (2.69)
fori=1,2,...,L—1, to output

v J(x [y — (i @ pleh AT 4l (2.70)

F[t+1]®W[t
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Subsequently for its (t+1)-st backpropagation step the algorithm calculates

R[LtJrl] _ (Y[t+1} _ (W[t] @F[Hl])A[ti]) c ]RdL’

R = (wll o FIEITRI ) o (o' (W o FIF ) Al 1)) e R, (2.71)

iteratively for j =L—1,...,1. The algorithm then calculates
1 1 1 1
A[t-‘r 1 _ 2F[t+ ] o (REH_ ](Agtj‘l ])T) (2.72)
fori=1,...,L, and finally updates all weights according to (2.11).

The idea of the proof of Lemma 4 is to expand the terms in AEH_H defined in Defini-
tion 6 recursively, and identify a polynomial in variables {||Y || || X |5 }men, and n=0,1,2.
We will use several bounds that pertain to the Frobenius norm, described in Lemma 14
in Appendix 2.J. We use these below repeatedly.

First, we will prove two bounds on the activation function applied to an arbitrary
matrix A. Recall that o € C%5(R) by assumption (N1). There thus (i) exist some Co, ko >
0 such that |o(2)| < Co(1+22)k0 for all z € R, and there exist some C1,k; > 0 such that
|0’ (2)] < C1(1+2%)F1 for all z € R. Let k = max{1,ko,k;}. Then

(Lemma 14)
lo(A ||F—Z\o i7) <COZ<1+A;2>’“ < Ca(1+Allp)* (2.73)

i.j

for some constant Cp > 0. Similarly there exists some C3 > 0 such that ||o’(A)|p <
C3(1+ ||Al|r)*. Note furthermore that (ii) for all I > 0, by submultiplicativity of the
Frobenius norm,

(ii)
(1+[Ae(B)[¢)" < (1+ | Allpllo(B)|r)"

1/2

(2.73) .
< (4G Alr A+ 1Bllr)*)” < Ca(1+ || Allp) 1+ [|1Bllp)* (2.74)

for C4y = max{1, C’;/ 1> 0. Again, a similar bound holds for o’
Next, note that we have by (i) submultiplicativity and Lemma 14 that

1AL s = EIE o (REFD AT LR R A . (2.75)

(3

The first term is bounded with probability one: Fi[ﬂ , € {0,1} for all ¢,7,1,t. For the second
term, consider the following bound:

2.71
IR e CEV oWl o FE TR 0 of (Wi @ R Al
(Lemma 14)
< o FE Y elle’ (W o Y A g R (2.76)

for 1 <1i < L, where we have also used the submultiplicative property. For the third term,
consider the next bound: (i) recursing (2.74) with A=1 and B = (W][t] @F}Hl])Angl]



2.D.1 Verification of conditions (A2.1)—(A2.6) 53

etc, we obtain that there exists some Cj5 > 0, say, so that

(2.69)

(2.73)
AL B2 o (W o FIF ) Al 1 < oy (1 (W o FIF ) AUk

(2.77)

(Lemma 14)
< G+ W o T ek 4 AV ek

(i) kjj_l it
< s (1 I X )Y TT O+ 1w o B Y1)
=1

for j=1,2,...,L—1. Similar by the derivation in (2.77), we obtain instead with ¢’ that
there exists some Cg > 0 such that

cj—1 )
kI it
”o_/((Wj[t] @Fj[t-i-l])Agill])HF < 06(1+|‘X[t+1]”2) | I (1+ HWl[t] @Fl[t-i-l]”F) ) (2.78)
=1

Recall that \|A[t+l]|\F < ||Ft+1]\|p|\RH”HFHA[HI]HF. This, together with using (2.76)
repeatedly for j =4,...,L—1, and (2.77), (2.78), yields the following inequality

(2.76)
A e < E | R Al

L—1
[T o F  elo (W o i) AL |

i—1

(2.77) pi ol k
< O E e (1 1 X 1) Y TT (o 1w o B )
=1

L—1
<IRE e T Iw iy © F elo’ (W) @ £ ) AL

(2.78) i ot it
< 7| EM e (1 X)) TT o+ 1w o B )
=1

j—1

L—-1 g

k7 1 k7

<IRE e TT 1w o FE e (1 1 x01) Y T+ 1w o B )
j=i =1

L—1
< CrF R e (TT v o Fi )

Jj=i
L—-1 3 )
X (H (1+ ‘|X[t+1]‘|2)2kj H(l+ val[t] @FZ[tJrl]HF)QkJ L)
=t I=1
=Gl e R e (H Wi, 0 Fi e

L -1 J il
x (141X ) (HH (1+ W e B ) ) (2.79)
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Lastly, we bound ||R[Lt+1]|\p. By applying (i) subadditivity of the norm ||A+ B|p <
|All =+ || Bl|p and then using the elementary bound (a+b)? < 2(a®+b?) as well as sub-
multiplicativity, we obtain

IR CEY [y 2] - i @ pl ) A (2.80)

® ¢ t+1 t+1

< Y2 w0 FE g AR e

(2.77) [t+1] 1t ¢ 41 gLt
< Wl o P e (14 X ) T T (20 o )
=1

By combining inequalities (2.79), (2.80), and upper bounding the exponent kX1 of the
term 1+ || X 1|5 in (2.80) by 22;:11 k7, we conclude that

[N

L—1,;
< CoIY I (14| X1 ) 221 ¥ (2.81)

2 [t+1] |r Py (|| wlt @F[1tJr1 ||F,..-7||W1Et] @F][th] HF)
L
+ Gy (1 X 5) 2= ey (Wl © B Y g, [ @ B )

for i=1,...,L and some constants Cgs,C9 and polynomials P;(z1,...,z1),Pa(z1,...,2L),
say, the latter both in L variables. Because of the projection and by deﬁnltlon of H, there
exists a constant M such that ||W[t] |lF < M with probability one foralli=1,...,L,t € N.
Furthermore, HFz ]HF <max;—g,... r—1+/didi+1 with probability one for all ¢ =1,...,L,
t € N;. These two bounds, together with (2.81) and the fact that P;, P> are polynomials,
as well as the hypothesis that E[||Y]|5*|| X||5] < coVm € {0,1,2},n € Ny, implies the result.
O

Conditional expectation of Al‘tY — Proof of Lemma 5

Let i €{1,...,L}, re{l,...,di+1} and l € {1,...,d;}. Recall that F; is the smallest o-
algebra generated by {WIO (Flsl X[s] yIsh)} o and note that Wl is F;-measurable.
The (i) Fy-measurability of W together with the (ii) hypothesis that the sequence of
random variables {(F[SLX[S],Y[S])}seN+ is i.i.d. , implies that

E[Agt]rll}-] CAN. {(F[H—l]B el gt (X YD)

a7, il

)

= /Fi,r,zBF@W[tl (X,Y )i dP[FIHY = F X1 = Xy 1 = y]

(212 / (P 2D TDN ) qpiptesns — p ek - x, v+ )
Y a(Fi,r,lei,r,l)

_/al( Fg; (X)) withap[plitll = p xtH = x vyt —y). (2.82)
7,7,

Next, we need to check that we can exchange the derivative and expectation. Note that
we have the same assumptions E[|Y'[|5*|| X ]3] < coVm € {0,1,2},n € N1 as for Lemma 4.

as well as that o € Cpp(R). Therefore, by (2.81) in Lemma 4 we have that |A t+1]| is
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upper bounded and moreover E[Agt:ll]] < Cy for some Cy; < 0o only dependent on H. The
interchange is then warranted by the dominated convergence theorem. Hence continuing
from (2.82), we obtain

0
8W1’,r,l
(2.3) 9D(WH)
B aI/Vi,r,l .

E[Af 1) =

i1,

/ WP gyt (X),Y) dP[FIH = p X T = x vyl =y

If 0 € Chg(R), then for any multi-index s on the set of weights, a bound similar to (2.81)
holds by the chain rule:
0°1Y, O wor (X)) < 1Y [lePrs(Willp - IWE e, DX 153 20)

+ P (Wil WL e (X153 52) (2.83)

where P g, P> s are polynomials and ng 1,ms,2 are the top exponents in the expansion
in || X||r. Hence, using the assumption E[||Y]|5*||X||5] < oo for all m € {0,1,2},n € N4,
we can find a compact set X C W and a constant Cx > 0 such that for any W € I we
have E[|0°1(Y, Uy or(X))|] < Ck . In particular we can apply the dominated convergence
theorem and conclude D(W) € C"~ (W) with 0*D(W) = E[0*I(Y, Yo r(X))]. O

Constant D(W) on a critical set — Proof of Lemma 6

We use Sard’s theorem [172] to prove Lemma 6, which gives sufficient conditions for
condition (A2.6):

Proposition 5. [172] Let f: M — N be a f € C" map between manifolds with dim(M) =
m, dim(N) =n. Let Crit(f) ={z € M : Vf(z) =0} be the set of critical points of f. If
r>m/n—1, then f(Crit(f)) has measure zero.

Proof of Lemma 6. By Lemma 5, we have D(W) € C"(W). By assumption (N5) we have
that if W € OH and D(W)+7(W) =0, then D(W) = 0. Furthermore W € S; for some
J, i.e., the critical points of D(W)+n(W) are {W e W | VD(W) =0}NH. We apply
Sard’s theorem (Proposition 5) to D(W). We have that if » > dim(W), then D(S;) CR
has measure zero. Since S; is connected there is a continuous path z, 4 : [0,1] = S; joining
any two points a,b € S;. By continuity of D(W) we must have then D(a) = D(b), since
otherwise we would have [D(a),D(b)] C D(S;) which has positive measure in R. Therefore
D(S;) must be a constant. d

Remark that in Lemma 6 the condition r > dim(W) cannot immediately be elimi-
nated. When r < dim(W), there are examples of functions which are not constant on
their connected critical sets, see e.g. [138].

2.E Proof of Proposition 2

We use standard tools for proving convergence to an e-stationary point (for a reference,
see [50]). We require first the following bounds on the variance induced by dropout.

Lemma 7. Assume that F is a random variable satisfying (Q4). If f is a vector of
random variables with distribution F', then
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(i) E[If ~Elf)l] =2Np(1-p).

(ii) E[If ~EL/1IE| = 2N?p(1—p).

Proof. We prove first (i). If we denote by f; the ith entry of f, then note that from (Q4)

P[f; =1] =p and so E[|f; —E[fi]l] = E[|fi —p|] = 2p(1 — p). From linearity (i) follows. For
(ii), we have

E[Ilf EUIE] = SE[1fi—p] + B[l llf;

i#]
<2Np(1—p)+2N(N —1)p(1—p) =2N?p(1 —p), (2.84)
where in the last inequality we have used the Cauchy—Schwartz inequality. O

Lemma 8. Assume (Q3) and (Q4), that is, VU is £-Lipschitz and the distribution of the
filters is {0,1}-valued. Then, VD is also ¢-Lipschitz.

Proof. Using (i) Jensen’s inequality with the norm, we have for a fixed w,s € W that
[VD(w) = VD(s)|l2 = [[E;[f ©VU(w® f) = fOVU(s© f)]|2
®)
< By [If 0 VUwo )~ FoVUEo f)ll]
(i)
< By [IVU(w £) = TU(s© f)ll2]
(iii)
< 1By [lwe s =56 £l
(i)
< (B [[lw = sll2] = tlw—s]l (2.85)

where we have also used (ii) the fact that for a vector w and {0,1}-valued vector f we
have ||f ®@ull2 <||ul|2, (i) VU is ¢-Lipschitz. ]

The proof of the following lemma can be found in Appendix 2.E.1.

Lemma 9. Assume (Q1)-(Q4), then for any w € W with |w|2 < R, we have

E||VD(w) - foVU(we f)||§} < Np(1—p) (452 +6N?((*R2 +2(R)). (2.86)

We obtain in the next lemma a simple bound for the variance of the gradient that
depends on the data.

Lemma 10. Assume (Q1)-(Q4), then for any w € W, we have

E. s[If ©VUwe f)~ O Vrwo £,2)[3] < 4N (2.87)
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Proof. We use first the definition of U as an expectation. We have
E.p[If© VU@ f)— fo Vrwo £,2)|3]
—E. s [|E., [/ O Vr(wo f,20)] - O Vr(we £,2)|3]

< B s [B 170 (Vrwo £.20) - Vr(wo £.2))le] |

2E. s [E.,[251s1] |

(ii)
<E.; [452Hf||§} = 4pNS?, (2.88)

where in (i) we have used the upper bound for ||[Vr(w® f,z)||2 from (Q2) and in (ii) that
since f; € {0,1} for all i € [N], we have || f||3 = || f|l1 so using linearity with (Q4) the bound
follows. O

By (Q3)-(Q4) and Lemma 8, VD is ¢-Lipschitz. In this case, we can then use the
following common argument: if VD is ¢-Lipschitz then we have the inequality

D(W{+1) < D(WH) 4+ (VD(WI), Wit ) i) ¢ Zgwieetl g (a.50)

We can then use the definition of W+ to write
D(W[t+1]) < D(WM) —a{t}(VD(W[t]),F[Hl] QVT(WM @F[t+1]72[t+1])>
{tH)2
+ @ |Ft o vrwltl o pi+1 ZIE+1) 12, (2.90)

Let F; be the o-algebra of (WO, pl1 Z10 —wltl gl 7[t) Conditional on F;, FIHH1 e
vr(Wltl o P+ Z[E41]) is an unbiased estimator of VD(W ) so that by linearity

E[<VD(WM),F“+” ovrwlt @F[t+11,z[t+”)>\ft] — |[vD(W))2. (2.91)
Similarly to (2.91), we can decompose
E [HF[t“] o Vr(WH o Flt+ i1y 2 ]ft}
) [HF”“] o VrWt @ i+l 1]y _ plt+1] o gywltl o pl+1])
+ P oyl o pl+1))2 ‘]—‘t}
—E[|F+ o vuw! @F[t“])ug‘ft]
+E[||F[t+1] VU o Pl _ pli+] o gyl @F““LZ““])H%‘E]
4 2E [<F[t+1] O VUMW @ i1y — i+l o vl o plt+1] Zl+1]y
Fitlo vyt o Fit) )| 7
—E [HFHH] ovuwl @F[t“])H%‘}}}

+E [HF[HH ovuwle plitt) - i+t o vrwll o pIH, Z01) |3

}'t], (2.92)
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where in the last step the cross-term vanishes since, by using the independence assumption
of Z[t+1] and F[t], if we take the expectation first with respect to Z[t+1] we have

E iy [FIH Y o vr(wil @ FIFU ZIH1 7] = FiFT o vuwl o FIEHIY. (2.93)

Similarly, we can add and substract VD(W[t]) in the first term and repeat the argument
with the definitions of VU and VD where we take the expectation of (2.92) with respect
to FI+1) instead. A similar cross-term vanishes. We then obtain

E [HF[H” o Vr(Wlt o plt+1l Zlt+11)12

7| < Ivowi)3

+1E[||VD(WM) _ Flt+ o gywlt @ Flit+1y) 2 ft} (2.94)

+E [||F[t+1] OVUWH @ FltH) _ plt+l o gp (Wit @ pl1]) ZlE+10))12 ‘ft] .

Define the constant J = 5% + %N2(€2R2 +2¢R). Using the bounds of Lemma 9 together
with assumption (Q5) and Lemma 10 in (2.94) we obtain

E[| Pt o vrwll o Pt 21 8 7] < [VD(W) |3 +4pN S2 +4ANp(1 - p).J.
(2.95)
Substitute now (2.91) and (2.95) in (2.90). After taking the expectation, we can use
a telescopic sum in (2.90) with the previous bounds, which yields

T
Za{t} (1_6(1
t=1

i 12 o )
JE[IVDW 3] < BV - EPWIT)

T
+20Np(S? + )1)> (alth)?
t=1

(2.96)

By (Q1) we have E[D(W] ~E[D(WT))] < 2M. Assuming that a{t} < 1 for all ¢ € [T,
we then have

4AM +4¢Np(S? + N (alth)?
min [ VD(W1) ] < =1 (2.97)
te[T Zt:l a{t}
Proof of (a): Setting ot} =5 a constant we find
AM +4n2¢Np(S% + (1 —p)J
min E[HVD(WM)H } T( +(1=p)J) (2.98)
te[T n

Minimizing the bound over 7 yields that the minimum occurs at 7% = M/(¢(Np(S?+ (1 —
p)J)T). For this 7, the bound reads

M(N
~ wi2] < av/p(S2+ (1 =p)a)y ) LN .
trg[ljr}]E[IIVD( )Ilz},4 p(S2+(1—-p)J) T (2.99)

Finally note that the condition n < 1// is satisfied if p > 2M¢/(NS?T).
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Proof of (b): We can set altt =1/(¢y/t). Tt is easily verified that for T' > 4

Za{t} >

d 10 log(T)
3 (alth? g (2.100)
t=1
Substituting these bounds in (2.97) yields the result

0
2.E.1 Proof of Lemma 9
Noting that VD(w) =E[f © VU(w ® f)] we can write
[IVD(w) = f VU@ NI =Ep, [[Ep[f20 VU f2) — f10 VU fi)]I3]
=Ep [I\Eh [f20VU(w® f2) = f20VU(w® fi)+ (2.101)

+LOVUWE fi) - 10 VUwo )] 3]

< By, B, 120 (VU )~ PU@O f1)) + (o= ) © VUG 1)l |

< By, B, 1520 (VU )~ VU )l + (2~ 1) ©VU(wo f)lz] |

where (i) we have used Jensen’s inequality for a vector-valued random variable v, namely
v

IE[v]]|2 < E[|lv]|2], and (ii) the subadditivity of the norm ||a+ b|l2 < ||a|l2 + [|b]|2 for any
a,b € RY. We now note that

If20(VU(® fo) = VU fO)l3 =Y f5IVil(wo f2) - ViU(we f1)]?

(i) .
<Y AP we fo-wo fil3

<3 1BC1 2= A3l

(ii)
< | follill f2 = frlh 6 R?, (2.102)

where (i) we have used the Lipschitzness assumption from (Q3) and (ii) used that ||w||5

2
) < <
R? and the fact that || f2||3 = || f2||1 since for any vector f with entries {—1,0,1} we have
I £113=IIf]l1. We can reason similarly with f; — fo.

Using (Q2) we can also bound

I(f2— f1) ©VU(w f1)l3 < |lf2— fill1S%

(2.103)
Hence we have in (2.101) that

By, B, 120 (VUGwe £2) - VU )l + (2~ 1) 0 VUG fi)le] |
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2
<Ep, [Ep, 121112 AR+ 2= 1S ]|

By, (B I~ Al (111 2er+ 57|

<Epp [If2 = Sl (152122 + | o]} 280+ 52)]

(ii)
< Epy g [~ Al (PR +20R) +52)], - (2.104)

where (i) for a random variable v we have E[v]? < E[v?] and (ii) ||f2|\}/2 < ||f2]l1 since

either ||f2|l1 =0 or ||f2|l1 > 1. We can now add an expectation term in the norm ||fa —

Nl <l fe=Elfa]lli+ 11 =E[f1]llr and [| follx < [[f2—=E[fa]ll + |E[f2][|1. Here, [E[f2]]l1 =
IIE[f1]ll1 = pN by (Q4). Hence, from (2.104) onward we can write

Epy,ga 12— fil (I f2 1 (22 +20R) + 57)]
<Ep, gy | (If2=Elf2lll+ 11 =LA ) (/2= EUf2ll (P R2 + 2R)(1+pN) + 57 )|
=g, g, [ (I —ELII3 + 1151 —ELAI /2 — ELR ]I ) (PR? +20R) (14 )|

+25%Ey, [ 2~ E[fal 1

1)
< Broopo | (12— ELRIE + 12— ELfllllf2 — Elfalll ) (PR2 + 26R) (14+pN) |
+432Np(1 -p)

(i)

< Eppopo | (172~ ELRIIE +AN?p2(1 - p)?) (PR + 2R) (14 pN)) | +45*Np(1 - p)
@ <2N2p(1 ) HANZP2(1— p)2) (>R +2(R) (1+pN)+4S>Np(1 - p)

— Np(1—p) ((2N+4Np(1 —p))(1+pN)((*R? +2(R) +452)

(iv)

< Np(1—p)(45% +6N?(1*R* +2(R)), (2.105)

where (i) we have used Lemma 7(i), (ii) we have used independence of f1 from fs and
Lemma 7(i) again, (iii) we have used Lemma 7(ii), and (iv) we have bounded 1+pN < 2N
and p(1—p) <1/4. 0

2.F Path representation of D(IW) — Proofs of Lemma 1
and Corollary 1
Proof of (2.26). Recall that G = (£, V) is a random subgraph of G = (£,V) with edge

set &p = {e € £:F, =1}. By (i) the law of total expectation, and by (ii) independence of
F and (X,Y),

dr,

D) =E[> (Yr= Y PFX)Y

i=1 ~ETHG)
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ZE[Z Yi— Y PXy) ‘{Gng}} (Gr=g]
f=1

9€g ’YEFf(GF)

(i) < 2

DN uE[> (- > )Y, (2.106)
9€9 f=1 Y€l (g)

Proof of (2.27). Expand (2.106) to find

dr,
W):ZMQE[Z<Y]?—2Yf Y orx,r Y Y PWXWOP(;X(;O)}. (2.107)

9€9 f=1 yer/(g) yer/f(g)ser/(g)

Setting ny = Z{gegl'yel"(g)} g, We obtain

W)= ik [(Z 3y (IFf SR X ) Y DD PXoyPaXy, )]

geg f=1~erf(g v€T(9) d€TL (g)
(2.108)
2
= Z %E{(YVL_PVX%)}
v€L(G)
=D 1o [Z 2 (( IT7( )|>Yf PrXoo D P5X5°>]
geG f=l~yerf(g) serf (9)\{~}

after rearranging terms. This completes the proof of Lemma 1 after identifying (W)
and R(W) here as the left and right sum, respectively.
To prove Corollary 1, consider that since for an arborescence R(W) =0, we can write

Z UW]E’[(Y'YL_P’YX’YO)Q} (2.109)
~v€l(G)
E[Y,, X, E[Y,, X-,]2
- % emxi(Cgi-n) ¢ T on(En-Sgar)
V€T (G) V€T (G) o
D W)+ Dwert),

Here, (iii) follows because since Z(W) > 0 and Z(W) =0 at z, = Py, what remains must
be the optimum. This completes the proofs of Lemma 1 and Corollary 1. O
2.G Conserved quantities — Proof of Lemma 2

For any edge f €&,

d
Wfaaé/) 2£6)Z,U,QE|:ZQ( Yoex)( Y P(;X(;O)}
e=1

9€g ~€Ere(g) sere(g;f)

:ZugE{ LY PWXWO)P(;X(;O}. (2.110)

g€g 5€T(g:f) ~€ETIL (g)
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Note that T'(g;1) = T'!(g) for any leaf I € £(G) and g € G, and therefore in particular

oD
Wig =S Y E[Q(Y(;L— 3 PWXWO)P(;X(;L}. (2.111)
9€g  serl(g) ~ETL (g)

Recall that L£(G; f) is the set of leaves of the subtree of the base graph G rooted at
f € &E. By the fact that {Fl(g;f)}leﬁ(G;f) partitions I'(g; f) for any g € G, viz.,

L(g:f) =Ueca:nl g f), T(g f)NT2(g f) =0 forall ly #13,9€G,  (2.112)

it follows that

oD oD
— = —_—. 2.11
> Wigge = Wi (2.113)
leL(G;f)

Note in fact that this proof works for any base graph G that has no cycles and only

length-L paths, so not just an arborescence. This is why we make Assumption (N6’) as
opposed to the stronger Assumption (N6) in Corollary 1. O

2.H Proof of Proposition 4

The proof of Proposition 4 is by double induction on the statements A(t) = {Z(Wis}) <
(W= exp(—2uminka), Vs € [t]} and B(t) = {Wi} € K Vs € [t]} where £ > 0 is a free
parameter and K is a compact set which we will define. Specifically, we prove that there
exist o and k such that A(t)NB(t) = B(t+1) and A(t)NB(t+1) = A(t+1). Section 2.H.4
describes in detail how the upcoming Lemmas 11-13 provide sufficient conditions for the
induction step. There we also maximize the upper bound for the convergence rate over x,
which gives the rate in (2.36).

We start by giving Lemmas 11-13. Recall first the definition of the set B(e,I) in (2.34).
Here, with a minor abuse of notation, we define also

B(e{Cs}resrca) 2{W eW|IW) <eWi— > W2 =0Cy} (2.114)
IEL(G:f)

where {7/} 2 TY(Q) for | € L(G) if G is an arborescence.

Lemma 11. Assume (N2) from Proposition 1 and (N6) from Corollary 1. Then:
(i) If >0 and |Cf‘ < oo for f € E\L(G), then the set B(e,{C}t}see\r) is compact.
(i) If maxer(q)lzy] < MY, then the function T(W) is B-smooth in S with = 6Vmax -
E(G)ID(G)| M1,

Lemma 11 implies that B(e, I) is compact and that D(W) is f-smooth on the compact
set K =8N B(e 1), ie.,
D(W')—=D(W) < VDW)T (W' - W)+ 8|W' —W|3 (2.115)

for W,W’ € K. Its proof is deferred to Section 2.H.1.
Next, Lemma 12 gives a lower bound for the curvature of D(W) on K in the direction
of VD(W), in the form of a PL-inequality [77]. Its proof is in Section 2.H.2.
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Lemma 12. Assume (N2) from Proposition 1 and (N6) from Corollary 1. If Wit} e
SNB(eI), then

IVDIW )3 > dvimin (CLE)ED (D ) — DWP)). (2.116)

Lemma 13 proves that the conserved quantities of the gradient flow remain bounded

under the GD algorithm in (2.22). This lemma allows us to keep track of the iterates in

the compact set K = SN B(e,I) by relating them to conserved quantities and exploiting

the fact that under GD |C}t+l} - C]{ct}| has order O(a?). Section 2.H.2 contains its proof.

Lemma 13. Assume (N2) from Proposition 1 and (N6) from Corollary 1. If with e
S, and C{ > 0 for all f € E\L(G), then 40 |[v], M>E=1 (D(W{H}) — D(WoPY)) >
|C}t+1} o C}t}"

A note on the exchange of derivative and expectation in this section. Whenever we make
both Assumption (N2) in Proposition 1 and (N7) in Lemma 1, the exchange of derivative
and expectation is warranted. This occurs several times throughout this section. We refer
to the proof of Lemma 5 for the details.

2.H.1 Compactness, and smoothness — Proof of Lemma 11

In the proof of Lemma 11, we will upper bound the operator norm of the Hessian. Recall
that for a symmetric bilinear matrix A, [|Al|,, £ SUP||y | ,=1 [vT Av|.

Proof of (i). By continuity of the conditions in (2.34), the set B(€,{Cf} g\ ) is closed.
We need to prove boundedness. Let W € B(¢e,{C} e\ ), and suppose w.l.o.g. that for
some f* € E\L we have ‘Wf* > @, where Q > max;ee\ £ ver (@) 1051, 24[}. We want to
find a path v € I'(G) such that P, is large for a contradiction with the assumption that
Z(W) <e. By (2.30), we have the inequality ZZGC(G;f*)Wl2 >Q%— ’Cf* so that for
some [* € L(G; f*) we must have W2 > (Q — ‘Cf* )/ |L(G; f*)|. Consequently, we have by
(2.30) that |W,|* > (Q2 — |Cf* V/IL(G; f*)| —|Ce| for any edge e € in any path y € I (@)
except for the edge f* where we have |Wf* | > () by assumption. In particular, we have
the bound |[We| > O(Q) for any edge e € v for any path v € I'(G; f*). Therefore if we pick
~v € I'(G; f*) we have

(2.34)
e 2 I(W) 2 vs(zy = Py)? 205(IP] = |2))? > O(Q%F) (2.117)

for sufficiently large @, which is a contradiction. We must thus have [Wj«| < @Q for some
Q@ < oo. If on the other hand |W;| > @ for some | € L(G; f*), by (2.30) we must also have
(Wi)? > Q%+ Cp+ > O(Q?) for sufficiently large Q. This case is, thus, the same as before.
Proof of (ii). Using a regular upper bound for the entries of V2Z(W) when W € S will
suffice. Element-wise, we have

(V2Z(W))is (2.118)
2 ser(Gnr(a) Vs (T 1 = Wiy (= P)), i i # 5. D(G:i) NT(Gi) # 0,

= P . . .

=122 er@ vy (375)? if i=j,

0 otherwise.
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Hence, noting that since we have ‘Wf‘ < M for all fe& on S, we can bound ‘PW/Wf‘ <
ML |z | < M L and the other terms similarly. We upper bound the number of terms in
the sum over I'(G;¢) and I'(G;i) NT'(G;4) by [I'(G)| and vy < Vmax. Adding all terms, we
obtain that 6vmax |T'(G)| M2(L=1 is an upper bound for each of the entries of V2Z(W).
This gives an upper bound || V2Z(W)|lop < 6|€|Vmax [T(G)| ML~ in S. O

2.H.2 PL-inequality on a compact set — Proof of Lemma 12

Recall the definition of a PL-inequality:

Definition 7. Let u € C%(K,R) where K CR" is compact and K\OK # (). Denote by u* =
minge g u(z) and suppose that u* € K\OK. We say that u satisfies a Polyak—Lojasiewicz
(PL) inequality if there exist a Tic > 0 depending only on K such that

HVu(ﬂc)Hg > 7 (u(x)—u*) forall zeK. (2.119)

A PL-inequality together with S-smoothness on a compact set will imply that D(W ) —
D(W°PY) decreases. To see this, note that by (i) S-smoothness, and (ii) the update rule

DOV - D) € T T ) gl o3

(i)

= a(Ba—1) VDWW |3 (2.120)
If furthermore o < 1/(2f), then also fa—1 < —1/2. Together with (2.119), and after
rearranging terms, one finds that

D(w{t-‘rl}) (W{t}) <

‘”K( W _DWPY)) forall Wek.  (2.121)
By (iii) 14z < exp(x) for all z € R, we obtain (2.37). The strategy will now be to prove
that there is a PL-inequality in some compact set, that the iterates remain in that compact
set, and that the function is S-smooth.

Proof of Lemma 12. First note that if [ € £(G) and v € I'(G;1), the indexes of the weights
in the product |P.;{t}/Wl{t}| belong to the index set E\L(G). The proof follows (i) by
restricting the sum, and (ii) from the fact that for every path v € I'(G) in an arborescence
G, there is exactly one leaf I € £(G) such that v' =~. Thus

Z‘—I (with) ‘ —42‘ Z P{} pv{t})‘z

e€€ vel'(Gse)

(1) 1 2

>4y ‘uy, 5 (2 7le })‘ (2.122)
1eL(G) l

.. {t} 2

(i) 2| Py {t}

=4 Z V’Y’W{t}(z’yip'V )’
vel(G) YL

(iii) —
> v (_min (W) Tz (),
FEENL(G)
where in (iii) we have used the bound \Wi{t}| > mingee\ £(a) |Wé{t}\ for all i € E\L(G) and
similarly with vy > vy for ¥ € T(G). Finally, by (2.30), we have mingcg\ £ () |We{t}|2 >

it This completes the proof. O

min*
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2.H.3 Conserved quantities remain bounded throughout GD -
Proof of Lemma 13

Proof. Pick f € E\L(G). By (i) Corollary 1, and (ii) Lemma 2, we have

1 1
C}t+ P (W}{H })2_ Z (Wl{t+1})2
1eL(Gs9)

222) (O w2 9 st

2 (Wf @, DOV )) 3 (Wl g DV ))
leL(G;f)

0 (ot 0 )’ (wy_ 0 )’

- (Wf G, LW )> leg(;f) (Wl G LW ))

Yep () S (o))

{t}

P 2 2

—o (Y P - Y () - PR)
ver@n s 1eL(Gif)

{t} 2 2 42 {t}\2
> _4a ( 3 VWZ(W{M (20— P ) (2.124)
1€L(G:f) 1

By Cauchy—Schwartz we also have

Z v Pw{t} (ZW_PV{t}))QS( Z V’Y) Z V7<P§t})2(ZV_P§t})2-

gy 0]
ver G Wy VeD(Gif) | ver G W

(2.125)
If we have Cj{pt} > 0, then (Wj‘c{t})2 > (VV,%})2 for any v € I'(G; f). Thus, combining
the estimate (2.123) with (2.125) we obtain

pith
ol sc}t}+4( 3 | 1/7)042( 3 | uvl(w;’{lt})Q(z,yl—ij})Q). (2.126)
+eD(G:f) 1€£(G:f) !

Extending the sums in (2.126) from I'(G; f) to I'(G) and from L(G; f) to L(G), respectively,
yields
{t+1} _ ~{t} 2 {t} 2\ L—1 {t}

C} Cp <4yl (eeg{%) (W BT (wit), (2.127)
where we have used the bound |Wf‘ <maxeee\ £(q) | Wel for all f e E\L(G). Similarly,
using (2.124) and the trivial bound v, <||v||; for any v € I', and by absorbing one v-term
into Z(W)’s expression, we obtain

{t+1} o At} _ 2 {t} 2\ L= L (2}
cy >0 4||V||1oc(eeg{ag%g)|we )" (Wit (2.128)

for the lower bound. Because W{} € S by assumption, maXeee\ £(Q) |W6{t} |2 < M?2. This
completes the proof. ]
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2.H.4 Double induction

We now use Lemmas 11-13 together in a double induction to finally prove Proposition 4.
Let x> 0 and denote the statements:

At) = {Z(Wish) < (W1 exp(—2uminka), Vs € [t]}, (2.129)
B(t) = {Wis € B(e,)nSVs e [1]}. (2.130)

We will prove that there exists a k > 0 such that when choosing « appropriately, firstly
A(t)NB(t) = B(t+1), (2.131)

and secondly,

A)NB(t+1) = A(t+1). (2.132)
Step 1: A(t)NB(t) = B(t+1). We need to prove that W1} € B(e,1)NS assuming
(2.129) and (2.130). Using (2.127) from the proof of Lemma 13 repeatedly with the bound
maXecg \Wé{t}| < M, we obtain

t
1 0 _ s
i <o 1 a v MEEDR2 Y T ), (2.133)
s=0
By (2.129), we can upper bound

¢ (2.120)
S ozwish)y T <Y (W) exp(—2uminkas) < Z(WH)
s=0 s=0

1
1—exp(—2vminka)

(2.134)

If furthermore (C1) 0 < 2upinka < 1, then (i) the inequality 1/(1 —exp(—2vpminka)) <
1/(Vminka) holds, so that

) o0}

min

oty @

min

133 ¢ @
< vl MPEDa2Y (Wit < 0;21%4%1\4*1%*11(14/{0}).
Vmin
s=0
(2.135)
In the same manner, we can also prove (2.135) for C]{co} instead of 1% This yields

min*

o) < o) +4mM2(L71)az(W{O})’ (2.136)

Vmink

for any f € E\L(G). Similarly, for a lower bound, we can use (2.128) repeatedly together
with the bound (2.134) and condition (C1) yielding

C]{ct—i_l} > C}o} _4mM2(L71)aI(W{O}). (2.137)

Vmink

for any f € E\L(G). Now, suppose (D1) Céloil}; — k(=1 > 0 and let (C2) the step size
satisfy

o s
8|y, M2L=DZ(WA0t)

& < Umink (2.138)
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We have (i) by (2.136) and (2.137) that

C]{ct—H} (é) [0}0} _4HVH1 M2AL-1), 7IZ(W{0}) C{O} +4HVH1 ML), *IZ(W{O})}

Vmin Vmin

(2.138) 1

C O] — SO - /D), o) 1 Sl — kD)

(D1)

c (et =i 2,08 + 0 ja c (01 /2,301 2) = 1y (2.139)

Then W{t1} € B(e,I) by (2.34). Hence, M > W ! @30 (CF )12 > () j2)1/2 >
0 for any f € E\L(G). Since moreover C’;{Hl} >0 for all e € E\L(G), we have that
if f€ L(G), then M? > (Wj{tJrl})2 > (I/V]}{Hl})2 for some j € E\L(G). Consequently
M= WY and Wit € 5.

Step 2: A(t)NB(t+1) = A(t+1). Suppose that Wit € B(e,I) NS for s =0,1,...,t +1.

Using the bound in (2.136) which requires the induction hypothesis A(¢) and (C1) for
C{t}

'min» We obtain

ot s o0y _ H’/Hl M2E=D (w0}, (2.140)

min = mm
len/f

Suppose now for a moment that (C2) the right-hand side of (2.140) is positive for some
sufficiently small a. We could then use the PL inequality from Lemma 12 together with
mingce\ £(@) |We{t}|2(L*1) > (Cr{rfi}r’l)Lfl, that is,

IVZW )3 > dvnin (CLL) B2 (W ), (2.141)

To see how, note that the argumentation around (2.121) together with (2.141) and (i) the
induction hypothesis B(t+1) we have Wit} Wit+1} € B(e, )N S and (ii) the clause (L1)
a <1/(2f), implies

(i,ii, 2.141)
I(W{Hl}) < I(W{t})exp( 21/mmoz(C’gl};l)L 1)
(2.140)
< T(W ) exp (_zymma(qg?i VHV‘H;MQ(L_UCVI(W{O})) (2.142)
(i) _
< Z(Wi%)exp (fQVmina(Ciﬁl}; ”VHl MQ(L’l)aI(W{O}))L ! 72ymina/€t),

Vmink

where we have also used (iii) the induction hypothesis A(t), i.e., that Z(W{th) <7 (W10}).
exp(—2vpminkat).

We now investigate the exponent in (2.142) for a moment. Assuming (C2) and if (C3)
the right-hand side of (2.142) is furthermore smaller than Z(W{°}) exp(—2vminra(t +1)),
then the induction step would be complete. Note finally that both conditions (C2) and
(C3) are satisfied when choosing

k<(Ci 4 Il MAED g (w0 ETY (2.143)
Vmin
or equivalently
o0y _ 1/(L-1)
o < Vpink min . (2.144)

4lvlly MQ(L’”I(W{O})
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To also satisfy condition (C1), we thus require that

(2.145)

sVmink

0 _ L1/(L-1) )

.
o <win 4]l MEE-DZ(WIOT)

2Vmink
Step 3. Let us summarize. Convergence occurs at rate at most 2vmin ke if conditions (L1),
(D1), (C1)—(C3) hold. Hence we have to choose x > 0 such that et _kL=150and

min

olod —p-n )

o i (Vi T ) 26 o (2.146)
Note that we can maximize the convergence rate 2vminak by maximizing mQ(C’igi —
x1/(L=1) which occurs whenever
k= (CEDE 1+1/2(L-1))) " > exp(-1/2)(CID) L. (2.147)
Substituting this in (2.146) we require a step size
exp(1/2)(CLSH) L 1 1
o < min (i (sz_( 1/)1\)4(2&“1“1))z(w{0}) 35 (O )Ll) (2.148)

Finally, we have the bound £ < 6vax |£(G)||T(G)| M2(E=1 from Lemma 11 in S, so that

exp(1/2)(CI) L

min

16 ||v||; LML= (W0}’

« < min (l/min (2.149)

1 1
120max [E(G)[[T(G) [ MEED 9, 0hy )

This completes the proof of Proposition 4. O

2.I Convergence rate in the case of Dropout and Drop-
connect — Proof of Corollary 3
We consider first the case of Dropconnect. We have that { F }.c¢ are independent Bernoulli(p)

random variables. Suppose that the base graph G has no cycles and every path is of length
L. Then by definition in Lemma 1, we have

= Y. PlGr=gl=) 1[yel(g)PGr=g]
{g€Glvel(g)} g€eg
=3 PlyeT(9)Gr = gIPIGF = g] = Ply € T(Gr)] £ p*, (2.150)
geg

where (i) we have used Dropconnect’s distribution on F.

Now suppose that additionally we make the stronger assumption that G is an arbores-
cence. Then by definition in Corollary 1 v, =E[X 2]7]7, and subsequently we can calculate
VIl =EIX?] 3 er(q) v = EIX?]ID(G)Ip" = E[X?)drp" = E[X?]|L(G)Ip".



2.J Inequalities pertaining to the Frobenius norm 69

Now, since by assumption max |z,| < ML and }Wf‘ < M forall f €&, then Z(W10}h) <
O(IT(G)| M?¥) so that substitution of in the definition of o in Proposition 4 yields

{0})

azo((L%L ). (2.151)

where we have used that Cpi, < M?2. Finally multiplying by 7 gives the rate
(C{O} )2L )

o ZCm Ly
LIL(G)[PMAE

Substituting these results in the rate 7« in Proposition 4 yields the result for Dropconnect.

Finally we note that for the case of Dropout, filtering all nodes independently in an

(2.152)

arborescence is equivalent to filtering all edges independently except the edge at the root.
In particular, in (2.150), we have P[y € I'(Gr)] = p“~!. The remaining steps of the proof

L—1

are then the same as for Dropconnect and comparing p” with p we can absorb the

missing p factor into the O notation, which does not change the order in L. O

2.J Inequalities pertaining to the Frobenius norm

Lemma 14. For any matriz A € R™*™ and 1 < k < oo, it holds that Z (1 +A2 )k <
nm(1+||A|r)2k. For any two matrices A € R™*" B € R" P and 0 < k < 00, it holds
that (1+||AB|lp)* < 1+ || Allp)*(1+|B||r)*. For any two matrices A, B € R™*™ it holds
that | A® Bllg < [[Allp | Blle-

Proof. Recall Minkowski’s inequality for sequences which states that for 1 <k < oo, the

inequality (3=, |2 + il )Uk < (3, |l )1/k+ >, \yi|k)1/k holds. It (i) implies that for
any matrix A € R"*™ and 1 <k < oo, that

) (ii) k
>+ A%)k < (om) /e + Z|A”| ”’“) < a1+ Z|AH| M) (2as3)
2%
where (ii) we have used that the function 2k is nondecreasing in z > 0 whenever k > 0.
Because (iii) for the ¢;-norm for sequences it holds that ||z[|2, < |lz||3 whenever 1 <k < oo,

we obtain )
v
> (1443 e 1 A1) w1+ Al (2.154)
0]
where (iv) we have used that the function (1+22)* < (1+2)%* for all z > 0 whenever k > 0.
This proves the first inequality.
The second inequality is an immediate consequence of the submultiplicativity property
of the Frobenius norm and its positivity, i.e.,

1+[[AB|lr <1+ || AllplIBllr < 1+[|Allr +[|Bllr + [ Allr | Bllr. (2.155)

Raising to the k-th power left and right finishes its proof.
The third inequality follows from strict positivity of the summands:

l4e BIE = ZA2 B < (3 43) (3oB2)=4IRIBIR.  (2156)
5] ,J

Each of the inequalities has now been shown. ]






Chapter 3

Asymptotic convergence rate of
dropout for shallow linear
neural networks

Based on [7]:
“Asymptotic convergence rate of dropout in shallow linear neural networks”
by A. Senen—Cerda, and J. Sanders

3.1 Introduction

The results in Chapter 2 yield theoretical insight into the convergence guarantees of
dropout and how the convergence rate depends on the depth of the Neural Network (NN).
However, the explicit dependencies of the convergence rate on properties of the data or
width of the NN were not investigated. In this chapter we tackle this problem and shed
light on the explicit dependence of the convergence rate of Dropout and Dropconnect on
properties of the data, the dropout probability 1 —p, and the structure of the NN. To do
so, we investigate in detail the convergence rate of the gradient flow on an objective func-
tion induced by Dropout and Dropconnect on shallow linear NNs. To our knowledge, this
problem had not received attention in the dropout literature before. The fact that there
are relatively few convergence results regarding NNs with dropout algorithms to build on
[29, 25], combined with the additional challenges of a stochastic algorithm, means that at
least for now, linear NNs give the right balance of complexity and feasibility in order to
obtain sharp rates of convergence. Our results in this chapter show that these NNs are in
fact sufficiently rich for a precise description of the dependencies of the convergence rate
on the data, the dropout probability, and the structure of the NN, while still presenting a
technical challenge in their analysis.

In this chapter we investigate the convergence rate of dropout in shallow linear NNs.
We will assume that we have n input—output data points (x1,...,2,) € R®*™ and (y1,...,yn)

71
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O
(a) Full NN. (b) Dropout (p=0.5). (c) Dropconnect (p=0.5).

Figure 3.1.1: (a) The base graph of a shallow NN with h =4, f =5,e = 3 input, hidden,
and output nodes, respectively. (b) A random subgraph being trained by
Dropout. When applying canonical Dropout, one drops every hidden node
of the graph with probability 1 —p in an independent fashion. (c¢) A random
subgraph being trained by Dropconnect. When applying Dropconnect, one
drops edges with probability 1 —p in an independent fashion.

€ R"*™. By using linearity, we can encode the information of these datapoints in a matrix
Y € Re*" this process is also called data whitening. We will study the gradient flow
of an ordinary differential equation that approximates the behavior of training a shallow
linear NNs with Dropout and Dropconnect. In a shallow NN, we have weight matrices
W =Wy, W1) € ReXf x RFXP where f denotes the width of the network. With whitened
data, the update direction A"t of gradient descent at time n+ 1 in shallow linear NNs
with dropout satisfies [60, 29]

EARTT Wl wi = v gw),  where
T(W) =Y —aWa W1 |[f + bTr[Diag(W, Wi )Diag(Wo Wy )]. (3.1)

Here, the Frobenius norm for a matrix A is defined as || A||% = Tr[AT A] and the expectation
is conditional on the previous iterates wlol yenns W, The constants a,b have a closed-form
expression in terms of the probability 1 —p of dropping nodes when using Dropout, and
another closed-form expression in terms of the probability 1 —p of dropping edges when
using Dropconnect (see Section 3.2.3 for their expressions).

For diminishing step sizes a{”}, we can view both Dropout and Dropconnect schemes
as being noisy discretizations! of the ordinary differential equation

dWw
= VI ). (3.2)

To formally establish that the random iterates {W[™} indeed follow the trajectories of the
gradient flow in (3.2), one may employ the so-called ordinary differential equation method

1Observe that a step of Stochastic Gradient Descent (SGD) satisfies W+ = Wil 4
al"(—vg(wnl) 4 M1y where M+ = B[ARHT | w0l | winl] — Al»+1] describes a mar-
tingale difference sequence. This martingale difference sequence’s expectation with respect to the
past WO . winl is zero.
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[147, 140, 127, 29]. In this chapter, however, we take the relation for granted and the
problem is about estimating the convergence rate of the gradient flow in (3.2).

For shallow linear NNs, the main result of this chapter in Theorem 10 gives a lower
bound w to the exponent w of the convergence rate for the gradient flow of J (W) when
starting close to a minimizer. Let M denote the closed set of global minimizers of J (W),
and d(z, M) = infyecp{|z —y|} denote the Euclidean distance between the point = and the
set M. Informally stated, we prove the following

Proposition (informal). Let W € P = Re*f x RF*h [f Y € R®*" has distinct positive
singular values, for almost all W € M, there exists neighborhood V-C U of W such that
for any gradient flow 6 : [0,00) — P satisfying

de

th =-VJ(0,) and eV, (3.3)
there exists an explicitely computable constant w(p, f,Y,W) >0 such that for any w > w
we have

d(0;,UNM) < exp(—wt)d(0o,UNM) forall te(0,00). (3.4)

This result guarantees local convergence and shows that dropout converges in shallow
linear NNs. While it may look similar to the convergence guarantee of Proposition 1
in Chapter 2, this is actually not the case. In comparison, Theorem 10 gives an implicit
characterization of w: if W (t) converges to a so-called balanced minimizer (see Section 3.2.5
for the exact definition), the dependencies of w can be analytically computed. These
depend namely on the probability of dropping nodes or edges 1 —p, the width f, and the
nonzero singular values oy,...,0, of the data matrix Y € R®*" where here, 7 < min(e, h).

We give a bound for w that holds whenever W(0) is close enough to M for arbitrary
input—output dimensions, and that is computable and partially explicit. For the case of
a one-dimensional output (e = 1) a closed-form expression for w is obtained. Informally
stated (see Proposition 6 in Section 3.3), we establish the following;:

Corollary (informal). If the output is one-dimensional (e =1), then the lower bound w
for w satisfies

2p°(1-p°)
pf+1-p?

2p(1 —
o1 for Dropconnect, and w >w= Mal for Dropout.

w>wR
T pf+1-p
(3.5)

Some consequences from this corollary can be readily derived. For example, in an
overparametrized regime (f > e =1), the bound for the convergence rate w in (3.5) for p
fixed decays as 201/ f. Furthermore, for every f, there is a choice of p* that maximizes
w. This maximizer satisfies p* = 1/(1+ f1/2)1/2 for Dropconnect and p* = 1/(1+ f1/?)
for Dropout. Lastly, it must be remarked that these results and insights also pertain to
certain matrix factorization problems. Indeed, the minimization of (3.1) is in fact a matrix
factorization problem with a regularization term induced by dropout. This was originally
observed in [51, 60, 42].

In order to prove the results of this chapter we use a result in [21] on the local conver-
gence of gradient flow for nonconvex objective functions. A condition in this convergence
analysis is that a nondegeneracy condition of the set of minima needs to be satisfied. We
combine this approach with a careful analysis of the set of minimizers of the dropout loss
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function, and of its Hessian. As a set, the set of minimizers M has been characterized
in [51, 60, 42] for Dropout and Dropconnect and we build on their result. A related but
different loss landscape analysis within the context of NNs can be found in [70].

Formally, our lower bounds w for w in (3.4) and (3.5) hold only close to M. Nonetheless,
we expect that the iterates of a gradient descent counterpart should exhibit a similar decay
with an exponent similar to our lower bound with enough iterations. To substantiate
this claim, we show simulation results in Section 3.5 that compare numerically measured
convergence rates to the rate in (3.5). We compare convergence rates across datasets with
different characteristics. For example, each has different input and output dimensions.
We also look at the convergence rate far away from minima, which goes beyond the scope
of the local convergence statements of the results. These latter simulations yield insight
in the objective function of dropout in the overparametrized regime.

The simulations show for different initializations that, indeed, the convergence rate of
the gradient descent counterpart exhibits similar qualitative dependencies as the bound
in (3.5). Moreover, when starting sufficiently close to a minimizer, the dependency of the
numerically measured convergence rates on the width f matches the decay in f provided
by the bound w. This indicates that the bound in (3.5) is sharp in its dependence of
I, e, w(f) = O6(w(f)). Also, this observation is found to be distinct from when the
iterands are far away from minima, in which case overparametrization—large width f—is
seen to improve the convergence rate instead. This finding can be understood with the
following intuition: dropout regularization makes the objective function less symmetric
in the sense that as the dropout probability 1 —p changes, the symmetry in the types of
minima in the matrix factorization problem when p =1 is lost. Therefore, deep valleys
in the optimization landscape exist in which it will take a long time to converge to the
minimum as p 1 1, while the value of the objective function at these points will already be
close to its minimum. Note that this is in agreement with the convergence to e-stationarity
of (2) in Chapter 2 where as p 71 1, up to the term ¢; which depends only on the variance
of the data, the other term scales as (1 —p).

Finally, we discuss a few simulations that extend beyond the model assumptions by
considering stochastic Dropout, and also investigate the qualitative limitations of our re-
sults.

Our results shed light on the dependency of the convergence rate on properties of
the data, the dropout probability, and the structure of the NN. These results add to
the relatively scarce literature on the convergence properties of dropout algorithms and
imply that the convergence rate of the stochastic Dropout and Dropconnect algorithms
will intricately depend on the data, the dropout probability, and the structure of the NN.
By extension, we expect that this conclusion must also hold for nonlinear shallow NN,
though quantitatively establishing such fact requires more research.

3.2 Preliminaries

In this chapter, we specialize the analysis to shallow NNs with linear activations, which
allow us to view the optimization problem as an optimization over products of matrices.



3.2.1 Shallow neural networks 75

3.2.1 Shallow neural networks

In shallow NNs we have three parameters that characterize their structure. Let e, f,h € N4
denote the dimensions of the input, hidden, and output layer, respectively; see Figure 3.1.1
for a depiction. A shallow NN with parameters W = (Wa, W;) € RS x RF¥h £ P is given
by the function

Uy (z) = Wad(Wiz), where ¢:R—R is applied componentwise. (3.6)

Here, the weights of the first and second layer are collected in the matrices W7 and
Wa, respectively. Common choices for ¢ include ReLU(t) = max{0,¢} and the sigmoid
activation function 9(¢) = 1/(1 4 exp(—t)).

As we have seen in Section 1.3 in Chapter 1, if we have n pairs of input—output data
points {(z;,v:)}"; C R" xR, we aim to find weights W that minimize the empirical risk,

that is, weights in
n

argmin R, (W) 2 Z lys — Tw ()13 (3.7)
wepP i—1
We will assume that the n data points are fixed, and we will make no reference to their
underlying distribution.

In this chapter we focus on shallow linear NNs, that is, the family of functions param-
eterized by Wy (z) = WoWix so 9(t) =t. For these NNs, the optimization problem in
(3.7) is already quite challenging, as the empirical risk turns out to be nonconvex and has
multiple minima and saddle points. The analysis of linear NNs can be expected to also
give some insight into the optimization of nonlinear NNs; and is in fact common (see [35,
3, 49] for examples).

3.2.2 Data whitening

Data whitening is a preprocessing step that rescales the data points such that their
empirical covariance matrix equals the identity. Let X = (z1,...,2,) € RX7 and Y =
(y1,---,Yn) € R*™ be matrices containing the input and output data points, respectively.
In order to be able to whiten the data, one must assume XY X7 € R**" to be nonsingular.

Under said assumption, define now the matrix ¥ = YXT(Xx7T)~1/2 ¢ Re*" | where
(Xx T)’l/ 2 is the inverse of the unique positive definite square root of XXT. In Ap-
pendix 3.B.1, we derive that

R (W) = |V = Wo W1 X[ = ||Y — W Wy (X xT)V2|2 +c, (3.8)

for some constant ¢ € R independent of W. Consequently, after data whitening, which
applies a transformation (Wa, Wy) — (Wo, W1 (XXT)~1/2), we may focus on

minimizing R(W) 2 ||V —WoW1|%& over W eP, (3.9)

instead of minimizing the risk of (3.8). The reader can find the details in Appendix 3.B.1.2

2Note that if the input data points (x;)}_, are sampled from an affine subspace, then we should
define Y using the pseudoinverse of X XT instead.
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3.2.3 Dropout and Dropconnect on shallow, linear NNs with white-
ned data

If the data samples are whitened first and kept fixed, then we can view a dropout algorithm
on a shallow linear NN as a stochastic algorithm that finds a stationary point of the
objective function [29]

J(W)2E[R(FOW)] =E[|]Y — (W2 © F2)(W1 0 F1)|§]- (3.10)

Here, F© W denotes the componentwise product of each of the elements of the weight
matrices W = (Wa,W7) by the elements of the two random matrices F' = (Fa, F1) €
{0,1}¢*F x {0,1}F*". The expectation here is with respect to the distribution of F.
Lemma 15 contains explicit expressions for (3.10) for the cases of Dropout and Drop-
connect. The proof of Lemma 15 can be found in Appendix 3.B.2.

Lemma 15. When using Dropout,
T(W) =Y = pWo W1 [+ (p—p*) Tr[Diag(W1 Wi ) Diag(Wa Wy )], (3.11)
When using Dropconnect,
TW) = ||Y = p>Wo W1 ||1 + (p° — p*) Tx[Diag (W1 W) Diag(WaW3")]. (3.12)

For convenience and without loss of generality, we now choose to scale both weight
matrices Wa, W1 by 1/,/p in the case of Dropout, and by a factor 1/p in the case of
Dropconnect. More generally, this means that we will study the scaled risk function

T(W) 2 ||Y — WaWy |7 + ATr[Diag(Ws Wa)Diag(W, W), (3.13)

with A = (1 —p)/p in the case of Dropout, and X\ = (1 —p?)/p? in the case of Dropconnect.
The parameter A relates to the relative strength of the regularization term in either dropout
algorithm and becomes large whenever the dropout probability 1 — p increases.

We remark now that (3.13) has saddle points, and this prevents us from obtaining a
convergence rate that holds globally and is sharp. We therefore conduct a local analysis,
with the aim of obtaining a sharp convergence rate. Finally, note that with a few extra
conditions the function in (3.13) will satisfy the strict saddle property [51, 60]. A randomly
initialized gradient descent algorithm would therefore converge to a local minima with
probability one [80].

3.2.4 Characterization of the set of global minimizers

The set of global minimizers of (3.13) have been characterized implicitly in [60, 42]. We
build on one of their results, which we repeat here for convenience. Concretely, let
M={WeP:Z(W)= in7f)I(s)} (3.14)
se
be the set of global minimizers. Let the nonzero singular values of Y be denoted by
01>+ > o, with 7 <min(e, h); and let the compact Singular Value Decomposition (SVD)
of Y be U.Xy V. where thus ¥y = Diag(o1,...,0,) and Ul U. = V.,V =1,.. Define

J .
1 . JAK; PAK,
Kj =~ E o, p:max{je[ﬂ Do > - }, and a=—"—. (3.15)
I = fAH3A fHIA
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The shrinkage thresholding operator with threshold o applied to Y is defined as

Sa(Y)=Uc(Zy —al;) 4 Ve,where ((Zy —al,)4 )i = max(0,0; — ). (3.16)

By [60, Theorem 3.4, Theorem 3.6]: iof W* = (W5, W) e M and p < f, then
W* = WiW; = Sa[¥] and  Diag((W3) W) Diag(W; (W)T) = ”V;;”?If. (3.17)
If f = p, then in (3.17) the conclusion on W* must be replaced by the fact that W* equals

the rank-f approximation of S,[Y].3

3.2.5 Balanced and diagonally balanced minimizers

The notion of (approzimately) balanced weights has been found to be a sufficient condition
for gradient descent on the objective function of deep linear NNs to converge to their
minima [35, 3]. This has also been observed experimentally in Dropout for shallow linear
NNs [60]. We too will use the notion of balanced weights in our convergence proof.

Definition 8. Weights (W2, W1) € P are balanced if Wof Wy = Wi WL, Weights (W2, W1)
€ P are diagonally balanced if Diag(Ws W2) = Diag(W1 W), Let

My = {(Wa,W1) € M : Wi Wy = Wi Wi }, (3.18)
and
Mg, = {(W2,W1) € M : Diag(W, W2) = Diag(W1 W) } (3.19)
be the sets of balanced minimizers, and diagonally balanced minimizers, respectively.

We will characterize the sets Mg, C My explicitly as part of our proof. To that end,
Lemma 16 contains the key observation that both sets are actually equal. Lemma 16 is
proven in Appendix 3.B.3 and allows us, via My, to relate singular values of the critical
points at a minimum through M} to explicit constraints of the loss function and its Hessian.

Lemma 16. The set My = My, and is an invariant set for the gradient flow of (3.13).

3.3 Results

3.3.1 Assumptions

We assume a generic degree of symmetry of the set of global minimizers to be able to char-
acterize M, explicitly. Specifically, we rely on the following assumption on the multiplicity
of the positive singular values:

Assumption 9. Let r =rk(Y) <min{e,h} and let the positive singular values {o;}]_, of
Y satisfy 01 > --->o0p > 0.

Assumption 9 is mild and not unusual in the literature [78]. Assumption 9 is typically
satisfied when working with real data, since noise is typically breaks the possible exact
symmetries of the data. For further discussion on Assumption 9, we refer to Appendix 3.A.

3This is perhaps not immediately clear in [60, Theorem 3.6] for the case p = f < r. The fact that
the rank-f approximation must be used instead follows from the second-to-last step in the proof of
[60, Theorem 3.6].
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3.3.2 Convergence rate of the gradient flow of the risk functions
of Dropout and Dropconnect

We are now in a position to state our main result. Here, for W € M and an open set Uy
of W which we will specify later we define the set

Viry2,s(W) ={z e MNUw : d(z, MNUw) = d(z, Bro(W)NMNUw) <6},  (3.20)
and B o(W)={zeP:|z—W| <R}.

Theorem 10. Under Assumption 9, for o generict W € M, there exist a neighborhood
Uw CP of W, 69 >0, and Ry > 0 such that: for all 6 € (0,0], R € (0,Rp] and 0 :
P x [0,00) = P satisfying

de
o = VI and 6o € Vigyos(W), (3.21)
there exists a wy > 0 such that
d(0,Uw N M) < exp(—wyt)d(0g,Uw NM) for all te (0,00). (3.22)

If moreover W € My, then there exists an ey > 0 such that wy € [ww — ey, ww + €y],
where

2785 -2 if p<
Wy = mln{ f+,\ UP+1aCW} 1 p<1r, (3.23)
mln{2 Op—0pt1 ,(W} if p=17.

Here, 0p41 =0 if r=p, and (w > 0 depends implicitly on W, p and o1,...,0, (see (3.210)
in Appendiz 3.D.6).

Note that Theorem 10 gives an approximate lower bound for the exponent of the
convergence rate of the gradient flow of Z(W) as long as we start close enough to the set
of minima. Moreover, near balanced minimizers (W5, W;") € M; an implicitely computable
bound is given in (3.23). Note that to obtain a lower bound of the rate for the gradient
flow on J (W) in (3.10), we need to multiply wy by p for Dropout or p? for Dropconnect.

The constant Cy is the solution to the constrained quadratic program (3.210) in Ap-
pendix 3.D.6. Because the objective function of this constrained quadratic program de-
pends on W (recall that the convergence analysis here is local), a bound for (y that
is simultaneously sharp and independent of W cannot be given in general. However, if
the output has dimension one (e = 1), then we can prove the following special case of
Theorem 10:

Proposition 6. If the output dimension is one (e =1), then we can replace (3.23) in
Theorem 10 by

wy € [OJW — €U, WW -I—EU] where wy = 2&01. (3.24)

4Generic here refers to an ‘almost everywhere’ sense, whenever M has a Lebesgue measure. M

is an algebraic variety defined as the zero locus of a set of polynomials from (3.17). A point W € M
is smooth in M whenever the rank of a Jacobian is maximal. Only at the points where the rank is
not maximal we do not have generic points. This occurs only in an algebraic set of strictly lower
dimension than that of M. Formally, a generic set of the algebraic variety M consists of all W € M

up to a proper Zariski closed set in M. See [136] for reference.
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While Theorem 10 already hints at dependencies on the hyperparameters, Proposi-
tion 6 provides a lower bound for w that explicitly depends on the singular value o1 of the
data Y, the probability 1 —p of dropping nodes (or edges) encoded in A, and the number
of nodes in the hidden layer f. In particular, we obtain from Proposition 6 the rates

2(1-p?) 2(1—-p)
DC DO
whf =22 gy, whP= P g 3.25
W prf+1—p? W pf+1-p (8.25)

also shown in (3.5), after multiplying by the scaling p and p? for the cases of Dropconnect,
Dropout, respectively.

3.3.3 Discussion

Theorem 10 yields a convergence rate that depends on the singular values of the data
matrix Y, the dropout probability 1 —p, and the structure parameters e, f,h of the NN.
Observe that the rate wyy in (3.23) is the minimum of two terms. The first term (w
depends on the point W as well as p and gives a local perspective on the dependence of
the convergence rate on the initialization and the dropout probability (see Appendix 3.D.6
for its exact dependency)—for our purposes, the fact that it is strictly positive suffices.
The second term is namely independent of W € M, and provides a more global perspective
on the convergence rate’s dependency on the data matrix, the dropout probability, and
the structure parameters. Notably, the dependency on (y disappears in the case e =1,
as evidenced from Proposition 6. The simulations in Section 3.5 will additionally suggest
that the term (y in (3.23) does not appear to numerically dominate the convergence rate
when f > min{e,h}.

We obtain the rates in (3.5) from Proposition 6 through a multiplication using the
scalings discussed above in (3.13). We observe then that Dropout and Dropconnect have
an impaired convergence rate: the convergence rate in (3.5) is reduced by a factor p in
the case of Dropout, and p? in case of Dropconnect. This is in agreement with the results
in [29]. Observe furthermore from (3.5) that as p 11, ie., a regime without dropout,
w | 0. This tells us that for small dropout rates, convergence can be apparently slow for
some trajectories of the gradient flow problem. This is explained by the fact that for
p~1, points W satisfying Y = WyW; are almost minimizers of J(W). Finding an exact
minimizer becomes then less important since there is almost no regularization.

Note also that the rates in (3.5) tell us that in the overparametrized regime f>e=1,
for every f there is a dropout probability 1 —p* that maximizes the rate w. Solving
dw/dp = 0 shows that,

1 1 1 1
———— ~ —— for Dropconnect, and p*=-— ~ —7=
1+yF VT 12

*

for Dropout.

(3.26)

Setting p* as in (3.26) still implies that the maximizing convergence rate is w* ~ 20/ f.
Hence, the maximizing dropout probability 1 —p* will still have limited influence on the
convergence rate in this regime. To see this more explicitly, consider that for Dropout the
best rate w* = w(p*) compared to the rate when choosing a generic dropout probability
1—p € (6,1—19) satisfies w(p)/w* = 0.

Lastly, let us also consider the matrix factorization problem in which f < e, h. It follows
from Theorem 10 that when conducting matrix factorization with Dropout regularization,
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degeneracies at the minimum are avoided when rk(Y') < min{e, h}, i.e., when the data is
of low rank. In the objective function (3.13), with A > 0, the set of minima M around a
point W € Mp, only becomes degenerate when p 1 1. Indeed, we have 2Ax,p/(f +Ap) L 0
as pT 1 (recall that ¢y > 0 for any p € (0,1)). For matrix factorization, we will usually
have f < min{e,h} and p= f =r. In this case, up to the term (y, there is no dependence
of the convergence rate in (3.23) on the dropout probability 1 —p. Dependence starts
appearing when the smallest positive singular value satisfies o5 ~ 2Ak,p/(f + Ap), which
can occur as we increase the dropout probability. As we will see in the simulations in
Section 3.5, the dependence of the convergence rate on f also seems to display a different
behavior when f < min{e,h}.

3.4 Proofs

The proofs of Theorem 10 and Proposition 6 are based on two ideas. The first idea is that
the trajectories of a gradient flow, when starting close to a minimizer W* € M, should
depend to leading order only on the Hessian V2Z(W*). However, when M is a connected
set (or a manifold in this case), this may not be true. Additionally, we need the point W*
to be nondegenerate, in the sense that directions tangent to the manifold M are included
in the kernel of the Hessian and other directions must be orthogonal to M and not in the
kernel. A gradient flow ending in M can then be locally bounded using the eigenvalues of
V2Z. As it will turn out, ‘almost every’ point in M is nondegenerate. The second idea is
that we can give an explicit lower bound for the eigenvalues of the Hessian by restricting to
directions orthogonal to M. This requires careful computations and is the most involved
part of the proof.

3.4.1 Overview

Here is an overview of the steps that will prove Theorem 10 and Proposition 6:

Step 1. We formalize the first idea by relating a lower bound for the Hessian to the
convergence rate of gradient flow by using a recent result on nonconvex opti-
mization [21]. This result holds whenever the gradient flow is started close to
a minimizer in M, and requires the minimizer to be nondegenerate. Therefore,
to prove Theorem 10, we next need to explicitly compute a lower bound for the
Hessian on directions orthogonal to M and verify the nondegeneracy condition.

Steps 2, 3. We reduce the set of minimizers M to the set of balanced minimizers M; using
a group action. The set of balanced minimizers is namely easier to handle: we
can prove that Mj, is, up to a set of lower dimension than that of M}, a manifold,
i.e., My is generic. We compute the tangent space Ty M}, explicitly at a generic
point W.5 Using the group action again, we can then also obtain the tangent
space Ty M by extending the results from the set of balanced minimizers to
the set of minimizers.

5By this, we mean ‘for any W € M}, up to an algebraic set of lower dimension than M’ (formally,
‘up to a proper closed Zariski set in the algebraic variety M;’).
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Steps 4, 5. We compute the Hessian V2Z and calculate a lower bound when W € My C
M. This also implies immediately that W is nondegenerate in M. Leveraging
the group action again, we can then show that all generic points in M are
nondegenerate.

Step 6. Finally, we combine the result of Step I with the bound and nondegeneracy
property in Steps 4, 5 to prove Theorem 10 and Proposition 6.

3.4.2 Key steps

We now prove Theorem 10 and Proposition 6 step by step as listed previously. The detailed
proofs of each proposition presented here can be found in the Appendix.

Step 1. We use a recent result on the convergence rate of gradient descent methods
for general objective functions [21], in which the local convergence in a neighborhood Uy,
of W € M is guaranteed by the local nondegeneracy of the Hessian:

Definition 11. A set M C P of minimizers of Z(W) is locally nondegenerate at W if
there exists a neighborhood U C P of W, such that:

(i) MNU is a submanifold of P, and
(ii) for any pe MNU, dimT,(M NU)) = dimker V2Z(p).

We also say that the set M NU is nondegenerate if it is locally nondegenerate at any
WeMnNU.

Our first step is to prove the following specification of the bound in [21, Proposition
3.1]. The details are relegated to Appendix 3.C.

Proposition 7 (Adaptation of Proposition 3.1 in [21]). Let U C R? be an open subset
and let f:U — R be three times continuously differentiable. Let M = {w € R%: f(w) =
infgera f(0)} and suppose that UNM s a nonempty differentiable submanifold of R? of
dimension 0 < d. Suppose also that for allp € MU, d—d=r1k(V?f(p)) holds. Then, for
any xo € M NU there exists Rp,d0, A € (0,00) such that: for all § € (0,dp], R € (0,Ro] and
6:(0,00) — R? satisfying d6;/dt = —V f(0;) and 0y € VR /2,5(w0), it holds that

d(0s, M NU) < exp(=At)d(0p,MNU) forall te(0,00), (3.27)
where specifically
A= min m ’wTVQf(w)v’ . (3.28)
wGVRO"SO (W) HUH:1
veker V2 f(w)t

Observe now that Theorem 10 almost follows from Proposition 7 by identifying the
function f with the loss function Z—that is, up to the conditions of Theorem 10 and up
to (3.23). Eq. (3.23) is in fact a lower bound for (3.28), and the conditions are what allow
us to lower bound (3.28) in the first place.

To see where the conditions of Theorem 10 come from and how the bound in (3.23) is
obtained, consider the following approach. Suppose for a moment that we are given some
open subset U that meets the conditions of Proposition 7 and that M is nondegenerate.
If these hypotheses were true, then the convergence rate in (3.28) could be bounded by
providing for each W € M NU a lower bound for the Hessian V2T restricted to TV%,M. This
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is because the nondegeneracy of M would imply that for any W € M, ker V2Z(w) = Ty M
and therefore ker V2Z(w)® = T35, M, and (3.20) would then imply that V g 5(z0) C M NU.
The two hypotheses used in the approach above have however not been proven. Instead,
we will first prove that for a generic W € M there exists a neighborhood U satisfying the
conditions of Proposition 7 (Steps 2, 8), and this turns out to be sufficient. After this,
we will establish that V2Z(W)|,, LM is positive definite (Step 4), and then we lower
bound its minimum eigenvalue (Step 5) which allows us to approximately characterize w
in Theorem 10.
Step 2. We start by characterizing M using M, and a Lie group action on M. Let
H ~ (R*)f be the Lie group of invertible diagonal matrices, where R* = R\{0} is the
multiplicative group of invertible elements in R. We embed H in Rf*f via the diagonal
inclusion (a1,...,af) — Diag(a,...,af) € R/*f and define the action 7 of C' € H on M
by
7(C)(We,Wy) = (WoC,C~1 7). (3.29)

The action 7 can be used to reduce M to My, as formalized in Proposition 8. We refer
to Appendix 3.D.1 for its proof.

Proposition 8. For every W € M there exists a unique Cy € H such that n(Cw)(W) €
M.

For a subgroup G of O(f), we abuse notation and let L € O(f)/G be a representative
L € O(f) of the equivalence class [L] € O(f)/G of cosets. Via the group action in (3.29) we
can now characterize the set Mj: see Proposition 9, which is proven in Appendix 3.D.2.

Proposition 9. If Assumption 9 holds, then
O(f) . T B 22|, }
T a0 e (3 8)0) = T p A0 (330)

Here, the columns of U and V' contain the left- and right-singular vectors of Y = UXyV,
respectively,

22:< X Opx(f=p) > 21:( 2 Opx(h=p) ) (3.31)
Ote—p)xp  O(e—p)x(f—p) Os=pyxp  O(f=p)x(h—p)

M, = {(UEQL,LT21V) Le

where 0pxm denotes the all zero matriz of size n x m, and

Akp AKp
yeeeyOp—
f+pA r pf+p)\

Step 3. Next, we identify Ty My, the tangent space of My, whenever it is well defined
for W € M,. To do so, we find a manifold M, ~ O(f)/(I,®O(f — p)) such that M, C M,
and a map T : My — R/, whose preimage defines M, and Ty M, implicitly up to a set of
singular points Sing(Mjp). In particular, since for any W € M}, we have

»2 = Diag (al —p ) eRPXP, (3.32)

22
Diag(W4 Wy) = Diag(W,W{) = H f”llf, (3.33)

we will define the map 7 : My — R/ by

T(Wa,W1) = Diag(W4 Wa) = Diag(W, W{). (3.34)
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This map is well defined for each equivalence class in O(f)/(I, ® O(f — p)) ~ M and has
at most rank f —1 instead of f, since the trace of (3.33) is fixed in M}. We can next use
the émplicit function theorem [113, Theorem 5.5] to prove in Appendix 3.D.3 that:

Proposition 10. Let W € M;\Sing(My), where

Sing(Mp) ={W € My, : 1k(DwT) < f —1}. (3.35)
If Assumption 9 holds, then there exists an open neighborhood Uy C P of W € Uy such
that:
(a) Uw N My is a submanifold of My, of codimension f—1, and

(b) Tw M, =kerDyw T, where the differential map DywT : Ty My, — TT(W)]Rf at W =
(U%28,8T%1V) given by

X E Xt -E
DWT(VQ,Vl):DWT(UZQ <_ET O>S,ST (ET 0 )zlv)

2 2
= 2Diag <ST (E OX > OE ) S) . (3.36)

The set Sing(Mj}) contains the singular points of Mp, which are points where the usual
tangent space cannot be defined in local coordinates. Consequently, M; cannot be a
manifold at these points. Finally, we prove that most points in M; are regular, that is,
they are nonsingular. The proof is relegated to Appendix 3.D.4:

Proposition 11. If Assumption 9 holds, then:

(a) Sing(My) is a proper closed set in My.

(b) My is a manifold up to an algebraic set of lower dimension than that of My (i.e., any
generic point in My is regular).

(¢c) My has codimension f—1 in M,,.

Step 4. Now that we have identified Ty M} in Proposition 10, we can use the fact
that M can be reduced to M via the group action m of Step 2. This allows us to compute
the tangent space Ty M at a regular point W € M, \Sing(Mp) C M, and to also compute
the cotangent space TJwM . The latter task is done in Lemma 26 in Appendix 3.D.6.

Having now characterized the cotangent space TJV‘VM , we continue by computing a
lower bound for the Hessian. We start by calculating the Hessian in Appendix 3.D.5, and
identify it as follows:

Proposition 12. For W = (Wy,W1) € P, (V1,V2) € TwP, the Hessian V2L(W) satisfies

T
(vec(V1),vec(Va)) " VEZ(W) (vec(V4),vec(Va)) = 2||WaVi + Va Wi ||
+ 2XTr[ViI Diag(WJ Wo) V1] + 2ATr[VaDiag(W1 W VL] — ATe[VE VL (Y — S, [Y])]
+2)(||Diag(Vy' Wa) + Diag(W{ Vi) |# — | Diag(V5" W) — Diag(W{ V1)) (3.37)

Rmxn

as a bilinear form. Here, for any A € we consider vectorization notation, that is,

vec(A) =[a1,1,--,am,1,---, Q1 n, - 7am,n]T cR™", (3.38)
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Finally, we lower bound the Hessian in the directions normal to the manifold of minima.
The proof of the following is relegated to Appendix 3.D.6:

Proposition 13. Suppose Assumption 9 holds. For any W € M, N M\Sing(M) C M,
V2Z(W) restricted to TJV-VM is a positive definite bilinear form. Furthermore,

VQI(W)|T¢V = (3.39)

where

. AKpp .
ming (w,2575- — 20 +1} ifp<f
F+ap 8 (3.40)

w= )
min CWaQ(Up*Up-H)} ifp=f

Here, ¢y > 0 is a positive constant that depends on W, X and X. If p=r (recall from
(3.32) that we have p <), then we set 611 =0py1 =0.
In the case that p =1, the result holds with (3.40) replaced by

B 201f% ifr=1, (3.41)
201 f—i)\ — 209 otherwise. '

Step 5. Proposition 13 reveals that for W € M, N M\Sing(M) C M, M is locally
nondegenerate at W—recall Definition 11. But in order to apply Proposition 7, we need
to also prove that M is nondegenerate in a large enough neighborhood around such regular
point. By continuity, we then obtain a lower bound of the Hessian in a neighborhood of w:
that is, the bound in (3.28) will hold with X € [w — €,w + €] for some ¢ > 0. The following
is proved in Appendix 3.D.7.

Proposition 14. Suppose Assumption 9 holds. If W € M, N M\Sing(M), then there
exists a neighborhood Uy CP of W such that:

(a) for any W' € Uy N M, ker VZ(W') = Ty M;
(b) Uy NM is a locally nondegenerate manifold; and
(c) for any W' e Uy NM,
min oI V2Z(W')v = wy > 0. (3.42)

llv]|=1
vETy, M

Proposition 14 covers only regular points in M, N M. We will now extend the results
to M in the generic sense. By using the action 7 from (3.29) we can show that if a point
W € My is regular, so is 7(C)(W) € M for any C' € H. The action on M, generates M
and by Proposition 11 M, is regular for generic points and moreover nondegenerate by
Proposition 14. We prove the following in Appendix 3.D.8.

Proposition 15. If Assumption 9 holds, then the set M is a nondegenerate manifold for
generic points.

Step 6. We are now in a position to prove Theorem 10 and Proposition 6 by applying
Proposition 7. Proposition 15 yields that M is a nondegenerate manifold for generic points.
Together with Proposition 14, this implies that up to an algebraic set of lower dimension
than the dimension of M, for each W € M there exists a neighborhood Uy, C P such that
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for any W’ € Uy N M there exists a constant wyy so that (3.42) holds. Hence, setting
A = miny ey, np Wi, We obtain a lower bound for (3.28) and a proof of convergence
close to M. If moreover W € My, then the lower bound (3.40) for (3.28) in Proposition 13
proves that if Uy is small enough for W € Mj, the bound (3.23) in Theorem 10 holds by
continuity.

In case p =1, Proposition 13’s lower bound (3.41) to (3.28) proves (3.24) in Proposi-
tion 6.

This concludes the proof. ]

3.5 Numerical experiments
In this section we implement the gradient descent algorithm
witH — it g with), (3.43)

numerically,® and apply it to Dropout’s objective function in (3.11). We measure the
convergence rate of gradient descent for different widths f and dropout probabilities 1 —p
and conduct a comparison of these measurements to our bound for the convergence rate
in (3.25).

Related experimental results for the convergence of Dropout can be found in [31]. The
number of iterations required for convergence, as well as the dependence of the performance
on the initialization, have been investigated experimentally both for the linear NN case
[35] as well as for Dropout [60].

3.5.1 Setup

Datasets. We use the following datasets obtained from the UCI Machine Learning Repos-

itory:7

(i)  the Super Conductivity (SC) dataset [55], which describes the critical temperature
of superconductors, with input dimension h = 81 and output dimension e = 1;

(ii)  the Modified National Institute of Standards and Technology (MNIST) digit dataset
[125], which contains images of handwritten digits, with h =784 and e = 10; and

(iii) the Canadian Institute For Advanced Research (CIFAR)-100 image dataset [128],
which is a collection of images of items associated with 100 different classes. We
convert the RGB images to grayscale images yielding h = 1024 and e = 100.

After first whitening and then normalizing the data, we obtain for each dataset a matrix

Y € R®*" that satisfies ||Y||p = 1. This matrix is used in the risk function in (3.11). We

remark that Assumption 9 holds numerically for each dataset.

Stopping criteria. In all experiments, we stop the gradient descent algorithm in (3.43)

cither when the Frobenius norm of the gradient ||[V.7(W{t})|p drops below a threshold,

or when it reaches a maximum number of iterations. Specifically, we let T = inf.{¢ :

VT (W ||p < 1075} ATiax be the random termination time of any one run of the

6The source code of our implementation is available at https://gitlab.tue.nl/20061069/
asymptotic-convergence-rate-of-dropout-on-shallow-linear-neural-networks.
"The UCI Machine Learning Repository repository is located at https://archive.ics.uci.edu/.


https://gitlab.tue.nl/20061069/asymptotic-convergence-rate-of-dropout-on-shallow-linear-neural-networks
https://gitlab.tue.nl/20061069/asymptotic-convergence-rate-of-dropout-on-shallow-linear-neural-networks
https://archive.ics.uci.edu/
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gradient descent algorithm with Tyax = 10° /2 for SC and MNIST, and Tax = 10° for
CIFAR.

Initialization. In each experiment we set the initial weights w0} according to one of two
methods. The first method we will call Gaussian initialization: we set every weight W ~
Normal(0,£2) in an independent manner. The second method we will call e-initialization:
when p =1, we use Lemma 22 to sample a random balanced minimizer Wi’; i in My and
then set every weight Wi ~ Normal(Wi*j k,€2) in an independent fashion; when p > 1, we
use [60, Algorithm 2] with random orthogonal initialization to sample a random balanced
minimizer W{;‘k in My.

Step size. In each experiment the step size is n = 1072 and fixed.

3.5.2 Results

Figures 3.5.1 and 3.5.2 show convergence rate fit results for different parameters p, f and
the different datasets for one or two different initialization methods with different values
of £ and e. Our fitting procedure worked as follows:

Step 1. For various f € F C Ny, pe P C [0,1], we ran gradient descent as explained in
Section 3.5.1. If the run terminated at a time T < Tyax, then we fitted the model

G(t;a,By,p) = ae Prvt (3.44)
to the points {(t,||VI (W ||p):t=|yT],...,T}. Here, v € [0,1). In this way, we obtain

an estimate Bf,p for the parameter (s, with which the model in (3.44) best fits the mea-
sured convergence rate. Note that the estimate 3, is random because of our initialization.
By conducting independent runs, we obtain a set of sample averages {(8fp)} e F.peP-

Step 2. To obtain each Figure 3.5.1(a) we fixed f € N4 and fitted

bp

)= ey

(3.45)
to {(p, (ﬁﬁp))}pep. If a fit did not result in a positive estimate 3f7p > 0, then this estimate
was discarded. This eliminates runs that pass close to a saddle point. Estimates IA),& are
obtained for the parameters b,a for which the model in (3.45) best describes the sample
average convergence rate.

Step 3. To obtain each of the Figures 3.5.1(b) and 3.5.2, we fixed p € [0,1] and then fitted
the model

bp(1—p)

Bp(fibc,a) = Sfariopte (3.46)
to {(f,{Bsp))} er. If afit did not result in a positive estimate 3y, > 0, then this estimate
was discarded. This eliminates runs that pass close to a saddle point. This similarly yields
estimates ?),67& for the best model parameters b,c,a in (3.46).

Step 4. To obtain each Figure 3.5.1(c), we fitted the model in (3.44) with p =0.7 to the
points {(t,||VT(WH|p):t=0,...,10%} for different f. After obtaining vap we then
depicted nyp/p as a function of f.

Note after substituting (3.45) or (3.46) into (3.44), that both exponents have an extra
factor p when compared to our bound in Proposition 6. This is because we implemented
the objective function J (W) in (3.11) as opposed to Z(W) in (3.13). Also, if our bound
in Proposition 6 turns out to be sufficiently sharp, then we can expect that & =~ 1 in either
model.
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Figure 3.5.1: Column (a): Sample average convergence rate as a function of p for fized widths

f when v=0.9. Here, f =20 for the SC dataset, f =40 for the MNIST dataset
and f =400 for the CIFAR dataset. Our fits of (3.45) are also shown, and the
inset shows the chosen & or € as well as the resulting fit parameters &. Observe
that the sample averages are mostly decreasing in p, in agreement with our bound
in (3.25). It is worth noting, however, that for CIFAR, the number of iterations
was Tmax = 10° instead of Tmax = 106/2. Hence, more iterations may have been
required to achieve plots similar to those for SC and MNIST. Column (b): Sample
average convergence rate as a function of f for fized p=0.7 for the SC, MNIST, and
CIFAR datasets. The fits of (3.46) are again shown and the inset gives the resulting
fit parameters. Recall that by (3.25), we may expect for sufficiently small € that
B/p~1/f as f — oo and consequently &~ 1. This is confirmed by the different values
of & shown in Figure 3.5.2. Observe for the MNIST and CIFAR datasets that when
the output dimension f <e = 10,100, respectively, the convergence rate does not yet
agree with a 1/f dependency. We expect that for small f in these cases the minimum
in (3.40) is dominated by the term Cy . Column (c): Sample average convergence
rate as a function of f for fired p = 0.7 and each of the datasets. Differently from
columns (a,b), we fit here the initial sterations—iterations 0,...,10%. Observe that
overparametrization improves the convergence rate during the initial iterations of
gradient descent.
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Figure 8.5.2: All resulting fit parameters & as a function of loge for fized p = 0.7 and
various vy in the regime f > e for each of the three datasets. Observe that
indeed & ~1 as €] 0, as predicted analytically by our bound in (3.25) for the
SC dataset. This shows that the bound is sharp in this regime. The other
datasets show similar behavior, though the uncertainty is relatively high for
the MNIST dataset. This is due to saddle points we encountered during our
simulations, whose effect becomes less pronounced as € | 0 and in the tail of
the convergence rate (y11).

3.5.3 Discussion

Figures 3.5.1(a,b) and 3.5.2 show that the local bound in (3.25) characterizes the conver-
gence rate of gradient descent close to convergence qualitatively:

— The characteristic decay of the convergence rate as f and p/(1—p) increase, as predicted
by (3.25), is confirmed experimentally with the fits in columns (a) and (b), respectively. We
see that the expected dependence of the decay of 5 on f occurs whenever f > e. Observe
that 3 and & depend strongly on the initialization, which is determined here by £ and e.
This may be explained as follows. For larger £, e, we initialize farther away from minima.
Trajectories of gradient descent that follow valleys of the objective function J (W )—regions
where the loss is close to the minima and where slower convergence rates are expected—are
then favored, explaining why we see a smaller sample average convergence rate. When
f < min{e,h}, thus in the matrix factorization regime, the convergence rate appears to
behave differently as seen in column (b) with the MNIST and CIFAR datasets.

— These various decay rates that were measured were used to calculate fit parameters
&. These tend approximately to one as e becomes smaller as shown in Figure 3.5.2,
in accordance with Theorem 10. Note that while the values of & tend close to 1 as € 0
independently of v with various degrees, there is a shift to larger values of & as we increase
€. This is because we are seeing an average convergence rate of the trajectories instead of
the lowest convergence rate in (3.25).

In Figure 3.5.1(c) we observe that for the first iterations of gradient descent, the
convergence rate improves with f in all three datasets. In particular, if we initialize far
away from minima, then gradient descent converges faster to what are most likely flat areas
of the objective function. Even when the step size is too large and the rate is negative (we
increase the loss function), the rate still increases with f. This is in contrast to close to
convergence in column (b) where the flatness close to minima also increases with f which
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translates to lower convergence rates.

Finally, Figure 3.5.1 indicates that independently of the regularization properties of
Dropout and the inherent scaling of 1/p in the number of iterations [29], for p11 or f — o0,
the landscape of Dropout close to the minimum becomes less rough. The objective function
seems to consist of deep valleys with flat bottoms. Early on, gradient descent descends
the steep valleys quickly, and once at the bottom the convergence rate becomes worse in
a manner described by Theorem 1. The steepness and flatness both depend on f, and the
numerical results in Figures (b) and (d) suggest that both become more pronounced as
f— 0.

3.5.4 Beyond the current model

In the previous three subsections we have discussed numerical experiments that used a
gradient descent algorithm to train shallow linear NNs. While not exactly the same,
this is quite similar to the model behind Theorem 10 (recall that Theorem 10 is about
trajectories of a gradient flow). We will therefore now briefly investigate the behavior of
the convergence rate in stochastic Dropout, which comes closer to practice. This gives
insight into the descriptive limitations of our results also.

Specifically, for the SC dataset we have implemented stochastic Dropout for different
values of p on: (a) a linear, 500 unit wide, shallow NN with quadratic loss; (b) a linear,
500 unit wide, shallow NN with softmax at the output with quadratic loss; (¢) a modified
LeNet [145] containing two convolutional layers, two pooling layers and two dense layers,
of which the first dense layer is a 500 wide linear layer and the second is an output linear
layer with quadratic loss; and (d) the same modified LeNet but with softmax activation
at the output and with quadratic loss. Note that setups (a)—(d) all extend beyond our
modeling assumptions, and each does so to an increasingly degree.

Figure 3.5.3 shows that the scaled convergence rate 3/p decreases in setups (a) and (b),
and increases in setups (c) and (d). A decrease in convergence rate is shared qualitatively
by our results; an increase in convergence rate is not. By next plotting g versus p for
setups (a) and (b), we can examine the convergence rate’s asymptotic behavior with more
precision. Observe from (a’) and (b’) that a maximizer is observed for setup (a), which
is in qualitative agreement with our results; whereas for setup (b) such maximizer is not
observed. The different activation function may be the cause for such different behavior.

3.6 Conclusion

In this chapter we have analyzed the convergence rate of the gradient flow on the objective
functions induced by Dropout and Dropconnect for shallow linear NNs. Theorem 10 gives
a lower bound for the convergence rate that depends implicitly on the data matrix, the
probability of dropping nodes or edges, and the structure parameters of the NN. We
provide in Proposition 6 a closed-form expression for our lower bound for the convergence
rate in the case of a one-dimensional output. This gives insight into the dependencies
of the convergence rate. The simulations show that indeed, the convergence rate of the
gradient descent counterpart exhibits similar qualitative dependencies as our bound.
After the results of this chapter, one may guess if the results of this chapter could
be extended to NNs with nonlinear activation functions. To do so, an analysis of the
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minima of the objective in the nonlinear case should be first conducted. While certainly
challenging, a recent paper in this direction is [15], where Rectified Linear Unit (ReLU)
neural networks are considered. This extension is, however, outside the scope of this thesis.

Appendix

Notation for the appendix

For any vector a = (a1,---,ay), we denote by Diag(a1,- - ,ay) the matrix in R/ *J with the
vector a in the diagonal and zeroes everywhere else. For a matrix A € R/*f we denote
Diag(A) = Diag(A11,...,A¢f). For a matrix A with singular values A1,..., A, we denote
the 1-norm as [|All1 =Y _;_; Ai.

3.A On assumption 9

We used Assumption 9 to establish Theorem 10 and Proposition 6 and for these results
to be applicable in a range of scenarios.

Assumption 9 is sufficient for our proofs and reduces the complexity of the analysis
without loss of the key features. The case that some of the singular values are equal can
conceivably be tackled with techniques similar to those in this chapter. This would add
more degeneracy to the minima and would change the subgroup representation in (3.30)
by adding several additional orthogonal subgroups of lower dimensions in the stabilizer
subgroup in (3.97).

Assumption 9 also allows for fairly generic data matrices Y. To see this, consider first
that the subset of matrices of fixed rank that do not satisfy Assumption 9 has measure
zero. If the data is, for example, drawn randomly from a data distribution with continuous
support—even from a continuous distribution in an affine subspace—then the assumption
will hold with high probability.

3.B Proofs of Section 3.2

3.B.1 Proof of (3.8) — Data whitening
For simplicity, let W = Wy W;. Recall also that Y = YXT(XxT)~1/2, We now apply the
identity

|A= Bl% = [ Al§ —2(A, B)r + || B|[f = Tr[AAT] - 2Tx[AT B] + Tr[BB"] (3.47)

twice, to obtain

Rn(W) = Y - W2 P27 YT - 2Te[YXTW] + Te WA X TWT]

=TV -2 [T (x xT) 2 (x xTHYH T e (W (x TV 2w (x T2 T)
=Te[Y YT —2Te[y W(x xT)1/2)T]

+ (WX XYY (W (x x ™)V T + e[y YT - e[y YT

P2 |y - + Yy - Ty YT, (3.48)
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3.B.2 Proof of Lemma 15

Proof of (3.11). Note that (3.11) is a known expression for Dropout in the literature. In
particular, see [51, Eq. (10)], [60, Eq. (10)] and [42, Lemma A.1].

Proof of (3.12). When using Dropconnect, we have for i € {1,2} that each matrix element
F;j1 ~ Ber(p) is independent and identically distributed as indicated. We find that

TJW) =E[|]Y — (W20 F) (W, © F1)||3]
=K {HY — P WoWq + p*WoWy — (W © Fo) (W QFI)H%}
—E[|Y  pPWaWi |2 + 2 Wa Wi — (W2 © F)(W1 0 Fy) 3

+23 (Y =W W) T (P Wa Wi — (Wa © Fa) (W) @Fl))ij} . (3.49)
%]

Note that E[(Wo© F2)(W1 0 Fy)] = p>WoW71, so the right-most term equals zero. Further-
more, we can expand

E [szWle - (W20 F2)(Wh ®F1)||%] = [P WaW1 g +E[|(W2 © F2) (W1 0 Fy)|}]

—2E [Z((pQWQWﬂT(WQ OFRW10F1))ij|.
’ (3.50)

After now (i) substituting (3.50) into (3.49) and rearranging terms, and then (ii) writing
out the Frobenius norm, it follows that

TW) =Y —p* Wl |} U E[|[(W2 © F2)(W1 6 F1)|| 7]

:E[E[H(W2®F2)(W1 ®F1)H%‘F1H @ E[E [Z (ZWQaiFQaiWume)z’FlH-

(3.51)
Use (iii) the fact that (3 asb;)? =Y, afb? +2 i aibia;bj now twice, to conclude that

TW) =Y = p*WaW[2
i 2
(:)E[E ((p—pz) E Wi Wi Fiy, +p2(§ WaaiWiinFip) )}

a,b
2
=3 (bo =) Y W +97 (0= 2) D WE W+ (S WaaiWiar)?) )
a,b i % i
= (p* —p")Tr [Diag(W1 W) Diag(Wo W5 )| +p* | Wa W1 |2 (3.52)

Substituting (3.52) into (3.49) results in (3.12). This completes the proof.

3.B.3 Proof of Lemma 16

Let W(t) = (Wa(t),W1(t)) denote a solution to (3.21). We will now prove the following
facts:
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() It Diag(W; (0) W7 (0)) = Diag(WE (0)1V(0), then Diag(1W1 (1) W (¢)) = Diag (W (1)
Wa(t)) for any ¢t > 0.

(i) If Wy (0)Wi(0) = Wi (0)W2(0), then Wi ()W (t) = W4l (t)Wa(t) for any ¢ > 0.

(iii) If Diag(W1(0)W(0)) = Diag(W4 (0)W2(0)) and W (t) converges as t — oo, then
also limy_y oo Wi (H)WTE () = limy—y 00 Wok (¢)Wa(t).

Note that (i), (ii) show that Mgy, M}, are invariant sets for the differential equation
(3.21), respectively. In the argumentation that follows, let V; denote the gradient op-
erator in matrix form for i € {1,2}. For example, VoZ(W) € R/ and (V2Z(W));; =
OZ(W)/0(W3);;. The negative gradients of (3.13) are computed e.g. in [60] and are given
by:

—V1Z(W) = 2W (Y — Wo W) — 2ADiag(W4 Wa) W1,
—VoZ(W) =2(Y — WoW1 )WL — 2AW,Diag(W, W). (3.53)

Proof of (i). We take time derivatives of Wy (¢)WL (t), W (t)Wa(t) and substitute (3.21),
ie., dW;/dt = -V, Z(W(t)) for i =1,2. This results in

% (Wi ()WL (1) = -Wi(t)ViZ(W (t)" = ViZ(W (1)W1 (t)T, (3.54)
% (W3 ($)Wa(t)) = —V2Z(W (1) TWa(t) — Wa(t) T V2 Z(W (1)), (3.55)

respectively. We subtract (3.55) from (3.54) and then substitute (3.53), to find that

d
dt
— —2(Diag(W5 ()Wa ()WL (W (6) + W ()W (6)Diag (W ()W (1))

(Wa(OWy' (8) = W3 () Wa(t))

~ W ()Wa()Diag(W1 ()W (1)) ~ Diag(Wa ()W ()W ()Wa(t)).  (3.50)
Conclude in particular that

< (Ding(W1 (W (1)) ~ Ding (W (1) W(1)) =0, (3.57)

by taking diagonals. Its solution is given by

Diag(W1(1)Wy' () — Diag(Wy (t)Wa(t)) = Diag(W1(0)Wy' (0)) — Diag(W5 (0)W2(0)),
(3.58)
i.e., a constant. This proves (i).
Proof of (ii). The implied and weaker assumption Diag(WW1 (0)W1'(0)) = Diag(W (0)1W2(0))
combined with (3.58) reveals that

Diag(W1 (1)W1 ()) = Diag(WJ () Wa(t)) = A(t) (3.59)

say, for any ¢ > 0. Combining Wy ()WL (t) — Wot (£)Wa(t) = S(t), say, with (3.59) lets us
reduce (3.56) to
ds(¢)

A CGEIORS S(t)A(1)). (3.60)
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The solution of (3.60) in a neighborhood V of 0 is given by

—2) [ A(s)ds —2x fot A(s)ds

S(t)y=e S(0)e (3.61)

Since S(0) = 0 by assumption, we have that S(¢) =0 for all £ > 0. This proves (ii).

Proof of (iii). We distinguish several cases.

Case 1: Suppose that there exists an [ such that both the row Wy;.(t) and the column
Wo.i(t) converge to 0. Then

(Wl( YW (¢t Zth (O)Wik(t) =0 whenever i=1 or j=I (3.62)

and similarly

(W2 (t)Wa(t) ZW%’ YWag;(t) =0 whenever =1 or j=1L (3.63)

In particular, we have that
. . T . .
tlggo(WQ (t)Wal(t )) = thm (Wl(t)Wl (t))ij whenever =1 or j=I. (3.64)

Case 2: Consider now any [ for which either the row Wy (¢) or the column Wo.(t) does
not converge to zero. In particular, there must then exist a sufficiently large ¢; > 0 and
€; > 0 such that

NU
An(t Z Wi (1) Z Wiia(t) > e (3.65)

for all t > t;. We therefore also have by (3.61) that

t
—2A‘ftl Aj(s)ds A]](s)ds

Sij(t)=e Spi(t)e " u
<|S(ty)|e” P&t 0 for j=1,...,f. (3.66)

Hence, we obtain lim;_, o Sy;(t) = 0 for any j and so (iii) is proven.
Proof that My = Mgp. Fact (i) implies that My is an invariant set for (3.21). Fact (iii)
tells us that if W (0) € Mg, and W (¢) converges, then lim;_, o W (t) € M. Combining facts
(i) and (iii), it must be that Mg, C M.

The inclusion My C My, follows immediately from Definition 8. This concludes the
proof.

3.C Proof of Proposition 7

Proposition 7 is a specification of [21, Proposition 3.1]. To arrive at Proposition 7, all
we need to do is prove that [21, Proposition 3.1] holds with the implicit convergence rate
there () replaced by the convergence rate

|UTV2f(w)v

_min , (3.67)
wEVRy 5, (20) llvl|=1
veker V2 f(w)t
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where Vg 5(z0) is defined in (3.20). The convergence rate appears implicitly in the proof

of [21, Proposition 3.1] after the application of [21, Lemma 2.9] at [21, (3.11)]. Hence, we

need to make appropriate modifications to these steps in the proof of [21, Lemma 2.9)].

Modifications to the proof of [21, Lemma 2.9]. Let 9 € MNU. Since M NU is a nonempty

9-dimensional submanifold of R?, we have by [21, Proposition 2.1] that there exists a

neighborhood Vi (z¢) of z¢ such that:

(a) For every x € Vi(xo), there exists a unique projection x,. € M NU say such that
|z =z« = d(x, MNU).

(b)  This projection map x — z is locally C'-smooth.

Fix Rp,d0 > 0 such that for any ¢ € (0,d0], R € (0, Ro], it holds that ‘_/375(230) C Vi(zo).
There exists an r € (0,00) such that

max HVZf(y*)H <

1
) - (3.68)
YyEBRy (z0)NMNU r

Our modified proof will be complete when we find a A that satisfies the following
conditions:

(i) 0<aAc< MAXy e B (20)NMAU V2 f (gl

(ii) for any @ € Vg 5(20), [|(z —ax) = V2 f(24) - (z —2.)[| £ (1 —rA)[z —2.]; and
(i) for any x € Vg 5(z0), (V2f(l‘*) (z fx*)) (r—z4) > Az — 24|

Condition (iii) is essentially our addendum to the proof of [21, Lemma 2.9].

Note that by assumption, M NU is a nondegenerate submanifold of P (see Defini-
tion 11), so there is an embedding M NU — P inducing an orthogonal decomposition

Tw,RE=T,, (MNU)® Ny, = Py, ® Ny, (3.69)

for which V2 f(w.)|p,, >0 and V2 f(w,)|n,, =0 for any w,. It holds moreover that for
any w' € Br, (7o) "M NU that dim(ker V2 f(w’)) = s.
Taking inspiration from the decomposition in (3.69), we will now prove that the can-
didate
A= min min ‘UTV2f(UJ*)U| (3.70)
wEVRg,5, (z0) llvll=1
ve€ker sz(w*)L:Pw*
satisfies Conditions (i)—(iii).
Condition (i): The orthogonal decomposition in (3.69) together with the compactness of
‘730750 guarantees the strict positivity of (3.70). That is, A> 0.
For any w € VRO@O(.TU), it holds that w. € Br(xo) N M NU. This implies that

A< max  [[VPf(w.)[| < max V2 f (w)l. (3.71)
wEVR 54 (T0) w€Bp, (z0)NMNU

Condition (ii): Let « € Vg s(xo). Since x —z, € Py, it follows that
Iz —22) =rV2 f(a.) - (@ —2) |2 = |1 =r V2 f(22)) - (z = z0)|*. (3.72)

Recall now that we have the positive bilinear form V2 f(z,))|p,, on Py, . Let the minimal
eigenvalue of V2f(z.))|p,, be Amin(V2f(2+)|p,,) > 0. By (3.68),

0<(1—rVf(@)lp,, <1—rAmn(V2f(@.)]p,,) (3.73)
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as a positive bilinear form, so that
(1 =rV2f(@)) - (2 =) |? < (L=rAmin (V2 f(22)[p,,)) 2 — 24| (3.74)

We have by nondegeneracy that Py, =kerV2f(z,)*. Therefore Amin(V2f(2:)|p,.) > A
for any x € Vg s(x0).
Condition (iii). Let € Vg (20). Similar to (ii), from Amin (V2 f(24)|p,,) > A we conclude
also

(VQf(ZL‘*)'(x*JL‘*))'(QJ*SL‘*)ZS\HZ‘*LL‘*HQ. (3.75)

This completes the proof.

3.D Proofs of Section 3.4

3.D.1 Proof of Proposition 8 — Reduction from M to M,

Let W = (W2, W1) € M and let 7 be the action from (3.29). Note that 7(C)(Wa,W1) € M,
since 7 preserves the conditions in (3.17) for W to be a minimum. Hence, 7 is well defined.
Note now also that the same conditions imply that for i =1,..., f,

(Diag(Wy W3')),, >0, (Diag(WiWi")),, >0. (3.76)
This enables us to define
Cw = Diag(W1 W)Y 4Diag(Wo W) ~1/4 (3.77)
and then consider the point 7(Cyy )(W) = (W, W1) say. For this particular point,

Diag(W512) “2” C{f, Diag (W3 W2) Oy

(3.77)

Diag(WWs)/2Diag(W, Wi)1/2 G217 L/‘; [

Iy (3.78)
= Diag(W, W). (3.79)

Here, (3.79) follows using the same (but appropriately modified) argumentation as for
(3.78). Consequently, 7(Cyw )(W) € Mgp. Recalling that My = Mg, by Lemma 16 concludes
the proof. a

3.D.2 Proof of Proposition 9 — Characterization of M,,.

Recall My, Mgy’s definitions in (3.18), (3.19), respectively. We now introduce the following
two extended sets:

My ={W = (Wa,W1) € P: Wa Wa = Wi W, WolWy = S,[Y]}, and (3.80)
Mg, = {W = (W2,W1) € P : Diag(W, Wa) = Diag(W1W{'), Wo W1 = Sa[Y]}. (3.81)

The sets Mgy, My also contain diagonally balanced and balanced points respectively, but
these points are not necessarily minima. They are extensions because

Mdb:Mdme7 and Mb:MbﬁM. (382)

Recall the definitions of p in (3.15), ¥9,3; in (3.31), and X in (3.32).
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Lemma 17. If Assumption 9 holds, then there exist a full SVD of W = (W, W7) € M,
of the form (U¥2S,ST1V) where S € O(f).

Proof. Let W = (W, W) € M. Consider a compact SVD of the following form W =
(Us¥252,ST¥1V1). Note that for this compact SVD in particular

S283 =Idgs, and S1ST =TIdy, s . (3.83)

We also suppose (without loss of generality) that the singular values of 3y and ¥, are
both ordered in the diagonal from largest to smallest.

Observe that
(3.80)

ST326, =wEwy, = Wwiwt = STR2s,. (3.84)

Uniqueness of the singular values combined with (3.84) implies that there exists a permu-

tation matrix P such that Yo = PY. Moreover, because the singular values of Yo 3 are

ordered by construction, we must have that (i) ¥ =31 = % say. From (3.84), it follows
in particular that

ST328, = ST%2S). (3.85)

Suppose now that ¥ € R¥*!, that the singular values are given by Aj,...,As (each
distinct), and that their multiplicities are given by r1,...,75. Recall that Zleri =1
necessarily. After left-, right-multiplying (3.85) by Sa, ST, respectively, it follows that the
matrix L =SS commutes with ¥2: $2L = L2, Combining this fact with the fact that

ATy xry
- ALy xrg
»? = , (3.86)

2
ASI’I‘S XTg

in which all off-diagonal elements are equal to zero, leads to the conclusion that the matrix
L must be a conformally partitioned block-diagonal matrix of the form

Ly
L= . . (3.87)

.Ls

Furthermore, L must have strictly positive entries and Ly € O(r1),...,Ls € O(rs) because
of the uniqueness of the eigenspaces for each eigenvalue and therefore L € O(l). Conse-
quently, L also commutes with >

SL=LX. (3.88)

Let U.X2V. now be a compact SVD of S, [Y]. Recall (3.15) and (3.16), and conclude
that X2 is given by (3.32). Observe that
0.2V, = Sa[v] “2 oy OX2) 1,505,575 L vosrsns C22 v, 1521, (3.80)
Remark now that (UsL)T(UsL) =1d;. Consequently, the left-hand side as well as the
right-hand side of (3.89) are compact SVDs. By uniqueness of the singular values we

must again have that there exists a permutation matrix P’ such that 2 = P’$2. By
construction, the singular values of both diagonal matrices %2 and 32 were put in the
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same order. This implies that we must have %2 = %2 By positivity of the entries, we
must consequently also have (ii) ¥ = X. The singular values in %2 have no multiplicity by
Assumption 9, so equating multiplicities yields 1 =...=r, =1, l = p. Moreover, L € O(r)
is a diagonal matrix with {—1,+1}-valued entries.

The uniqueness of the left and right eigenvectors in the left-hand side as well as the
right-hand side of (3.89) together with the fact that all eigenvalues of ¥ have multiplicity
one, implies that there exists a diagonal matrix D with entries in {—1,+1} such that U.D =
UsL and (iii) DV, = V4. In particular, (iv) Uy = U.DLT = U.DL. Also, from the facts that
L is a diagonal matrix with {—1,41}-valued entries and both S, S have orthonormal
rows, we obtain from L = S5ST that (v) LSy = Sa. Utilizing (i-v), together with (vi) the
fact that D, L,> are diagonal matrices which are thus symmetric and commute, we can
rewrite the compact SVD of W as

(125585, 8T8 1) 2 (0,38, 8T517) "2 (0. DL Sy, STEDVL)

Y (U.DLDS,, STLDV) Y (UB(DLS,), (S:LD)TSVL). (3.90)

We can extend the compact SVD in (3.90) to a full SVD by noting that S will be the
extension of DLSy to an orthogonal matrix in O(f), and U and V will be the extensions
of U. and V; to O(e) and O(h), respectively. Similarly, ¥ and ¥; will be the extension
to a full SVD. O

We next characterize M, from (3.80) as a homogeneous manifold. Let us summarize
the method first. Suppose that G is a finite-dimensional Lie group, that is, a group with
a smooth manifold structure (for example, GL(n) or SL(n)). Suppose for a moment that
My, is a set, and that there is a transitive Lie group action 7 : G x My — M,. A transitive
action means that for any a,b € M, there exists a g € G such that 7(g)(a) = b. We define
the stabilizer subgroup (also called isotropy subgroup) of 7 at a € My, as Stabg(a) = {g € G :
7(g)(a) = a}. We will use that if for a point a € Mj, Stabg(a) C G is a closed smooth Lie
subgroup (closed in the topology of G), then there exists a smooth manifold structure on
M, which is that of the homogeneous manifold G//Stabg(a) [113, Thm. 21.20]. Once we
have a diffeomorphism M, ~ G /Stabg(a) (a differentiable isomorphism with differentiable
inverse) we can consider the projection map II: G — G/Stabg(a) ~ M, and look at the
differential DII: g — To(G/Stabg(a)) at II(Id) = [Stabg(a)] = 0, where g is the Lie algebra
of G. The linear map DII is surjective and the kernel is the Lie algebra of Stabg(a),
denoted by Lie(Stabg(a)). Hence as vector spaces

g —

TeGtabata)] = To M. (3.91)

We refer the reader to [137, Ch. 4] for more details on homogeneous spaces.

Lemma 18. If Assumption 9 holds, thgn there is a diffeomorphism of manifolds My ~
O(f)/I,@0O(f — p)), i.e., the manifold My is a homogeneous space.

Proof. Consider the smooth Lie group action 7 : O(f) x My, — M, given by

7(L)(Wo,Wy) = (WoL, LYW7). (3.92)
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For W = (Wy,W1) € My, we are first going to determine the stabilizer subgroup
Stabo ) (W) = {8" € O(f) : n(SH(W) =W} (3.93)

Let to that end (U%2S,ST¥1V) be an SVD of W, which exists by Lemma 17. Note then
that for any orthogonal matrix S’ € O(f) of the form

S§'=ST(AB)S where AeRF*P, (3.94)

we have that

(8 W) L) (W5t (81T ) O (0,587, (5)TSTE, V)
2 U8 B)s ST (@) my) P2 (0 (R )S ST (a5 )v) =W
(3.95)
if and only if
(5 %) =22 and (;‘% 8) =3. (3.96)

Because of our Assumption 9 on the multiplicity of the eigenvalues, (3.96) holds if and
only if B=0 and A=1d,. We must then furthermore have that C' =0 and D € O(f —p)
because S’ € O(f). We have shown that

Stabo ) (W) = ST(I,80(f—p))S, (3.97)

the right-hand side of which is a closed, smooth Lie subgroup of O(f).

Next, we prove the diffeomorphism. Lemma 17 ensures that 7 is transitive. Transi-
tiveness ensures that the choice of L in (3.92) only changes the stabilizer subgroup by
conjugation, i.e.,

Stabo () (r(L)W) = L™ Stabg ) (W)L. (3.98)

The set M, admits therefore a smooth manifold structure, and we have the following
diffeomorphism of smooth manifolds [113, Thm. 21.20]:

o . OU)

M, ~ 500 7 (3.99)

This completes the proof. o

Lemma 17 guarantees that each point W € Mj, has an SVD of the form (UX2S, ST V)
where [S] € O(f)/(I, ®O(f —p)). Here, S denotes any representative of the equivalence
class [S]. Conclude using (3.17), (3.18) and (3.80) that if W € My, then W € M, also
if and only if moreover Diag(W4 Ws) = Diag(W1 W) = ||£2||114/f. Combined with the
isomorphism in Lemma 18, this provides us with the alternative representation in (3.30).

All that remains is to prove that M # (). This fact was also proven in [60], but for
completeness we will prove it here using the theory of majorization instead. For any vector
a € R, denote by at € Rf the vector with the same components but sorted in descending
order. Given two vectors a,b € Rf, we say that a is majorized by b, written as a < b, if

l l f f
Zaj-' < ij for I=1,...,f and furthermore Zai = Zbi' (3.100)
i=1 i=1

i=1 =1
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Lemma 19. It holds that My # (.

Proof. We temporarily abuse our notation and let Diag denote the map that: (a) maps
vectors y € Rf to an R-valued diagonal f x f matrices with Y1,...,yy for its diagonal
entries, and (b) maps matrices A € R/ %S to R-valued vectors with entries Aq1,... JAgy.

If a € [0,00)7 and L € O(f), then as a linear map Diag(LDiag(y)L™) = Py for some
orthostochastic matrix P; specifically, the doubly stochastic matrix that is formed by
taking the square of the entries of L € O(f) [163, Definition B.5, p.34]. Because P is doubly
stochastic, we have that Pa < a. Note now that Horn’s theorem states that the converse is
also true [163, Theorem B.6, p.35]: if a < b, then there exists a orthostochastic matrix @
such that Qb= a. In particular, there exists some L € O(f) satisfying Diag(LDiag(h)LT) =
a whenever a < b.

Consider now the two f-dimensional vectors

=2 ||Z2H)
o= (120 N2 3.101
(" ; (3.101)
PAK, PAK, )
b:( - ver Oy 0,...,0 3.102
EE IS S A Y ( )

specifically, and note in particular that a < b. Applying Horn’s theorem proves that there
exists an orthogonal matrix L € O(f) such that

_ =
/

In particular, we have shown that the condition in (3.30) holds. Consequently, My, # 0. O

Diag (L (%' 9)L") Iy. (3.103)

3.D.3 Proof of Proposition 10 — Characterization of Ty M.

We start by describing the tangent space of Mp. Using the diffeomorpishm in Lemma 18
together with (3.91), we find that for any W € My,

v O(f) o)
TWMb_TO(Ip@O(f—p)) “0,@0(f—p) (3.104)

Here, o(s) denotes the Lie algebra of the orthogonal group O(s), and

(L,El;o((j;‘)p)_{<_)]§T g) :XGSkew(Rpo)7E€RpX(f_p)}~ (3.105)

Note also that the isomorphism in (3.104) is given by the differential Dig7 of the action
7 in (3.29) at the identity of O(f); that is, Ty (M) = Diam(o(f)/0, @ o(f — p))(W).

Recall now that 1 has a SVD decomposition of the form (UX25,ST%1 V) by Lemma 17.
We therefore have that for any (X, E;—ET,0) € o(f)/0,®0(f —p),

Dm(sT (_)EET ﬁ) S) (w) 22 (WQST (_;‘T z ) 5,57 (ﬁ *OE)SW1>

_ (Uzz(jbiT ’g“)s ST(); ‘OE)Elv). (3.106)
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Consequently,
Tyw (My) = Dram(o(f)/0, @ o(f — p)) (W)
- { (Uz2 (fE(T ﬁ)s, §T (iﬁ —OE)zlv) . X € Skew(RP*P),E € RPW*P)}. (3.107)

Next, recall that Dy T : Ty M, — TT(W)Rf. Concretely, for any
(Va, Vi) = (UEQ( X E)S ST(ET —E)zlv) € Ty M (3.108)

say, we have that

DwT (Va,V1)
3 D)) e )5 )

1
(3-106) ( —E>2 VWT+W1VTET< X E)S)

ET o

SVD
¥ ( T B )mvVTsTs+ TR VIS (e §)S)

PO Diag (ST(XLE)(F9)s+5T(F ) ( K b)S)
- Dlag(ST<XTZ§ O)S+ST(2 X ZOE)S) - 2Diag<ST(EzX Ef)E)s). (3.109)

Let now W € Mp\Sing(My). By (3.35), DT has maximal rank f—1. By continuity,
the full rank property holds in an open set. There thus exists an open neighborhood
Nw C M, say of W such that for any W’ € Ny the rank of Dy T is constant and equal
to f —1. Note now that T': N — R is a smooth function and we have T(W) = ||22||1/f
by (3.17) and (3.18). In particular for any W € Ny N M, we have Dy T is maximal and
T(W') = ||22|]1/f. The constant rank theorem [113, Theorem 5.22] therefore applies, and
there exists an open neighborhood Uy C Ny of W such that

T (Hzf‘h)mu = M,NUw (3.110)
is a smooth embedded manifold in M;, of codimension f — 1.

Note now furthermore that for any W € M, Tr[T(W)] = || £?|| by the diffeomorphism
in Lemma 18. The map Dy T can therefore have rank f—1 at most in particular. That
is, any f—1 components of T" are regular at W and we can therefore consider M, as being
an embedded manifold in Mj, [113, Proposition 5.28]. Hence, by [113, Lemma 5.29] we
also have that for any Q € T=1(||X2|1/f) NUw = M, N Uy we have the representation

keI‘DQT:TQ]Wb7 (3.111)

where we understand T M), as a subspace of TQMb.
This concludes the proof. ]

3.D.4 Proof of Proposition 11 — The set Sing(M})

We start by proving that if there exists a point W € M; such that tk(DyT) = f —1,
or in other words Mj\Sing(M;) # 0, then Proposition 11 holds. The proof relies on an
established fact for the singular loci in affine algebraic varieties, of which M, is one.
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Lemma 20. If there exists a point W € My such that tk(DwT) = f — 1, then Proposi-
tion 11 holds.

Proof. Fix any point W = (W, W;) € Mj,. Let 7 be the action defined in (3.29), and recall
the representation of Mj in (3.30) as well as the definition of Mj, in (3.80). Observe that
the set M} can be defined as the set of solutions to the algebraic equations

O(f)
L,®O(f—p)
1=,

T g = Ding(LTWS W L) = Diag(LTWi W' L) G2 rmywy).  (3.112)
We may therefore consider M; as a real algebraic variety of P; that is, the zero loci (the
set of real solutions) of a set of real polynomials of finite degree with variables in P.
Let Py,..., P, with s = dimP — dim(M}) be the polynomials defining M, at zero, that is,
My=P[ L0)n...nP;1(0). If we denote the gradient with respect to the coordinates in P
by V, then the matrix composed by (VP;)3_, has rank dim P —dim(}M,) at W whenever
Pi(W)=...=Ps(W)=0. Eq. (3.112) also shows that T" defines M and its differential
DwT via f—1 polynomials Q1,...,Q¢—; say (one less than f, since the trace of T is fixed)
plus the polynomials {P;}?_; needed to define M. Recall that M, is a smooth manifold
and has no singular points. In particular, we have a matrix

Lel[l]e ~ M

§=(VPi,...,VP,VQi,....VQys_1) (3.113)

that satisfies the following: if W € P is such that P;(W) = Q;(W) =0 for all 4,7, then S
has rank at most dim?P —dim(Mj) 4+ f — 1. The set of singular points Sing(M;) can be
then understood as the set of points W € PN M, that are not regular points; that is, the
set of points W € M; where S does not have maximal rank. This is a closed Zariski set
in the algebraic variety M.

Recall now that there exists W* € M, such that rk(Dw+T) = f —1 is maximal by
assumption. This implies that for W’ in a neighborhood of W*, Dy, T has also con-
stant rank f—1. Noting that the polynomials Q; for i =1,..., f —1 are defined as f—1
components of T'(w(L)(W)) up to a constant, we then have that S has exactly rank
dim P — dim (M) + f —1 at W*. By [111, Prop. 3.3.10, (iii) — (ii)], there is an irreducible
component of M, of codimension f —1 in Mj, (or of dimension dim(M,) — (f —1) in P),
and there is a unique component containing W*. By [111, Prop. 3.3.14], Sing(Mp) is
then an algebraic set of codimension strictly larger than f —1 in Mj, (see also [136, §6.2]).
Alternatively we can say that Sing(Mp) is a proper closed Zariski set in Mp. Hence, M,
is generically smooth or up to a closed algebraic set of dimension smaller than M;. From
the previous computation moreover, M; is then a smooth manifold of codimension f —1
in M, up to the closed lower-dimensional algebraic set Sing(Mj). O

We will next prove that the condition of Lemma 20 holds under Assumption 9, i.e., that
there exists a point W € M, such that rk(Dy 1) = f — 1. The proof consists of two steps.
First, we prove that a sufficient condition is the existence of a particular orthogonal matrix
(Lemma 21). Second, we prove that such orthogonal matrix indeed exists by iteratively
constructing said matrix (Lemma 23).
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Lemma 21. Suppose Assumption 9 holds. Let W € MbﬂT_l(HEQHI /f) have an SVD
of the type (UX2S, ST V). If one of the first p rows of S € O(f) has no zeros, then there
exists a point W € My such that tk(DwT) = f —1.

Proof. The SVD exists by Lemma 17. Let

0 Xz Xip B11 Bi2 -+ Bip
—X12 0 - 0 0 0 -« 0

X= . . .| eSkew(RP*?), B=| . . C | erexU=P) (3.114)
~X1, 0 0 0 0 - 0

Hence, the first row of X is the vector X;. = (0,X1,2:p) where X1 2. = (X12,...,X1,) €
RP~! say, and the first row of B is a vector Bi. € RU~P) gay. Let £2 = Diag(61,...,0,) €
RP*P be as in (3.32), and define 0a., = (62,...,0,) € RP~1L.

Consider now the map

2 2
Di T( $2x 2B ) )
1ag(S 07— pyxp O—mx(s—0) )5
. 22X 0 _ . T( 0 22B
— Diag(s™( X0 )S) +Diag(s™ (5 77 )s
g( O(r—pyxp O(f=p)x (f=p) ) g( O(r—pyxp O(r=p)x (f=p) )

o 01x1 01X1,2:p O1x(f=p)
= Diag (S —(02:p0X1,2:p)T O(p-1)x(p—1) Op—1)x(f—p) |5
Or—pyx1 Or=p)x(p—1) O(r—p)x (f—p)

T O1x1 O1x(p—1) 0181,
—I—Diag(S 0(p—1)x1 O(p—1)x(p—1) O(p—1)x(F—p) S). (3.115)
0¢s—p)x1 O(r—p)x(p—1) O(s—p)x (f—p)

Observe now that because Diag(A) = Diag(A™) for any square matrix A € R7*f we have

- O1x1 01X1,2:p 01 (f—p)
Dlag(S’ —(02:p0X1,2:0)" O(p—1)x(p—1) O(p—1)x(f=p) | S
Or—pyx1 O(r—p)x(p—1) O(f—p)x(f~p)

. 0 01X1.2.p—02.,0X1 2. 0 _
:Dl&g(ST<O a2 =020 0%z O1x(f-p) )S) (3.116)
(f=1)x1 (f=1)x(p—1) (F=1)x(f—p)

Define now z = ((01 —02)X12,...,(01 —0,)X1,), b= 01B1,.. We have shown that
: T( 22X 2B s T( Oix1 z b
Dlag(s (%‘—p)xy O(f—p)X(f—p))S> - Dlag<S <0<f—1>x1 O(f—1)x(p—1) 0(f—1>x<f—p)>5)'
(3.117)

Let S.1,...,S.  be the columns of S, and denote the j-th component of the column
S.; by Sij. We have now

. T ZQX Z2B oY) T (O,:D,b)
Dlag(S (O(f—p)xp O(f_p)x<f_p))5) = Dlag(S (O(f—l)Xf)S)

. S11(0,z,b) .
_ D1ag(<slf(-a7wyb)) s) — Diag (SH<S,17 (0,2,b)),....517(S. ;. (O,x,b))). (3.118)

Recall that 0; # 6; for i # j, and note that x € RP~1 b e RI~P are free variables. To
prove Lemma 21, we need to find z, b such that the map in (3.118) has rank f—1. Note
that the vector

T .
(511<S.,1, (O,x,b)), ‘e ,Slf<S.7f, (O,l‘,b))) S (O,ZL‘, b)SDlag(Sll, ces ,Slf). (3.119)
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The subspace spanned by vectors of the form (0,,b) € R/ has dimension f—1. There-
fore, since S is an orthogonal matrix (note that taking any representative of S from the
homogeneous space M, in (3.80) also works), we have that the linear map in (3.119) has
rank f—1 if Diag(S11,...,51f) has maximal rank. This happens whenever S1; # 0 for all
i=1,...,f.

The argument above also works if s < p: consider then instead

0 - 0 s 0 - 0
*1 0 0 0

S T §) B 0 0 - 0 <(F—p)

X =] Xs1 - Xg—1) 0 Xs(s+1)) - Xsp |, B=| Bs1 Bs2 - Bsp | €R” P
0+ 0  —Xyep1y) 0 - 0 0 0 - 0
0 _Xsp O 0 0 0

(3.120)
The diagonal matrix in (3.119) will then turn out to be Diag(Ss1,...,Sss) instead. Hence,
in case one of the first p rows of S has no zeros then the map has rank f —1. This concludes
the proof. a

In the case that p =1, we can verify the requirement of Lemma 21 in (3.33) on the
rows of S by computing M} exactly. This is implied by the following lemma, which will
be useful later also in the computations for Proposition 6.

Lemma 22. Suppose Assumption 9 holds and p=1. For any W = (U%,.S, ST21V) e M,
that satisfies (3.33), it holds that |S1;|> =1/f for j € {1,...,f}. Furthermore, M, is a
union of finitely many points.

Proof. We first calculate S’s entries. Recall Xo’s and ¥1’s expressions in (3.31). If p=1,
then X2 = Xy« =75 € R. Consequently,

SVD)

Diag(WTWa) "L Diag (8T (1)) = Diag(|S11 |2, ,|S15]2n).- (3.121)

By Assumption 9 and (3.33), (3.121) must equal (n/f)I;. Consequently,
1
|Sn|2:‘..:|slf|2:?. (3.122)

We next show that Mj is a union of finitely many points. Whatever choice for Si,.
is made (as long as it satisfies (3.122)), we can then complete the system {Si.} to an
orthonormal basis {S1,.,...,Sf.} say. In other words, this procedure constructs a matrix
S that is moreover in O(f). The resulting S also gives an element of M, and under the
quotient O(f) = O(f)/(1@®O(f —1)) all the basis completions of S are equivalent modulo
1®0O(f—1). Note that we can a priori choose the signs of the one dimensional ‘seed’
subspace corresponding to the singular value ¥ in U and V. Moreover, for each choice of
signs in the vector Si ., we can select a unique disjoint element in M;. Hence, there are
only finitely many points in M} when p = 1. a

In the general case when p > 0, we can verify the requirement of Lemma 21 on the
rows of S by showing that M; will always have a point W = (UX2S,5T%V) € M, such
that the first row of S has no zeros. This is implied in by following lemma:
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Lemma 23. Let p > 0. There exists W = (UX2S,STS1V) € M, that satisfies (3.33).
Moreover, S € O(f) can be chosen so that the first p rows of S have no zeros.

Proof. If (UX2S,5T%1V) € My, then necessarily

2 2
Diag (™ (Eo 8) s) = ”f”llf (3.123)

by the definition of My in (3.30). Recall furthermore that here, ¥2 is a diagonal matrix.

We will prove the following result that is stronger than required: Let b= (by,...,bf) €
R/ be such that by > ... > by >0, and consider b= ((3,b;)/f,....(>_;b:)/f) € Rf. Then
there exists S € O(f) satisfying

Diag(S™ Diag(h)S) =b (3.124)

such that S1; #0 for i =1,..., f. We can construct such orthogonal matrix iteratively by
extending the proof idea from [155, Theorem 1.4].

Let us begin the iterative constructlon For Vectors a,b E R/ recall the definition of
a<bin (3.100). Let b’ = Z B4/ Z _B:)/(f—1)) € R/~1 and consider
v = (b,...,bs) € R 71, Observe that b’ =< b’ and so by the proof of Lemma 19(see (3.100)—
(3.103) bpemﬁcally) there exists a W € O(f —1) such that b’ = Diag(W TDiag(d’)W). Con-
sider now the matrix A; defined by

T
Al:((l) V(I)/) Diag(b) <(1) 12/):(%1 WTDia?g(b’)W>' (3.125)

Observe that Diag(A1) = (b1,b') is not yet the precise vector we need. But, by using
rotations one coordinate at a time, we can move ‘mass’ of b1 towards the other coordinates
to ultimately arrive at the vector b.

Specifically, the iterative construction proceeds as follows. Consider first the matrix
Ts(t) € O(f) for t € 0,1] defined by

Vit V1=t Oixfp_2
Tt)=[-vi-t vVt  Oixp2|. (3.126)
O;I‘Xf—Q Orlrxf—z Tp2

Since by > (N0 0:)/f > (2, b:)/(f 1), there exists t5 € (0,1) such that (37_ ;) /f =
(1— t2)b1+t2(z bi)/(f - 1) We can then compute

Lo N T—t2  Oix(f—2)
(O W) Tg(tg) = - * - * le(f_g) R (3.127)
*(r-2) Fix(r—2) Wiglij>2

where * denote entries which may be different from zero (their precise values are unimpor-
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tant). In particular, it holds that

Ag = Ty(t2) " A1 T (t2)

Vizh VI—taby 01%(f—2)
= To(ta)™ | —vIT=8(1,00)/(f=1) VRS, 6)/(f-1) fix(s_2)
>|‘ITX(ffZ) *}‘x(f—Q) (WTDiag(b')W); j>2
b+ (1=12)(CLp0)/(f=1) = O (7o)
- * (L b0/ f ¥1x f2 . (3.128)
01 (s—2) 1o (fo  (WTDiag(t)W)i >2

Observe furthermore from the definition of t2 and the fact that Tr(As) = Zlle b;, that

o f I, Iy,
Z{:zbi_zzf:lbi_f*Q 1 - . l - )
o1 7 —f_1b1+(f_1)f(;bz)2f(zlbz)- (3.129)

1=

= b+
To arrive at the last inequality, we used here that by > (3", b;)/f.
Now consider T5(t),...,Tf(t) € O(f) where
Ti(t) 1 =Ti(t)i = Vt, Ti(t)i=-Ti(t)a = V1t (3.130)
and T} (t) = 0, for j,k & {1,i} elsewhere. We define recursively
A; =Ti(t)T A 1Ty (t;). (3.131)

An argument analogous to (3.129) shows that (A4;_1)11 > (Zif:l b))/ f> (Z{ZQ bi)/(f—1)
fori=3,...,f. Hence, we can find ¢; € (0,1) such that (1 —¢;)(A;—1)11 —&—ti(Z{:z bi)/(f—
1)= (Zlle b;)/f. In particular, the first row of

f
S = <(1) V%) iZHQTi(ti) e 0(f) (3.132)

will satisfy S1; >0 for j=1,..., f. Moreover, we will have for Ay that
Diag(Af) = Diag(ST Diag(h)S) = b. (3.133)

To complete the proof, identify Diag(X?,0) = Diag(b). In summary, we have thus found
a matrix S € O(f) satisfying (3.33). O

3.D.5 Proof of Proposition 12 — Computing V2Z(1V)

We first recall several properties of vectorization in (3.38):

- If A, B €R**? then Tr[AT B] = vec(A) Tvec(B).

—  If AeR*f B e R then vec(AB) = BT @ Ioxcvec(A) = Ij,xp ® Avec(B). Here,
® is understood as the Kronecker tensor product compatible with the vectorization
vec.
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- If Ac R BeRM>XM C € R 9, then vec(ABC) = (CT @ A)vec(B).

- Let K : R® — R be the linear map such that vec(A™) = Kvec(A) holds for any
AeRexb,

We also rewrite (3.53) using the vectorization notation. Specifically, we have that

vec(V1Z(W)) = vec(—=2WL Y + 2WL WaW ) + vec(2ADiag (W4 Wa)W1)
= —2vec(WY) + 201,51, @ Wot Wavec(W1) + 20T, , @ Diag(Wo Wo)vec(W7), (3.134)

and

vee(VoZ(W)) = vec(—2Y Wik + 2Wo Wy W) + vec(2A\We Diag (W1 W1h))
= —2vec(YW) + 2W Wi @Ioxevec(Wa) 4+ 2\Diag(Wi W) @I xevec(Wa).  (3.135)

As a final preparatory step, let us denote for i, j € {1,2} the partial derivatives with respect
to matrices ¢ and j by 0; ;. For example,

O2T(W)

T e RUXMX(fxh) 7 T OW W
haZe and  (01,10) ki, mn OW1k1O0W1mm

(3.136)

Step 1: Calculating the partial derivatives 0;3;Z(W). We start by computing the partial
derivatives 011Z,022Z directly from (3.134), (3.135). For any vector v € R™ and matrix
A e R™™ it holds that d(Av)/dv = A. Therefore

NAZ(W) = 20p, 5, @ Wg Wa + 201,51, @ Diag(Wy Wa),
Do 2 T(W) = 2W1 W @ 1o + 2\Diag(W1 W) @ Lo (3.137)

Next we are going to calculate 01 2Z. We first rewrite terms of V1Z(W) and VoZ(W)
in (3.53). Specifically, note that

Vec(fQWQT(Y — Wng)) O —2vec(WZY) + 2W L @ Wil vec(Wa),

D (v — WaWi)T @11 ) K vec(Wa). (3.138)

Here, we have isolated (i) Wa by using the identity vec(ABC) = CT ® Avec(B); and (ii)
W using the tensor K that satisfies vec(W5') = Kvec(Ws). Similarly, note that

vee(2ADiag(W3 We) 1) 2 vec(2A S RWS W, Py (3.139)

7

WS (BW)T @ P vec(We)

DA (WaP )T @ P Kvec(Wa). (3.140)

7

Here, we (iii) utilized the fact that that Diag(A) = Zf P; AP; for some set of symmetric
matrices {P;};, and then isolated (iv) W as a vector from (3.139) as well as (v) W4 and
using the tensor K.

Recall (3.134). We take the derivative of vec(V1Z(W)) with respect to Wa in vec-
torization notation. While some terms are linear in Wa, we use Leibniz’s rule on terms
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including W' Wa. Leibniz’s rule yields the expressions in (3.138), (3.140) resulting in the
tensor

o 1 Z(W) = =2((Y —WaW1) T @1y f) K +2W] @ Wy
+2)\Z(((W2PiW1)T®Pi)K+(Pin)T®PZ-W2T). (3.141)

Step 2: Fwvaluation at a vector. Now that we have the partial derivatives of the Hessian,
we want to apply it to vectors of the form (V5,V]) € Ty Re*F x RF*P. Concretely, we will
consider the vectorization of (Va,V;) and then compute the elements of the left-hand side
of (3.37) one by one.

First,

vec(Vl)Tal,lZ(W)vec(Vl)

3.137
BLD ec (V1) (2Mh e, @ W Wa + 201, @ Diag(We Wa) ) vec(V1)

= vec(Vl)T (QIhxh ® WQTngec(Vl) + 2\ h ® Diag(WzTWQ)vec(Vl))

=vec(V1)T (2vec(Wy Wa Vi) + 2Avec(Diag(Wy W2)Vi))

= 2Tx [ViE W W Vi ] + 20 Te Vi Diag(Wa Wo) V4], (3.142)
where we have used that vec(B)Tvec(A) = Tr[BT A]. Similarly

(3.

vee(Va) T o T (Wvee(Va) 27 oTe[Va W, WIVAT) 4+ 2ATe [VoDiag(W1 W) VAT, (3.143)

and

vec(V1) Yoy o Z(W)vec(Va) (3.141)

2T [V VR (Y — Wo W)+ 2T [ViE W Vo] (3.144)
+2X(Tr[V; Diag(Vy" Wa) Wi + Tr[V; Diag(Wy V2)Wh)).
We also have that 02 1Z(W) = 01,27 (W)T because 7 is a smooth function. Therefore
vee(Va) T 02 1 Z(W)vec(Vh) = vec(V1) Yo oZ(W)vec(Va). (3.145)
Adding (3.141)—(3.145) yields:

(Vec(Vl),vec(Vg))TVQZ(W) (vec(V1), vec(V2))
= 2Te[ViT Wyl W V1] + 20T Vi Diag(Wy Wo) V4]
+ 2T [Va Wy WE VoL | + 2ATr [Va Diag(W W) Vot
— AT [VEVE (Y — W)+ AT [VE WL Vo |
+4X(Tr[V{" Diag (V5" Wa)W1] + Tr[Vi" Diag(W5 Va)Wh)). (3.146)
Finally, note that
2| WaVi 4+ VaWi |3 = 2Tx[(Wa Vi + VaWi) T (Wa Vi + Valiy))]
= 2T [V, W Wo Vi ] + 2T W Vo Vo Wy ]
+ 2T [ViE W VoW | + 2T (W Vol W 17
= AT [ViE W W Vi | 4 2T [Va Wy WE VL | + AT [ViEWE Vo], (3.147)
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where in the last equality we have used the cyclic property of the trace. Now, for any
A,BeR", ||[A+B|%—||A— B||% =4(A,B), so that

2(||Diag(Vo' W2) + Diag(W1 Vi) || I\Dlag(Vz W5) — Diag(W1V7")[%)
:8<D1ag(W1V1 ), Diag(V5 W2)> Tr[Diag(W: V;" ) Diag(Vyh Wa)]
D ST W, Vi Diag (VT Wa)] "2 8Te (VT Diag(Vil Wa) Wi . (3.148)

Here, we have used (vi) that Tr[ADiag(B)] = Tr[Diag(A)Diag(B)] for any A, B square
matrices of the same dimension, and (vii) the cyclic property of the trace. Substituting
(3.147) and (3.148) into (3.146) completes the proof. O

3.D.6 Proof of Proposition 13
Obtaining Ty M
We compute first Ty My, in Lemma 24, which we will use to compute Ty M later:

Lemma 24. If Assumption 9 holds, then for any W € My\Sing(Mjy)

T
. ©X SE T X2 Opx(h_p)
TWMb_{(U<0<e—p)Xp O(e—mx(f—p))s’s (ETZ 0(f— p)x (h—p) V)

. X € Skew(RP*P), E e RP*=P) (X, E) e kerDWT}. (3.149)

Proof. Let W = (UX2S5,ST%1V) € My\Sing(Mp); such SVD exists by Lemma 17. By
Proposition 10, Ty My = ker Dy T where Dy T : Ty My — TT(W)Rf Next, write

kerDyw T = {(VQ,Vl) S Twa : DWT(VQ,Vl) = 0}
(3.36,3.107) {(UZQ( X E)S ST(XT —E)Z V)
X € Skew(RP*?), E € R¥*UU~7) 2Diag (S (%X %o8)S) =0}. (3.150)

Hence, from the bilinear form Dy T defined in (3.36) in Proposition 10(b), we take the
pairs (X, E) € Skew(RP*P) x R?*(f=P) that also belong to ker Dy T". The last step required
to arrive at (3.149) is to substitute the definitions of X5 and X1, recall (3.31), into (3.150).

O

Observe from (3.18) and (3.29) that, under the action of H = (R*)f, we always have
w(H)(My) C M. Proposition 8 implies that M C w(H)(Mp), and hence w(H)(M) = M.
Proposition 8 also yields that the group action is free and so the map 7 : H X M — M is
bijective. We have moreover that on the open set w(H x Mp), m has a continuous inverse
given by

7 (W) = (Cw,7(Cw ) (W)). (3.151)

Here, Cyy = Diag(W1 WlT)1/4Diag(W2W2T)*1/4, which is discussed in the proof of Propo-
sition 8. If 7 is smooth, this allows us to obtain the tangent space of Ty M at every point
W =x(C)(W') € M such that W’ € M,\Sing(Mp).
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For every point W € M;\Sing(My), the action 7 restricted to a smooth neighborhood
Rig x Uy C H x My is a map D(Id,W)ﬂ' HXTwP — TwP with H=TaH = Lie((]R*)f)
the Lie algebra of H. Furthermore, for every point W € My, the differential D 1q )7 (D, V)
at D e H,V € Ty M, is given by

(3.29)

D1a,w)7(0,V) v,
3.29) (3.30)

Daay(D,0) “2 wop,—pwn) C2 (U (3 9)$D,-DST(39)mv)  (3.152)
say. For every point W € M, we will define the vector space
Dwﬂ(H) = {D(Id)W)T((D,O) :De H} (3153)

Recall now finally that for V = (Va,V7) and R = (Re,R1) € TP we have the Euclidean
inner product (-,-) : TP x TP — R defined as (V, R) = (Va, R2)r + (V1, R1)p.
We are now in a position to prove the following:

Lemma 25. Suppose Assumption 9 holds. Let w be the Lie group action of H on M
defined in (3.29) and H = Lie((R*)7). If W = (U%3S,ST1V) € M;\Sing(My), then

Tw M (3.154)
=TwMy®&Dwr(H)

- sX ~B T XxTs Opx (h—p)
- {(U((J(e—p)m O(e—mx(f—p))S’S <BTE O(f—p)x (h—p) XV
. X € Skew(RP*P), B e RP*U=P) (X, B) e kerDWT}

by Opx (f—p) ) B T( 2 0px (h—p) ) ) : f><f}
@{(U(O(e—pm Oe—p)x (f=p) SD,—-DS O(r=pyxp O(f=p)x (h=p) V) : D €Diag(RT77) p.

Proof. Let W = (U%2S,ST%1V) € M,\Sing(My). Start by noting that Proposition 10
implies that Ty My = ker Dy T. Here, we understand that ker Dy T C Ty Mp. In order
to expand this result to Ty M, we will use the smooth action of H = (R*)/ on M;.

Let Ryq x Uy C H x My, be a neighborhood such that we can compute the differential of
7 in (3.152). Note by combining (3.149), (3.152) and (3.153) that for any K = (K3, K1) €
Tw My and Q = (Q2,Q1) € Dy n(H) we have that (K,Q) =0. In other words, Ty M, is
orthogonal to Dyym(#H). Hence, the sum of the subspaces Ty M}, and Drr(H) is orthogonal.
We also know that Riq x Uy is a smooth submanifold of H x M} and 7 is smooth, bijective
and with continuous inverse. Therefore, by dimension counting, we must have that 7 is a
local diffeomorphism and so Ty M = Ty M, @ Dy w(H).

To arrive at the expression in (3.154), we simply use the expressions for Ty Mj, from
Lemma 24 together with (3.152). ]

P 1
Obtaining Tj;, M

We now compute the cotangent space TJVf,M by embedding TJVf,M C Tw P and obtaining
the orthogonal complement of Ty M.
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Lemma 26. Suppose Assumption 9 holds. For W = (U¥5S,ST%$1V) € M N M,\Sing(M),

T M = { (K2, K1) = (U( 82 52) 8,57 (& B )v) e TwP:

X € Skew(RP*?), B e RP¥(F=0), (3.155)
(S(Ax+ A7), X) +(X(B2+CY),B) =0,

. . . 2 2
Diag(K{ Ws) = Diag(K1 W), 2Diag (8 (O(f{j)‘xp A ) S) = 0}.

Proof. Let W = (U%2S,8T%1V) € M N M,\Sing(M). Taking the orthogonal complement
in (3.154), we obtain that

Tiy M = Ty5, My, N (Dr(H))*. (3.156)

We will now determine both subspaces in the right-hand side of (3.156). Taking the
intersection of these two sets will then immediately result in (3.155).
Determining TJV-VMZ,. Recall first the definition of a cotangent space, that is

Ty My = {K € TwP =T, R/ x Ty, R/ " : VR € Ty My, (K,R) =0}.  (3.157)

Furthermore, note that for any K = (Ko, K1) € TP, there exist matrices Aj, Ay € RP*P
and matrices Be, B1,Cs,C1, D2, D1 of appropriate dimensions such that

A B A; B
K=(v(&5)ss™ (& 8)v). (3.158)
This is because U, S, and V are orthogonal matrices and thus
(a,b) € TwP = (UaS,STHV) € Ty P. (3.159)

We now investigate the inner product condition in (3.157). Lemma 24 implies that if
R € Ty My, then there exist (X, E) € Skew(RP*?) x RP*(f=P) such that

T T . 2 2
R=(Ry,R) = (U(% 38,87 (X20) V) and 2Diag(S(Z3x %)S) =o.
(3.160)
For any K € Ty P, the inner product condition in (3.157) reduces to

0= (K,R) = (K2,Ra) + (K1, R1)

D (49, 5X) + (Bo, SE) + (A1, XTS) + (C1, ETS)

W 540, X) + (A5, XT) 4 (£Bo, E) + (C1 5, ET)

W 524 + A7), X) + (S(By + CT), E). (3.161)
Here, we used (i) the representations in (3.158) and (3.160), (ii) that (M,XN) = (XM, N)
for any matrices M, N of appropriate size because ¥ is diagonal, and (iii) that (M,N) =
(MT NT) for any matrices M, N of the same size.
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Summarizing, we have that
T My = { (K, K1) = (U( &2 52) 8,57 (& 51 )v) e TwP:
(S(A2 +AT), X) + (X(B2 +Cf ), E) =0,
— . 2 2
X € Skew(RP*?), E € R?*/~0) 2Diag (§(S2X 22E)5) = o}. (3.162)

Determining (Dn(H))*. Recall the definition of an orthogonal complement, that is
(Dwr(H)* = {K € TwP: (K,Dyr(D)(W)) =0¥D € Diag(R/)}. (3.163)

We now investigate the inner product condition in (3.163). For any K € Ty P,D €
H = Diag(Rf), recalling (3.152), this condition reduces to
0= <K,Dw7T(D)(W)> = <K2,W2D> + <[(17 —DW1>
QW Ko, D)~ (KW, D) = (W Ko — Ka W, D). (3.164)

Here, we used (i) that (M, NO) = (NTM,0) = (MO™T N) for any matrices M, N,O with
compatible dimensions. Now, because (3.164) holds for any D € Diag(R/), we must have
that

Diag(Wy Koy — Ky W) =0. (3.165)

Summarizing, we have that
(Dr(H))t = {(Ka, K1) € Ty P : Diag(K1 W) = Diag(W4 K»)}. (3.166)
Concluding. As mentioned before, taking the intersection of (3.162) and (3.166) results in
(3.155). This completes the proof. o
Lower bound of V2Z(W) restricted to Tj;, M

We require the following lemma. This will be used in an optimization problem we encounter
when looking for a lower bound for V2Z(W)|1 5,
w

Lemma 27. Suppose Assumption 9 holds. Let

_ Az By T( A1 Opx(h—p) 1
K= {(U(O(e—pw 0<e—p>x<f—p))S’S (Cl 0(f—p)x (h—p) V) €TwM

. Ay, Ay € RP¥P By, CT eRpX(f—p)}. (3.167)
For any W = (UX2S8,ST%1V) € My\Sing(My), the following holds: if

_ Az By T( A1 Opx(h—p) )
K= (U(O(e—mx» 0(e—p)X(f—p)>S’S (01 O(f—p)x (h—p) V)ek (3.168)

say and
|A2X + 2 A ][ =0, A3 =AT and B, =CT, (3.169)
then
Ay =AT=%X' and By=CT=3xF (3.170)
for some X' € Skew(RP*P) and E' € RP*U=P) If additionally
Diag(sT(E(AﬁAlT) =(B2+CY) )5) =0 (3.171)
Or—pyxp Or—p)x(f—p) ’

then K =0.
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Proof. We first prove (3.170). It follows from (3.169) that if [|A2X +XA;||z =0, then
AoX+3A; = A+ ZAE = 0 by property of the Frobenius norm. If now Ay = XX’ say,
then X'Y +X(X’)TY = 0. Since ¥ is invertible, left and right multiplication with its
inverse shows that X’ € Skew(R?*?). The identity By = X B’ = CT follows similarly.

We next prove that if (3.171) holds besides (3.169), then in fact K = 0. We will do so
by showing that K € Ty M, because then

(3.167)
KekKNnTwM C  TiHMnTwM={0}. (3.172)
Verification that K € Ty M. Recall that
kerDy T = {(Va,V1) € Tw M, : Dy T (V2,V1) =0} (3.173)
(3.36) T _ _ .
2 (o e §) 8.5 (%2 ) £aV) € Tw My : 2Diag (ST (%3x %3E)8) =0}

Thus since
2Diag (5T (22x 528') ) “L Diag (s7(sezpah =mapel)s) =0 (3.174)
by assumption (3.171), clearly also

’ / o (3.173)
(U2 5) 88T (S F)mv) e kerDu T, (3.175)

Note now lastly that

(3.170) - T((Ex)To
K P2 (U(=x 2E S, ((EE,)TO)V). (3.176)

Utilizing (3.175) and (3.176) together with (3.149) of Lemma 24, we conclude that K €
Tw M, C Ty M. This finishes the proof. ]

We now define a bilinear form that will appear in the computation of the lower bound
of the Hessian V2Z(W).

Definition 12. Let W = (U35, STEN{) € My, where S € O(f) and let ¥ € Diag(RP*P)
be defined as in (3.32). Define the map Ty : RP*P x RP*(F=P) 5 RS by

Tw (A, B) =Diag(S™ (34" %) 9), (3.177)
and the bilinear form T : (RP*P x RPX(F=P)) 5 (RP¥P x RP*(F=P)) 5 R by
Tw ((A,B),(A",B")) = (Tw (A, B),Tw (A", B"))
—Tr [Diag(sT (%! %P)S)Diag (ST (% 5¢) )] (3.178)

Observe that, when using notation as in (3.36), we have Dy T(Va, V1) = Ty (X, X B).

We also introduce some extra notation. For a positive definite symmetric bilinear form
A:ExFE — R on a real vector space £ with norm |||, we denote A > for [ € R} to
indicate that vT Av > [||v||? for all v € E. We are now in position to prove a lower bound
for the Hessian using T#VM .
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Lemma 28. Suppose Assumption 9 holds. Let W € My M\Sing(M) C M. We have that
V2I(W) restricted to T‘%VM is a positive definite bilinear form. Furthermore,

VQI(W)|T¢V W (3.179)

where

. A i
_ {mm{éwﬂfﬁi&’; ~20,11} if p<f, (3.180)

min{Cw,2(cp —0p41)} if p=f.

Here, ¢y > 0 is strictly positive and depends on the point W, X\ and ¥. If p=r (recall
from (3.32) that we have p <), then we set opqy1 = 0p41 =0.

Proof. To arrive at the result, we will give a lower bound for the solution

minimum of (vec(Vl),vec(Vg))TV2I(W) (Vec(Vl),Vec(Vg))
’H%Bt = { obtained over (V2,V1) € TwP (3.181)
subject to ||(V27V1)||F:1,(V27V1) ETﬁ/M

say, that holds for any W € M, N M\Sing(M). We consider first the case that p < f.
Step 1: Simplifying the objective function. Let (Va,V1) € TwP, W € M, N M\Sing(M).
Since W € Mj, we have by (3.33) that

22
Tr [V, Diag(Wy Wa) V4] = I f”l [Vi]2 and similarly
. 32
Tr [VoDiag(Wy W{)V5'] = I H1||V|\F. (3.182)

Substituting (3.182) into (3.37), we find that

(Vec(Vl),vec(Vg))TVQI( )(Vec(Vl),vec(Vz))

12211
f

+ 2 (|| Diag(V4 Wa) + Diag(W{' V4 )||§ — || Diag(Vy' Wa) — Diag(W{Vi)[[3).  (3.183)

=2|[WaVi + VaW || + 22— (Vi I3 + [V2l13) —4Tr [V V5" (V = Sa[Y])]

Substituting (3.183) into (3.181) and using the facts that:
— if [[(Va, V)|l = 1, then [[(V2, V1) I3 = [Villz + [IVall3 = 1;
— if (Vo,Vh) € Tis 1M, then Diag(V;'W2) — Diag(W1V;") = 0 by Lemma 26;
— and [[S2]s = Y0 (05— Aot/ (F +20)) = iy — p 255 = prpf /(£ + Ap), which can
be seen from ¥2’s singular values shown in (3.32) and then recalling (3.15);
we find that

minimum of  2||[WaVi + VaWi |3 +2A fT)fjp
AT [ViT V5 (Y = Sa[Y])] + 88X Diag(Vy" Wa)| |7
obtained over V5,V; € Ty P

subject to ||V2H%+HV1||%:1,(V2,V1) GTVJ[‘/M.

H%Bt _ (3 184)
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Step 2: Change of variables. We now apply a change of variables to the minimization
problem in (3.184). Specifically, we utilize the orthogonal matrices U, S,V of the SVD
W = (U%25,5T%1V) by letting

UVeS=Vo and STViV =V (3.185)

say. We examine next the consequences of this change of variables to the three relevant
terms in (3.184).
Under the change of variables in (3.185), the first term in (3.184) satisfies

SVD
2 WaVi + VoW |2 CE7 2 Uy 5V1 4 15T V1 (3.186)
G159 0| Us,SS TRV + UTSSTS V2 ) 22,7 + Va5 |2,
since (i) SST =1d and (ii) the Frobenius norm is unitarily invariant, i.e., |[U(-)V | = |- ||r.
Recall the definition of ¥y in Section 3.2.4. Introducing
_ Ty 0y 5 (h—r) )
A <0(E—T'>><T' O(e—r)x(h—r) ’ (3187)

note that

UT(Y = SalY VT D UT(0(By Oy —Su[y])VT

)

) UT(UAV —US,2, VIVT =2 A —30%, (3.188)

by (iii) lifting Y’s compact SVD defined in Section 3.2.4 to a full SVD, and since (iv) W €
M and therefore S, [Y] = WoW1 =UX2SSrEV =UX%1V by (3.17), and (v) UTy =
Idexe and VVT =1dj,«5,. Conclude then that under the change of variables in (3.185) the
third term in (3.184) satisfies
ATV (v - S]] P2

O AT VIVIUT (Y = Sa[Y])V]

—4Tr[(STV1V)T(UV2S)T(Y = Sa[Y])]
CL _amP TV (A - 3%)], (3.189)

because (vi) of SST =1d and the cyclic property of the trace.
Under the change of variables in (3.185), the fourth term in (3.184) satisfies

(3.18 o (W’s SVD
= 2=

. 5 . ~ . ~
sA[Diag(V W2) 12 “L sx [ Diag((U75.8) T Wa)|| ) 8\||Diag((UV48)TUS,S) 2

) g\ Diag(STV £05)|12, (3.190)

since (vi) UTU = Idgxe.
Applying the change of coordinates in (3.185) to (3.184)—by substituting (3.186),
(3.189), and (3.190) into (3.184)—thus yields

minimum of 2||22‘71+‘7221||%+2;j_&i\,

—ATe[VEV5E (A = $251)] + 8[| Diag (ST VT £5.9) |1
obtained over ‘72,‘71
subject to HVQH% + HVl”% =1, (UVQS, STV1V) € Td“/M.

,H%;;t _ (3191)
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Step 3: Block matriz parametrization. We will now write V5 and V; as block matrices in
a manner similar to the parametrization in Lemma 26. In particular, we let

Vo = <A2 52) where Ay € RP*P By € Rﬂx(f—ﬁ)’cz c R(e—p)X;)’D? c ]R(G—P)X(f—p)7

(3.192)
and
Vi = (Al g1> where A; € RPXP By € Rpx(h—p)7cl c R(f_p)Xp,Dl e RU=p)x(h=p)
(3.193)

We expand the first term of (3.191). Utilizing Y9,%1’s definitions in (3.32), we find
that

7 ” A, B Ao B YA AsY ¥B
192V + Vst = 1(58) (& B ) + (& B2) B9 IR =1 (P27 "0 )2
= ||ZA; + A X2 + | EB1||E + || CoX| 2. (3.194)

We now tackle the third term of (3.191). Recall the definitions of 39, 31, A in (3.32),
(3.187) respectively, and let Xpin € R(e=P)x(h=p) he defined such that

A—Yo¥ = ()\prldpxop/(er)\P) Zr(r)m,)' (3_195)
Note that ¥, consists of values o,41,...,0, in its upper left diagonal. Substituting

(3.195) into the third term of (3.191), we find that

o~ T T
D A=z =T (& ) (& 5) (0]

Smin

T .
— Ty | A2A1+B2C1 A2B1+B D1 Akppldpxp/(f+Ap) O
C2A1+D2Cy C2B1+D2 Dy 0 S min

() Akpp
= Tr[A,A B T
[y r[A2 A1 + B2Cq] +Tr[2

where (i) we used that Tr[AT B] = Tr[BT A] for any pair of matrices A, B of compatible
dimensions.

We finally simplify the fourth term of (3.191). Recall again W’s SVD (U%2S, ST V);
and that if (V2,V1) € Tj;, M, then Diag(V,' W) = Diag(W1V;T) by Lemma 26. If we use
the parametrization from (3.192) and (3.193), this latter relation on diagonals is equivalent

mln(CQBl +D2D1H (3196)

to equating

Diag(WIVa) (W’s SVD, 3.185)

Diag(STSTUTUT5S) (3:32,3.192) 1) (ST(ET 0) (éz 11—)32)5)
_ Diag(ST (2T0A2 ETOBQ ) S) (3.197)
to the expression

Diag(W;V;T) = Diag (5™ (23? =cf ) s), (3.198)

the latter of which can be shown in a similar fashion to (3.197). Recall (i) that for any
pair of matrices A, B, Diag(A™ B) = Diag(BT A). Therefore,

Wiag(Vyi Wy) 2 Diag(W1 Vi) + Diag(W5 V2)

(3:197,3.198) 1y iag (ST (ETA2+ZAT 2T32+20T)S)

(ii) Dlag(sT(z(A2S-AlT) E(ng-Cl ))5)7 (3.199)
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where (ii) we have used that X is a diagonal matrix.
Applying the matrix parametrization in (3.192), (3.193) to (3.191)—by substituting
(3.194), (3.196) and (3.199) into (3.191)—yields

minimum of 2(HZA1 +A2EH12;+||EBIH%+HC’22H%)

ApK
+2 f+App

—4 ;}A:i{i\i; Tr[As A1 + B2Ch
ot —4Tr[ET, (C2B1+ D2Dy))
Hy = LOATY [Diag(ST (z(AQJAlT) E(BgJC?))S)Z} (3.200)
obtained over Ay, Bq,C1,D1;As,Bs,Co, Do
subject to [AL||E+ 1Bulf +- -+ | Dallf =1,

Ay B A B 1

W (& 52)s.s™ (& B )v) eTihm,
Step 5: The first bounds. We now start with bounding the objective function in (3.200).
Here, we utilize an auxiliary lemma—Lemma 30—twice. Lemma 30 and its proof can be
found in Appendix 3.E .

First, we lower bound the second part of the first term in (3.200). Denote the singular

values of & by x1,...,X,; these satisfy x; > xi+1 and x? = 0; — (Ak,p)/(f + Ap) for i =
1,....,p—1. From the fact that ¥ is an invertible, positive and diagonal matrix with

minimal eigenvalue x,, we conclude using (i) Lemma 30(c) that
AKpp
f+Ap
Next, we upper bound the next-to-last term in (3.200). Recall that the largest singular

value of i is 0,4.1; all of its singular values are in the set {0p+1,ap+2, ...,0r,0}. Using
(ii) the cyclic property of the trace, and (iii) Lemma 30(b), we therefore have

Tr[2T. (CoB1+DyDy)] = Te[EL. CoBy ]+ Tr[2L, DyDy]
D 1y, B ST, ] + Tr[D Dy ST, ]

min min
(iii)

< % (Te[C2CF ] + Te[By BY |+ Tx[D2 DT ]+ Tx[ Dy DY)

@
ISBLIE +IC2S1E = (1B +CalE) = (0, - 222 ) (1Bl +Cal).  (3:200)

Op+1
= 5= (IBE +1C2 & + [ Dil[E +11D2 1) (3.202)

Using (3.201) and (3.202) to bound their respective terms in (3.200), together with
the constraint || A1 || + || B1||& +--- 4[| D2||z = 1, we obtain the following lower bound for
(3.200):

minimum of 2|41 + A% +2(0p - JZ\_T_&%) (|\Bl||12: + ||C’2H12?)
+2 2252 (A2 + (| Br|2 + + 1| D22)
—4+582 Th[Ap Ay + ByCy)
—20,1 (| B1l + [Cal? + I D1[IE + 1 D2 3)
AT [Diag (5T (242541 S(B240D) ) 5)7]
obtained over Aj,By,C1,D1;As,B2,C%, Do
subject to [ A1[|E+ [ BullE + -+ D2fF = 1,

Ao B A; B
W (& 52)s. s (& B)v) e,

HP > (3.203)
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Step 6: Splitting the minimization over two subspaces, with two quadratic forms. We
examine now (3.203) closely. We split the objective function into the sum of

Bi(B1,C2,D1,D2) = 2(0p —0p41) (| Bullf + [|C2|[)

ApK
+2( P —ap+1)(\|D1||%+\|D2||%) (3.204)

f+Ap
and
ApK
By(A1, Az, By, C1) =2||L A, +A22||12r+2fi;p (||A1||%+ | A2||% — 2Tr[A2A4]

+Bal2+Cul2 - m[Bzcl]) +2ATr [Diag (57 (2<A20+A?> 2(Ba+0f) ) $)*]. (3.205)

Also observe in (3.204) that the coefficients in front of || By ||& +||C2||% and || D1]|z + || D2||%
are both strictly positive; visit Section 3.2.4 and recall (3.15) specifically.
In the dimensions provided in (3.192) and (3.193), let

Vi =span{ (U(&, 8)5,5T@ V). (U (6 5,)S.5T(@8)V). (3.206)
(UE§S.ST([55)V). (UE8)SS™(55,)V)
By € Rpx(h—/o),cb c R(e—P)xp .Dy € R(f—p)X(h—p)7D2 c R(e—p)X(f—p)}.

Note now that V1 C TJ‘ M. Indeed, when we examine the definition of TJ- M in Lemma 26,
we can see that nearly every condition pertains to Ay, Ao, Bs,C1 only and not to By,Cs, D1,
Dy—the only exception is possibly the condition Diag(V,I W2) = Diag(W;V;T). But in fact
in (3.197) and (3.198), we can see that the matrices B1,C2, D1, D2 do not appear in this
constraint. Hence, any v € V; will satisfy the conditions in the definition of TJVi,M in
Lemma 26. This observation yields therefore that V; C T‘%VM .

Consider now the orthogonal complement of V; in Tﬁ,M given by

Vo= {(U(éi 52)5 ST(éi gi)V) € Ty M : By,Co,D1,Ds = O}mTJV;,M. (3.207)

From the definitions of V1 and Vs we have:

- V1 CTy M,
- VlEBVQzT‘%VM, and
- Vi L Vs,

Using (3.204)—(3.207) we can then lower bound

minimum of  £(||B1[|E +11C2ll + | D1l1E + |D2I§) + B2(A1, A2, B2, Ch)
obtained over (0,0,B1,0,C5,0,D1,D2) € Vy,

HP >
(A1, A5,0,B3,0,C1,0,0) € Vy,
subject to  [|A1[| + | B1lf+--- +[ID2F = 1.
Here,
¢ =2min{ f”\i’i\ﬂp —Opr1,0p— Opi1 ) > 0. (3.208)
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Now critically, note that By and By are quadratic forms, i.e., for any n € R, Bi(n:) =
n2B1(+) and B2(n-) = n?Bz2(-). We can therefore apply Lemma 31, to find that

H?}}tzmm{g, min BQ(U))}. (3.209)
lo2)2=1
v2EVo

Step 7: Lower bounding the minimum of Ba. We will now prove that

. . APK
Cw = min Ba(v) = min 2H2A1+A22H%+2 '0; <HA1H%+||A2||%—2Tr[A2A1]
llvellg=1 lvell=1 4+
v2€V2 vy €V

1 Boll2 +[1Ch |2 - 2Tr[B201]) +2)Tr[Diag (ST (2<A20+A1T> 2(Ba+CT) ) S)’]  (3.210)

has a strictly positive lower bound. Note that (3.210) can only equal zero if and only if
at every solution (A7, A3, B;,CY), the following conditions hold

Cl. 2|[DAf + A3%)|2 =0, and

A * * * * * * * *
C2. 2755 (114712 + 1433 - 2Tl A5 A7) + | B3 I3 + |CF I3 — 2Tx[ B3 C1]) =0, and

C3. 20Tr [Diag (57 (24340 2554€DD ) 5)] —o.

This is because both
[ AL[f + | A2]|f = 2Tr(A241) >0 and || Bo[|f +[|C1[[# - 2Tr(B2C1) >0 (3.211)

are nonnegative: see Lemma 30(a) in Appendix 3.E. We next prove that if conditions
C1-C3 hold, then necessarily (A7, A%, Bf,C5) =0. Consequently, we must have a positive
lower bound as there are no such solutions in the optimization domain of (3.210).

Condition C1 equals zero if and only if A5¥ 4+ XA} =0. This is a standard property
of a norm. Condition C2 equals zero if and only if (A})T = A%, B3 = (C7)T. This is an
additional consequence of Lemma 30(a). Equivalent to conditions C1, C2 are therefore
the statements that

ASY XA =0, (ADT =45 and B =(CHT. (3.212)
Condition C3 is equivalent to

2Ty [Diag (57 (2043440 2334 €D ) 5)?]

— 2Ty (A3 + (AN, Bs + ()", A3 + (A", Bs + (C1)T) =0 (3.213)

by Definition 12. By Ty ’s definition in (3.177) and Ty ’s definition in (3.178), we must
then have that

Tw (A5 +(ADT, B+ (C)T) = Diag(ST(E(A§+O(A’{)T) E(B%O(CI)T))S) =0 (3.214)

also. We have proven that if conditions C1-C3 are all met, then all prerequisites of
Lemma 27 are met; compare (3.212) to (3.169) and (3.214) to (3.171). Lemma 27 implies
that (A%, A%, B3, CF) =0.
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We finally form the lower bound. We have proven that there is no solution in the
optimization domain that satisfies conditions C1-C3 simultaneously. Consequently,

Cw= min By(v)>0. (3.215)
lo2llf=1
v2€V2

Substituting (3.215) into (3.209), we obtain that

Ak
20 96 ,1,2(0, a,,+1)}. (3.216)

'HOpt > min{@% T

Because 0, > Akpp/(f + Ap), we also have that

AKpp

9Pt > mij { 2-——P—
Hyy > min< Cwy, T

—2ap+1}. (3.217)
This concludes the case that p < f.

Now consider the case p = f. The proof is mostly the same except for the fact that in
Lemmas 24-27, all coordinates indicated to ‘have dimension f —p =0’ need to be removed
from the subsequent calculations. Furthermore, we then also use that WW* equals the rank-
f approximation of S, [Y] as f = p < r—recall the discussion below (3.17). Concretely, the
matrices Be,C1,D1,Ds do not appear in the calculations and ultimately this will yield
functions Bi, Be different from (3.204), (3.205), respectively. Specifically, we find the
function

B1(B1,Ca) = 2(0, — 0ps1) (| BlE + 1 Call3) (3.218)

and similarly the function

APK
F+ X
+20Tr[Diag(STE (42 + AT)S)?]. (3.219)

By(A1, Az) = 2T A1 + AoTIR + 272 ([ A [} + | As R — 2Tr{A> A1)

Observe now that in (3.218) there is only one quadratic term involving B; and Cs, and
its coefficient results in a replacement for (3.208):

§=2(0p—0pt1). (3.220)

These changes carry over to (3.217), and the minimum becomes

HOP >min{CW,2(0prp+1)}. (3.221)

This concludes the case that p = f.
Note finally that if p =r, then o,41 =0 by (3.32). This concludes the proof. ]

We can improve the result in Lemma 28 in case p = 1. Note that whenever e =1, then
necessarily p =1 also by (3.17). In this case we can explicitly calculate the minima. Note
that this case occurs when p is either sufficiently small or when we have rank one data
(that is, when r =1).
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Lemma 29. Suppose that Assumption 9 holds and that p=1. If W € My\Sing(M), then

Lemma 28 holds with
2\o .
22g fr=1,
W= {f“ . (3.222)

2Xoq e
Fix 209 otherwise

instead.

Proof. Recall from (3.104) and (3.105) that we are able to characterize elements of Ty M
using pairs (X, F) where X € Skew(RP*?) and E € R?*(/=P)_ For the particular case p=1,
we have that o(1) = {0} and E € Rf~1. Conclude therefore from (3.36) that if

Diag (ST (8 nZE) S) =0, (3.223)

then (0,E) € kerDyT. Here, n? = %2 = fo/(f + ) € R. Note now that in fact n # 0
under Assumption 9: this allows us next to argue that in the present case p =1 and n # 0,
(3.223) holds if and only if £ =0. This critical observation for the case p =1 allows us
to extend Lemma 28, since we will see that the term in (3.223) is proportional to ||E|Z.
This allows us to explicitly compute (yy .

Proof that (3.223) holds if and only if E =0. Let W = (UX2S, ST, V) € M}, \Sing(M;,)—
by Lemma 21 M;\Sing(Mj) # @—and refer to the rows of S as S1.,...,Sy.. By Lemma 22,
these satisfy

1
Sii|l=— for j=1,...,f. 3.224
5151 77 (3.224)

We therefore have for any s # 0,

Tr [Diag(ST(g 5(1)5)5)2] (3:224) Tr [Diag(( 0 82;;) (S.1,...,S‘f))2}

l\?

:Z% ((0,E),8T)” ‘éfHEHQ (3.225)
=1

because (i) the columns of S form an orthonormal basis and we could therefore use Par-
seval’s identity. Consequently,

Diag (ST (35F)S) =0 (3.226)

if and only if £ =0.
Modification of step 4: The equality of (3.197) and (3.198) implies that

Diag (7 (742 782)5) = Diag(s™ (4l <T) 5). (3.227)

By taking traces in (3.227), we find that nA; = nAs. Because in the present case we have
Ajq,Ag € R, we can restrict to the solutions of the form A; = As = a say as n# 0. Thus,
we can optimize over vectors of the type v = (a,a, B2,C1) in a similar way as explained in
Step 6 of the proof ofLemma 28. Next, we conduct the minimization (mimicking Step 7
of Lemma 28’s proof).

Modification of step 7: Lower bounding the minimum of By. In the present setting,

1ALIF + | A2|[F - 2Tr[A2A1] = |a]* + |a|* — 24 = 0. (3.228)
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Furthermore, k, = o since p = 1. The optimization problem in (3.210) therefore reduces
to

Ao
in By(v) = 8n? 227 _(IIB||2 +||C1 |2 — 2Tr(BoC
i, 2(v) Hgll‘lfl n*a®+ f+>\(H g +C1% (B2Ch))
veEY vEY

T 2
+2\Tr [Diag (ST (2ga (B2t Cy ))S> } (3.229)

in the present setting. We next simplify (3.229) term by term.
Observe first that

B[ +[IC1][F —2Tx[B2C1] = || B2 — OF || (3.230)

by property of the Frobenius norm.
Next, let us inspect the trace in (3.229). Its argument satisfies

2 2
Diag (s (20 B2 ) ST)” = (Diag (57 (20 9)5) + Diag (T (172 ) 5))
2 2
= Diag (ST (27 3)8) +Diag(sT (952D 5)
+2Diag (ST(Z"“ ) S) Diag (ST (0 "(B2+CT) ) S) . (3.231)

We may thus split the analysis of the trace in (3.229) by giving attention to the three
terms in the right-hand side of (3.231). Since W € M;\Sing(My), the trace of the first
term in the right-hand side of (3.231) satisfies

2 2 2
Tr[Diag(ST(ano)S)Q} = dna because Diag(ST(QW“O)S) (3.30) (2na) Lixy.

0 [ 00 2
(3.232)
The trace of the second term in the right-hand side of (3.231) satisfies
T [Ding (57 (4 820D ) ) 029 10 T Ba+ T . (3.233)
The trace of the third term in the right-hand side of (3.231) satisfies
Tr[2Diag (57 (237 §) 5 ) Diag (57 ( 1(P2p D) ) 5) | . (3.234)
Substituting (3.230)—(3.234) into (3.229) yields
. 8An2a? 2)\17 T
min Bz(v) = min 87] T +——||B2+Cy ||, (3.235
o B20) = i f = vlie+= | fll )
veV UGV
Recall now that 7% = f/(f 4+ A)o and observe that
8\n?  8fc 8o
8n° + + =80 3.236
U WIS (3.236)
Substituting (3.236) into (3.235), we find therefore that
2o
min By(v) = mi 2 CT2+ By +CTI3. (3.237
min Bav) = min 800”4 2% B~ CT IR+ 55 12+ TR )

veY veV
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Finally, note that solutions of the optimization problem in (3.237) are subject to the
constraint 2a? + || B2||3 +[|C1]|3 = 1. By identifying s1 = 80, s2 = s3 =2\ /(f +A) and
applying Lemma 32, see Appendix 3.E, we find that

4o

— min By(v) = '{4,7}. 3.238

Cw Hgll\%ll 2(v) = min Oy (3.238)
ve

Replacing ¢y in (3.217) by (3.238), we find that

201\
'H?,[Bt > min{% — 209,401, ——
If r =1, then o2 = 0. This completes the proof. m]

Proof of Proposition 13: Finally, Proposition 13 follows directly by combining Lem-
mas 28, 29. O

3.D.7 Proof of Proposition 14 — Looking at a neighborhood of
WeMnU

A consequence of Proposition 13 is that the manifold M is nondegenerate at W € My N
M\Sing(M):

Corollary 2. Suppose Assumption 9 holds. If W € My M\Sing(M), then ker V2Z(W) =
Tw M. Furthermore, the manifold M is locally nondegenerate at W'.

Proof. Recall that Proposition 13 implies that V2Z(W) is a positive definite bilinear form
when restricted to TI%VM , and that Proposition 13 provides a lower bound w for it. This im-
plies in particular that Tq5, M C (ker V2Z(W))+. Because moreover Ty M C ker VZZ(W),
we find that

Tyw M = ker VEZ(W). (3.240)

Now, because W is nonsingular by assumption and Sing(M) is a closed set (recall
Proposition 11(a)), there exists a neighborhood Uy C P of W such that for any W' €
Uw NM, W’ is also nonsingular in M. In particular Uy N M is a submanifold of P.
Hence,

dim Ty M =dim Ty M (3.241)

is constant for all W’ € Uy, N M.
By continuity of V2Z, we have furthermore that for any W' € Uy N M,

tk(V2Z(W')) > tk(V2Z(W)) = dim Ty M. (3.242)
Now, (i) the rank-nullity theorem together with (3.242) implies that

(3.240) (3.241)

(i)
dimker V2Z(W') < dimker V2Z(W) dim Ty M dim Ty M. (3.243)

Since Ty M C ker V2Z(W') also, (3.243) implies that ker V2Z(W') = Ty M for any W’ €
Uw N M. Hence, M is locally nondegenerate at W according to Definition 11. m]



124 Chapter 3. Asymptotic convergence rate of dropout for shallow linear NNs

Proof of Proposition 14. Let W € M, N M\Sing(M) and let Uy be the open neighborhood
from Corollary 2, where M is nondegenerate at W.

Proposition 14(a) follows from the definition of nondegeneracy of Definition 11 and
the existence of Uy in Corollary 2. Proposition 14(b) follows because an immediate
consequence of Proposition 14(a) is that for any W' € Uy N M, Uy NM is also locally
nondegenerate at W’.

Corollary 2 yields that for any W’ € Uy N M, ker V2Z(W') = Ty M. Hence, there
exists an wyy such that

thin vIV2T(W v = wyr > 0. (3.244)
v||=1

UETVt/M
This is in fact Proposition 14(c), and this completes the proof of Proposition 14. O

3.D.8 Proof of Proposition 15 — Extension in generic sense

Proposition 11 implies that M is nonsingular for generic points. Together with Proposi-
tion 14, this implies that up to a closed algebraic set with lower dimension than that of My,
for every W € My N M, there exists a neighborhood of Uy € P of W such that Uy N M
is a manifold that is locally nondegenerate at W. We will now extend these results to M
by using the group action in (3.92).

The result of Proposition 8 implies that the action of m extends M to M as defined
in (3.92). We look at the action on the Hessian. We need to prove that:
(a) a given point W’ € M is regular if the point in M, corresponding to W’ € M under

the group action 7 in (3.29) is also regular; and

(b) W’e M is nondegenerate.

Proof of (a). Recall that H = Diag((R*)7) as a Lie group. Proposition 8 provides the
bijective map 7~ : M — My x H given by

7 (W) = (7(Cw) (W), Cw), (3.245)

where Cyy = Diag(WJ Wa)~/*Diag(W,W{)/4. From (3.151), 7! has a continuous in-
verse in the open set (M, x H). Recall that by Proposition 14, for each W}, € M\ Sing(My)
there is a neighborhood Qw, of W; such that every W) € Qw, N M} is nonsingular in
My. In particular, for any C' € H, there is a neighborhood Q¢ C H of C such that
L. Qw, X Qc — M is smooth. Hence, 771 is a local diffeomorphism at (W, C) and so
M is smooth at W =7 (C)(W}). Hence, W is regular in M whenever W}, € M,, is regular.
This implies that if W € M, N M is generic, then so is 7(C)(W) € M for any C € H.
Proof of (b). We start by computing the effect of the action 7 : M x H — M on the
Hessian. For any fixed C' € H and W € M regular, there is an induced smooth map
D(C’,W)ﬂ' TwM — TTK‘(C)(W)M for V= (VQ,Vl) € Tw M given by

Dicmym(V) = (V2C,C7 W), (3.246)
In vectorization notation for V' and denoting vec(A, B) = (vec(A),vec(B)) for any A, B,
the map Dy 7 is given by
vee(Dw (V) = vece((VaC,C~1V1)) = (vec(VaC),vec(C~117)))

_ (C®Iexe 0

— (et C_1®Ihxh)vec(Vg, Vi) = Cvec(Va, Vi) (3.247)
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say.

We next consider the Hessian of the map Z(7(C)(-)) : P — R and compare it to V2Z.
We let V(g(W))(V) be the differential of a function g(W) depending on W in the direction
V; note that we use only Euclidean coordinates in P and so we can understand the
differential as a gradient. First, use the chain rule to conclude that for V € Ty P we have

V(Z(m(C)W))) (V) = VI(x(C)(W)) (Dw(V)). (3.248)

For the Hessian V2 (Z(TI'(C)())) :TwP x TwP — R, we have that similarly that for V, R €
TwP and W e M,

V2(Z(=(C)W)) ) (V. R) = 7 (V (Z(=(C) W) (V) (R)

(3:248) & (VI(W(C)(W)) (wa(V))) (R)

29 (VI(r(C)W)) (R) (D (V) + TI(w(C) (W) (VDwr(V))(R))

© V2Z(x(C) (W) (D (V). Dywn(R)) + VI(x(C)(W)) (V(Dwr(V))(R)), (3.249)

where we have (i) used Leibniz’s rule in the one-to-last step and (ii) the chain rule. Since
VI(x(C)(W))=0 at any minimizer 7(C)(W), we have that (3.249) reduces to

V2(Z(x(C)(W))) (V. R) = V*L(n(C)(W))(Dw=(V), D7 (R)). (3.250)

We abuse now the vectorization notation from (3.247) and consider the Hessian as a
bilinear form in terms of vec(V) and vec(R) in (3.250). This means specifically that
(3.250) can be written as

V2(Z(x(C)(W))) =T (V?Z((C)(W)))C. (3.251)

Recall now that for any C'€ H and W € P, Z(w(C)(W)) =Z(W). Consequently, as bilinear
forms

V2Z(W) =CTV2Z(x(C)(W))C. (3.252)

Finally, note that C in (3.252) is invertible for any C € H. Therefore, we the ranks are
equal:

rk(V2Z(W)) = rk(VZZ(m(C)(W))) (3.253)

for any C € H. Now, if W € M, N M is nondegenerate (so the rank is maximal), we can
repeat the arguments of Proposition 14 and in particular conclude that 7(C)(W) is a
nondegenerate point in M.

Combining (a) and (b) implies that M is nondegenerate at generic points. o

3.E Auxiliary statements

3.E.1 Inequalities pertaining to the Frobenius norm

Lemma 30. The following inequalities hold:
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(a) For any C € R**® D c RV it holds that
2Tx[CD] < ||C||3 + || D% (3.254)

with equality if and only if C = DT,
(b) For any Ac R/ BeRe*f, AcRe¥", it holds that

O‘l(A)
2

Tr[ATBTA] < (Tr[BT B]+ Tr[AAT]). (3.255)
(c) For any B € R®*7 | and diagonal matriz A € R€*¢ with positive entries and minimal
eigenvalue s = min;—1 . o A;;, it holds that

IBTA|I > s%|| B3 (3.256)

We prove the inequalities in Lemma 30 one by one.
Proof of (a). Recall that the Frobenius norm satisfies || A+ B||& = || A||%&+ || B||Z —2(A, B)r,
where (A, B)r = Tr[AT B] (for real matrices) denotes the Frobenius inner product. We have
in particular that
0<C =D& =Clf+|DIIF - 2Tx[CD], (3.257)

with equality if and only if C' = DT (by property of a norm).
Proof of (b). Consider any square matrix R € Rf*/ and let opax(R) be its spectral norm,
i.e., its largest singular value. Recall that

zTRT Rz

1/2
UmaX(R):sup{HRSUHQ:xGRf,HxHQ:l}:sup{ T, :.TERf7x7é0} /2, (3.258)

Note that
0 R\2 0 R
omax (e ) =sup{ I (fe B) (D)3 0,0 € RS, a3+ b3 = 1}
Rb
sup{ (2 )13 a,b € R, lal3 + b3 =1}

=sup{ | T al3 + | Rbl3 s a,b € RS, al3 + b =1}

< omax(R)?, (3.259)

where the inequality follows because omax(R) = O'max(RT) and by definition of opmax(R),
|Rz||2 < omax(R)?||z||3 for any = € RS.

Recall the properties of the vectorization notation in Appendix 3.D.5. We have then
in vectorization notation

TY[ATBTA] = %(TI"[AT(BTA)] +TY[B(AAT)D
= % (VeC(A)TAT ®Ifvaec(BT) +vec(BT)A® Ifvaec(A))

= (VCC(A),VCC(BT))T%( 0 AT@Ifxf) (vec(A),vec(BT))

A®If % f 0
UmaX(A)

<
- 2

(Tr[AA™]+T2[BT B]), (3.260)
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where we have used that omax (Y @ I) = omax(Y).

Proof of (¢). Suppose without loss of generality that the diagonal elements of A are
ordered, i.e., A1 > ... > Ace > 0. Denote the columns of B by B.1,...,B... Calculating
the Frobenius norm directly, we find that

€ €
IBTAIR =Y AZIB, 115> A2 [I1B]13 = AZ]| B} (3.261)
j=1 j=1
This completes the proof of Lemma 30. o

3.E.2 Subspace minimization

Lemma 31. Let V1, Vo be two orthogonal subspaces, and let {v1,...,vq4} be an orthonor-
mal basis of V1 ®Va such that Vi =span{vi,...,vs} and Vo =span{vgt1,...,vq}. Assume
that 11,...,ls € (0,00), and let By : Vo — [0,00) be a function that satisfies Ba(Cua) =
¢%By(uz) for ¢ €R. Then,

min Zl |(vi,ur) |+ Ba(ug) > mln{ll, ls, min Bg(’u,g)}. (3.262)
llu I +lluzllip =151 lluzllf=1
u1 EV1,u2E€V2 ug EV1

Proof. Note that

{(u1,u2) € Vi x Vo & [lun || + [Juz||E = 1}
=Ucepo,){(u1,u2) € Vi x Vot un || = ¢, luzllp =1— ¢}
=Ucepo{(Cwi, v/ 1= Cwz) : (wi,w2) € V1 x Vo, [lwn || =1, [|wa|lp =1} (3.263)
The left-hand side of (3.262) therefore equals
min ¢2> il (vi,wi)? + (1= ¢?)Ba(ws). (3.264)

2 2
lwilg=1,[|wz|lg=1,
w1 €V, waEV2,(€(0,1]

Observe in (3.264) a convex combination in terms of (2. The minimum of (3.264) therefore
occurs at either ¢ =0 or ¢ = 1. Note additionally that if ||w; || =1, then

Zl [{(vi,w1)] > mln{ll, s }Z| Vi, w1)| 2 W) min{ly,...,ls} (3.265)

by (i) strict positivity of the summands and (ii) an application of Parseval’s identity—
which is warranted since {v1,...,v5} is an orthonormal basis of V;. Together, this proves
the lower bound for the right-hand side in (3.262). O

3.E.3 Minimization

Lemma 32. Forac R, B,C e R'1 and s1, 59,53 >0,

min, {31a2 +59||B—C||% +s3| B+ C|\§} = min{%,232, 253}. (3.266)
a7 b

2a%+|| B|3+[ClE=1
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Proof. We can decouple the minimization over a and over (B,C) in (3.266), respectively.
To see this, suppose that (ag, Bo,Co) is a minimizer of (3.266). If so, then (Bg,Cp) must
also be a minimizer of

win 52| B-Cllf + sl B+ClE, (3.267)

2 2 2
1Bl +I1Cllz=1—2ag

for otherwise (ag, Bo,Cp) would not be a minimizer of (3.266) by linearity.
For fixed ag, the following holds:

— if 89 > s3, then the minimizer (By,Cy) of (3.267) satisfies By = Cy and the minimum
is 4s3|Bo |3 = 2s3(1 —2ad);

— if s9 < s3, then the minimizer (By,Cy) of (3.267) satisfies By = —Cy and the
minimum is 4s2|| By |2 = 2s2(1 —2a3);

— if s3 = s3, then any point (Bo,Cp) that satisfies ||Bol|3 +[/Col|3 = 1 — 242 is a
minimizer of (3.267) by the parallelogram law, and the minimum is in fact 2s9(1—
2a3).

Thus, we have that the left-hand side of (3.266) reduces to:
— if s9 > s3, then minae[—l/\/il/\/i]{SWZ +253(1 —2a?)} = min{s1/2,2s3};

— if s9 < s3, then ming ey, /3 1/\@]{51(12 +252(1—2a2)} =min{s1/2,2s2};

— if s = s, then min ¢, 5 1/\/5]{51‘12 +2s2(1—2a?)} = min{s1/2,2s2}.
Combining cases, we observe that the left-hand side of (3.266) equals min{s;/2,2s2,2s3}.
]



Chapter 4

Universal approximation of
dropout neural networks

Based on [5]:
“Universal approximation of dropout neural networks”
by O.A. Manita, M.A. Peletier, J.W. Portegies, J. Sanders, and A. Senen—Cerda

In Chapters 2 and 3 we have analyzed dropout from the stochastic optimization per-
spective and examined convergence properties of the algorithm. In this chapter we consider
dropout and in particular the randomness created by dropout in a more abstract man-
ner. We will investigate if Neural Networks (NNs) with the additional randomness from
dropout can still approximate functions and if so, in which sense.

4.1 Introduction

The class of NNs satisfies a well-known universal approzimation property: any given func-
tion can be approximated to arbitrary precision by a NN [156, 153]. This property partially
explains why NNs are effective as approximators of implicitly given functions.

We have seen in Chapters 3 and 4 that dropout converts a deterministic NN into a
random one while training by randomly ‘dropping’ nodes. In this chapter we address
the following question: Does this randomness interfere with the universal approximation
property? Or, to formulate it in the affirmative: does the class of dropout NNs still satisfy
a universal approximation property?

To provide a first quantification of this question, let us explain the expectation—
variance split, which in the context of dropout goes back to the theoretical analysis by
[114]. We will think of a dropout NN as a function ¥ : R? x R® — R together with a
{0,1}™-valued random variable f 1 Here, we will think of R? as the data space, and R"
as the parameter space (the space of weights and biases of the NN). The parameters of

IDifferently from Chapter 3 where f denotes the width of the NN, in this chapter we let f denote
a vector of filters.

129
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the NN are multiplied componentwise with the vector of filter variables f. That means
that when ¢ : R? — R is a function we want to approximate, we try to approximate it with
the stochastic function that maps = to ¥U(x,w® f). For fixed z and w, the expectation—
variance split reads

E [(\Il(x;w@f) - C(m))z] = (B[W(z,we )] — (@) + Var[¥(z,wo f)].  (4.1)

As both terms on the right-hand side of (4.1) are nonnegative, both terms have to be
small in order to have a good approximation.

In [22], Foong et al. showed that deep Rectified Linear Unit (ReLU) NNs with node-
dropout can still approximate functions arbitrarily well, by showing that both the expecta-
tion term and the variance term in the expectation—variance split can be made arbitrarily
small (see [22, Theorem 3]). In fact, the two terms are arbitrarily small uniformly over x
in the unit cube in R¢. With this statement, Foong et al. effectively showed a universal-
approximation result.

In this chapter we show two universal-approximation results for wider classes of dropout
NNs. Where Foong et al. made specific use of the ReLLU activation, assume Bernoulli filter
variables (thus equidistributed, independent, and with finite variance), and restrict to one
hidden layer, we show that the property of universal approximation holds under more gen-
eral assumptions. Our distinguishing insight is that certain classes of random NNs satisfy
an algebraic property, which enables us to deal with arbitrary depth, generic activation
functions, and dependent filter variables not necessarily equidistributed and possibly with
infinite variance. Notably, our techniques allow for dropout of edges from the input layer.

For the theorems we prove below the structural assumptions on the NN reduce to
the assumption that the underlying deterministic NN has the universal-approximation
property; necessary and sufficient conditions for the latter to hold are well-known, for
example, see [153]. In addition, our main theorems allow for general classes of filters,
including the original node-based dropout [117], the edge-based dropconnect [115], and
many others, including sets of filters with strong dependence. We show that the class
of dropout NNs can ezactly match a given deterministic NN, at least in expectation as
shown in Corollary 3 below. We also show that we can construct NNs that approximate
a given function arbitrarily well, both as a random NN and as a deterministic NN (see
Corollaries 4 and 5). Finally, we provide control over the error both in probability and
in L9

4.1.1 Approximation by random neural networks

In a deterministic context, a universal-approximation theorem for some class C is a density
statement, stating that any function ¢ can be approximated to arbitrary precision by NNs
in C, where the approximation is measured in some seminormed function space (F, | - || ).
Such approximation statements can be generalized in a stochastic context in multiple
ways. We will namely focus on two of these: approximation in probability, and in L9 for
q € [1,00).

Universal approximation in probability in a function space F is the property that for
every function ¢ € F, and every € > 0, there exists a NN W, a weight vector w and a
random vector f (all with certain extra properties to make the statement nontrivial), such
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that?
PICC) =P (wo f)llr>€ <e

A stronger approximation statement involves approximation in L? for ¢ € [1,00): for any
€ > 0, there exist ¥, w and f such that

E[[l¢()—U(we f)L]7 <e

We prove two main classes of approximation results, corresponding to the two main
ways that dropout NNs can be used in practice. In the first class of results, the NN is
a random object as described above, and is used in a random fashion during training as
well as for prediction; we call this random-approzimation dropout.® In the second class
of results, the training is conducted with random NNs of the form ¥(-,w ® f), but the
deterministic network W(-,w ®E[f]) is used for prediction instead. In this latter case, the
filters are thus replaced by their expectations. We call this type of dropout ezpectation-
replacement.

4.1.2 Random-approximation

We start with uniform random-approximation dropout, that is the property that any
function ¢ in an appropriate set F can be approximated by random NNs of the form
U(-,w® f). The first result in this direction states that there exist real constants {ay }u
such that

E| Y a¥(,(woly)ofU)| =v(,w). (4.2)
Ue2lnl

See Theorem 13 in Chapter 4 for the full statement. (4.2) establishes the following fact:
for any collection of random filter variables fU, for any function ¥, for any parameter
point w, the function ¥(-,w) can be matched exactly by the expectation of a sum of
filtered versions of the same function. The important caveat is that one needs to take into
account all reduced versions of the functions W, i.e., the whole hierarchy of deterministically

modified versions indexed by subsets U.

The equality in (4.2) suggests a special role for ‘classes of networks’, with the property
that given a ‘network’ W(-,w) we can in some sense define a new (random) network ¥ (-, ®
f) by
V(w0 f)= > a¥(,wolyofY). (4.3)

Ue2ln]
To formalize this, we assume that we have chosen a set DDNN (a ‘set of random NNs’),
which can be any collection of tuples (n, ¥, f) that satisfy the following properties:

(i) n € N is a natural number;

(i) ¥:R4xR™ — R is a function such that for every w € R™, ¥(-,w) € F;

2For convenience, in this chapter we use € for both the event {||¢(-) = ¥(-,w® f)||7 > €} and a
bound of its probability. An equivalent definition with, e.g. ¢, > 0 for each term may also be used.

3This has also been called Monte Carlo dropout because of the close connection with Monte Carlo
estimation of integrals [23].
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(iii) f is a {0,1}"™-valued random variable such that

P[f = (1,...,1)] > 0. (4.4)

Moreover, we assume that DDNN is closed under linear, independent combinations. By
this we mean that whenever a,b € R and (m,®, f) and (n,¥,g) are in DDNN, then also
(n/,a® + bW, h) € DDNN with n’ > n+m, where h is an {0,1}" -valued random variable
that is the independent concatenation of f and g. In this case, a® +b¥ : R% x R" - Ris
given by

(z, (w1, w2)) — a®(z,w1) + 0¥ (x,ws).

This closure assumption implies that a definition of the form (4.3) is meaningful.

The range of possible subclasses in DDNN satisfying these requirements is vast. Typical
examples are NNs with dropout and dropconnect, but many other choices also are possible.
Note that the function ¥ may be extremely general, implying that there are no restrictions
on e.g. the form of the activation function or the structure of the NN. In fact, nothing in the
requirements on DDNN restricts to functions ¥ generated by NNs; other approximation
methodologies may also be used, for instance based on Fourier or wavelet expansions. See
Section 4.2 for a detailed description and examples in the class DDNN.

By combining a result of the type in (4.2) with the law of large numbers we find
Corollary 3 below, which expresses the following insight: if the class DDNN is rich enough
to approximate any function in F when all filter variables are set to 1, then any function
in F can also be approximated by a (random) dropout NN in DDNN.

Corollary 3. Let ¢ € F and € > 0. Assume there exists a (m,®,g) € DDNN and a v € R™
such that ||®(-,v) — C||F < €/2. Then there exist a (n, ¥, f) € DDNN and a w € R™ such
that

Pl¥(,wo f)=Cllr>e <e (4.5)

and .
E[IO(,we f)—¢|%] <e

Section 4.4 is devoted to these results, but develops them in more generality. There we also
give some examples and calculate the coefficients ayy explicitly for the case of independent
Bernoulli filters.

4.1.3 Expectation-replacement

In the previous subsection we considered a dropout NN to be a random object, which
is also used as such during prediction. By contrast, it is common practice to choose the
filter variables to be random during training and to be deterministic during prediction and
equal to their expectations; see e.g., Goodfellow, Bengio, and Courville [74, Sec. 7.12]. We
call this expectation-replacement dropout, and Corollary 3 above does not say anything
about this situation.

In fact, we show with an example that the construction at the heart of Corollary 3
may lead to NNs that are ‘bad approximators’ in this specific sense: given a function
¢, the constructed NNs approximate ¢ with high probability with random filters, but do
not approximate ¢ at all when replacing the filters by their expectations (see Example 19
further in this chapter).
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At the same time, expectation-replacement dropout is both very widespread and very
successful; see [41]. How can these two observations be reconciled?

To address this, we describe in Section 4.4 the construction of dropout NNs that
approximate not only in probability and in L4, but also in this expectation-replacement
sense. As in the case of Corollary 3, the construction builds on existing density results for
deterministic NNs: we start with a given deterministic NN W(-,w) that is close to a given
function (. Differently from Corollary 3, however, the nonlinearity of ¥ forces us to apply
the law of large numbers to each edge (or weight in this context) separately, instead of
simultaneously for the whole NN.

The main result pertaining to expectation-replacement dropout allows for a wide range
of choices of activation functions and filter-variable distributions. For example, the follow-
ing are simple, specific corollaries for a ReLU activation function with dropconnect and
node-dropout respectively.

Corollary 4. Let F be the space of continuous functions R* - R, and endow it with a
seminorm || - || 7 equal to supremum of the function on the unit cube. Then for every ( € F
and every € > 0 there exists a dropconnect ReLU NN (¥, f) and a parameter vector w such
that

IP’[H\I/(-7w®f)—(jHF>e} <e (4.6)

and
E[[[e(,wef)—CI%]? <e

while

1U(-,wOE[f]) |l £ <e.
Corollary 5. Corollary 4 also holds when using dropout instead of dropconnect.

Note that where the construction of the section on random-approximation dropout
is applied to a very wide class of functions W—mnot only those generated by NNs, the
construction underlying Corollaries 4 and 5 depends in a detailed manner on the fact that
U has the structure of a NN.

In this chapter we show that dropout NNs have sufficient representational capacity to
approximate well simultaneously in probability, in L4, and in the expectation-replacement
sense. While this does not explain why any given training algorithm finds parameter
points that approximate well in the expectation-replacement sense, at least it shows that
the contrast between random training and deterministic prediction is not an obstacle to
good performance.

Structure of this chapter

The following section is devoted to the definition of of a dropout NN. In Section 4.3 we show
universal approximation results for random-approximation dropout, whereas Section 4.4
is devoted to universal approximation results for expectation-replacement dropout. We
discuss our results and their limitations in Section 4.5 and conclude in Section 4.6.
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4.2 Specification of dropout neural networks

We consider first general functions ¥ : R% x R™ — R together with a {0,1}"-valued random
variable f. Some of the results will hold in such general setting. Later on, we will specify
functions ¥ that arise from a NN. We specify now the NN structure that we will use and
introduce the corresponding notation.

4.2.1 Neural networks

We briefly recall that a (feedforward) NN is a function ¥ : R% x R” — R, where
U(w) =0y (-,w<L>) oW, 4 <-,w<L*1>> 0r0ly (-,w<1>) . (4.7)

Here, L is the depth, the parameter w is the concatenation of the individual parameter
vectors w(?) = (W) () for j = [L], which in turn consist of a dj x dj_1 weight matriz
W) and a bias vector b)) € R% . We set do=dand dj, = 1.

In (4.7) every ¥; is a function from R%-1 to R% given by

U (z,w)) =0, (W(j)erb(j)) , (4.8)

where the function o; : R — R is the activation function, which is applied componentwise.
This definition differs compared to Chapter 2 since we include biases and possibly different
activation functions. These, however, will become important in Section 4.4.

4.2.2 Dropout neural networks

A dropout NN consists of a NN ¥ : R4 x R — R as above together with a random vector
f€{0,1}"™. The components of f are called filter variables. The NN W, the filter variables
f, and a parameter vector w € R™ together form a stochastic function from R? to R given
by

= U(z,woe f).

The most well-known examples of dropout NNs are NNs with dropout and dropconnect,
which we have also defined in Chapters 2 and 3, albeit in different contexts. We briefly
recall their formal definitions.

The original version of dropout [117], which in this chapter we will call from this point
on node-dropout —to differentiate from more general versions of dropout—can be under-
stood in the notation of (4.8) as follows. For any j =1,..., L, choose dropout probabilities
1—p7, and let ff yeens fgj be independent Bernoulli filters with remain probability p?. Let

Dj;e R% ¥4 be the diagonal matrix with entries ff, ... ,fgj in the diagonal. If we arrange
all nodes per block, then node-dropout implements for j =1,...,L,
Ui wd o f9)) =g, (Wu)Dj(.)er(j)) (4.9)

Note in this definition that if p' < 1 then with positive probability an input is masked.
For this reason we call the case p' < 1 node-dropout with dropout on the inputs. We call
the case p! =1 node-dropout without dropout on the inputs.
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Similarly, in the notation of (4.8) we can understand dropconnect as follows. For j =
1,...,L, let FU) € R%+1%4j he random matrices composed of entries (F7), all of which
are mutually independent Bernoulli random variables with the same success probability
1 —p. Dropconnect then implements for j=1,...,L,

U0 o f0) = g, ((Wu) O FD)() H,u)) ‘ (4.10)

4.3 Universal approximation for random-approximation
dropout

The aim of this section is to derive the abstract universal approximation statement for
random-approximation dropout already mentioned in the introduction (Corollary 3).

At the highest level the proof strategy is the same as in Foong et al. [22], and consists
of the following three steps. Given a function ¢ € F to be approximated:

1. Approximate ¢ by a NN ¥ (-, w) using classical deterministic universal approximation
results (e.g., [153]);

2. Use U(-,w) to construct a larger, random dropout NN W(-,@ ® f) that matches
¥(-,w) in expectation;

3. Construct an even larger random NN \f/(,@ O] ]?) consisting of many independent
copies of the network W(-,4 @ f) to obtain an approximation of ¢ that is close in
expectation and also has small variance.

We consider Step 1 as given by existing results, and Step 3 is a standard procedure. The
novelty of this chapter for random-approximation lies in Step 2, which we describe in the
rest of this section.

Step 2 is based on an algebraic property, which is illustrated by the following simpler
version of the central theorem. We write 2! for the collection of subsets of [n] = {1,...,n},
and for any such a subset U, we write 1y € {0,1}" for the vector with entries (1jcr7)jen)-

Theorem 13. Let ¥:RYxR™ =R be any given function. Let (fU)UEQ[n] be a collection
of {0,1}"™-valued random variables indexed by subsets U € 2" such that for every U

P[fY =(1,...,1)] > 0.

Then there exist constants (aU)Ue2["] , independent of w, such that for all w,

E| > ap¥(,(woly)ofU)| =v(,w). (4.11)
Ue2lnl

This theorem should be read as follows. The right-hand side in (4.11) plays the role
of a deterministic function that we want to approximate. The left-hand side is the ex-
pectation of a linear combination of many copies of ¥(-,w). Each copy has two ‘dropout’
modifications: the vector 1y implements a deterministic dropout, and the random filter
variables fU a stochastic one. With a view to generality, the random filter vector fY
is allowed to be a different random vector for each subset U of edges, but note that the
distribution of fU on {0,1}" can be completely unrelated to the subset U C [n]; the subset
U only serves as label.
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4.3.1 Key approximation result

Theorem 13 can be extended together with a convergence statement to yield the following
theorem.

Theorem 14. Let (F,||-||7) be a seminormed vector space of functions from R? to R.
Let U: R x R™ = R be a given function such that U(-,w) € F for every w € R™. Let
(fU)Uez[ﬂ] be a collection of {0,1}"-valued random variables indezed by subsets U € 21",
such that for every U

P[fY =(1,...,1)] > 0. (4.12)

Then there exist constants (ay )y cqm) independent of w such that

E| > a¥(,(woly)o V)| =v(,w). (4.13)
Ue2ln]

In particular, by the weak law of large numbers, if fU are independent copies of fU, then
as M — oo,

M
%Z > ap¥(,(woly)e V) = ¥(,w) (4.14)
i=1yealnl

in probability in (F,|-||F) and in L for every q € [1,00).

A proof of Theorem 14 can be found in Appendix 4.A.1. The main observation in
Theorem 14 is the existence of the constants (ay)y;¢qm)- This purely algebraic statement
follows by induction, as explained by Lemma 37 in Appendix 4.A.1. From Theorem 14, it
follows that one can see a dropout NN as a linear combination of dropout NNs with weights
(w®1y)yreoml, such that the linear combination equals the original NN in expectation as
shown in (4.13).

To get a dropout NN that is close to the original network in probability, in (4.14) one
makes a large average of independent copies of the dropout network that approximates
the original network in expectation. The convergence in probability of (4.14) follows then
from the weak law of large numbers. The convergence in L4 finally follows because the
sum in (4.14) is also uniformly bounded in F for any realization of the filter variables
f"Y, so that the convergence in probability immediately implies the convergence in L9 by
dominated convergence.

Note that the number of parameters in this construction increases exponentially, which
limits the potential applicability of this theorem. On the other hand, for particular cases
the coefficients can be calculated explicitly, as will be shown in Section 4.3.4.

4.3.2 Examples

We further illustrate the construction of Theorem 14 with the following examples:

Example 15 (One-hidden-layer dropconnect NNs). Consider the function ¥ : R% x R"™ —
R given by

N
U(a,w) =Y do(wz+b)), (4.15)

J=1
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where the activation function o : R — R is continuous with o(z) — 0 as x — —o0 and
o(x) > 1 as x - oo. In (4.15) we have biases b € R and weights made up from the
constants ¢/ € R and the 1 x d-matrices w?.

The well-known result by [156] implies that the class of all such functions is dense in
C([0,1]%) endowed with the supremum norm. An example of an approzimation by functions
in (4.15) is depicted in Figure 4.3.1.

z —@ w © ¢ @— \I/(m,w):cha(wjﬂchbj)
j=1

bl

0.5
b2

O
1
0

R Truth ¢(z)
---------- Cybenko NN ¥ (z,v) _0'210 6 10

Figure 4.3.1: A Cybenko NN as in (4.15), trained to approzimate a function (; here, n =
2,d=1, and {(x) =sin(x+3)exp|x —3|.

We suppose that the distribution of the filters follows the case of dropconnect, as de-
scribed in Section 4.2.2. Theorem 14 directly yields that by choosing appropriate weights
Y and weight matrices wiU | the one-hidden-layer dropconnect NN given by

M N
%Z Y > awdg e (W o )z +v7) (4.16)

i=lpyezln] j=1

can be chosen to be close to W in LY for large M. Here ¢>U are independent Bernouilli
random wvariables, and fU are random vectors with independent Bernoulli-distributed
components, all with success probability 1 —p. This result is illustrated by Figures 4.3.2
and 4.3.3, where for simplicity we have used filters only on the weights w?Y | while leaving
the biases bJ and ¢/ with constant filters 1. Figure 4.3.2 shows a single realization of
the NN in (4.13) with dropconnect while in Figure 4.3.3 a ‘blow up’—the average of M
independent copies of the network in (4.16) —of the previous construction is depicted.

In a similar way, we can also consider more general dropconnect networks.

Example 16 (Dropconnect networks). Consider a deep NN W :R% xR™ — R as introduced
in (4.7) with dropconnect filters as described in Section 4.2.2. Here, the filter variables,
i.e., the components of f*U in (4.7), are independent Bernoulli distributed with success
probability 1 — p if they multiply elements of the weight matrices W) | and are equal to 1
if they multiply biases b) .

Let w € R™. We choose for F the vector space of continuous functions on R%, endowed
with the supremum seminorm over the closed unit cube. Then the dropconnect random
network in (4.14) is close to the network ¥(-,w) in L7 for large M.
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—_— Truth ¢(z)
ZUez[n] a"¥(z, (wO1y) O fY)
U(z,w®1oo ® fO0)
\II(x,wQ lo1 @fOI)
- - U(z, w1100 f19)
---- U(z,we 111 O f11)

210 ) 10

Figure 4.5.2: A single realization of the random NN in (4.13) using Dropconnect. Based on
the trained Cybenko NN in Figure 4.3.1, for simplicity, we only apply dropout
to the weights w? of (4.15), which we denote by w and which correspond to
the edges joining the nodes connected to the input x. Withn =2 and d=1,
there are four different random NNs with their respective independent filters.
All of them use as base U(-,w) in Figure 4.5.1. In this realization, some
of the edges are filtered, which are depicted with red crosses. The explicit
coefficients ay used for dropconnect are computed in Section 4.3.4.
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Figure 4.3.3: An approzimation of ( with a large NN using dropconnect, based on the base
Cybenko NN in (4.15) depicted in Figure 4.3.1. Adding many independent
copies of the network from Figure 4.3.2, we are leveraging the law of large
numbers as in (4.16). Different independent copies of the network may have
a different realization of the filters, which is here depicted by the red crosses

on the edges.
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Example 17 (Node-dropout networks). Consider again the deep NN in (4.7) with node-
dropout as described in Section 4.2.2. The random NN in (4.14) is then again a node-
dropout NN. In this way, we recover [22, Theorem 3] (with h =0), which for ReLU acti-
vation functions and a target function ¢ bounds

sup Var({(xz) —¥(z,w® f)). (4.17)
xz€[0,1]4

When F is the space of continuous functions with supremum norm, (4.17) can be bounded
by a constant times the square of the L?-norm. Hence, Theorem 14 approzimates in a
stronger sense, namely, in LY for any q € [1,00). Moreover, Theorem 14 also allows for
activation functions other than ReLU.

Example 18 (Dropout networks with dropout on input). In contrast, if there is also
dropout on the input, then the NN in (4.14) is not again a dropout NN with dropout on
the inputs. Results by [22] imply that in general NNs with dropout on the input cannot
satisfy a universal approximation property.

We remark that this kind of stochastic network is not a dropout NN defined in Sec-
tion 4.2.2 as the following example shows: Suppose that U1, Wy : R x R™ — R are two
different dropout NNs with weights wi,ws and with respective filter random variables f,g
with values in {0,1}™. Then we can define the dropout NN ¥ with value

U(z, (w1 © f,w2©g)) =Vi(z,w1 0 f)+Va2(z,w1 ©g). (4.18)

Suppose that, additionally, we add independent filters hy and ho with values in {071}‘1 to
Uy, Wy for their respective inputs. Then, ¥1(z®h1,w1)+ Ya(z ®ha,w2) is not necessarily
of the type U(z® h, (w1, ws)) for some random variable h with values in {0,1}%.

As the above examples illustrate, a crucial aspect of whether a certain class of dropout
NN (such as dropconnect or node-dropout) satisfy a universal approximation property, is
whether linear, independent combinations of such networks are again networks in the same
class. On the other hand, many details of the NNs, such as them being a composition of
simpler functions, are irrelevant for the proof of Theorem 14.

4.3.3 The classes DDNN

The classes DDNN of tuples (n, ¥, f) are closed under linear, independent combinations
and they are the basic objects with which we want to approximate a given function ¢ € F.

The convergence statement (4.14) of Theorem 14 then immediately implies Corollary 3
in Section 4.1. It expresses that if the class DDNN is rich enough to approximate any
function in F when all filter variables are set to 1 (the event in (4.4)), then for every
function in F there exists a dropout NN such that with high probability with regard to
the filter variables, the dropout NN also approximates the function.

The proof of Corollary 3 can be found in Appendix 4.A.2. This corollary can be
combined with deterministic universal approximation properties of certain classes of NNs
to obtain concrete universal approximation properties of dropout NNs. For instance,
because both the class of node-dropout networks and the class of dropconnect networks
form examples of a set DDNN, we obtain the following universal approximation property
by combining Corollary 3 in the introduction with a known universal approximation result
in [153, Proposition 1].
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Corollary 6. Assume i is a nonnegative probability measure on R™ with compact support,
absolutely continuous with respect to the Lebesque measure. Take F = L"(u) for some
r € [1,00). Assume that the activation function o:R — R is not equal to a polynomial
almost everywhere. Then for every ¢ > 0 there exists a one-hidden-layer dropconnect NN
(n,W,g) such that

IF}[H\I/("wQ.g)_C”LT(u) >E] <¢ (4-19)

and
1

E[IC) =¥ (0oL, <e
There also exists a one-hidden-layer node-dropout NN with the same properties.

To further illustrate Corollaries 3 and 6, in Figure 4.3.4 we look at the approximation
in probability of our construction from Theorem 14.

0.5

—_— Truth ¢(z)

---------- Cybenko NN &(z,v)
--- Cybenko NN ®(z,v)te
‘ —— Constructions ¥(z,w® f)

—10 -5 0 5 10
z

Figure 4.3.4: An illustration of function approximation in probability with our construc-
tion. Here, M =256, and 20 independent runs of the construction are shown
in red. Here, ¢ = 0.1 was chosen for illustrative purposes. Most of the runs
lie within € distance around the Cybenko NN from (4.15), which we approzi-
mate with our construction in (4.16). Altogether, we are approximating the
target function (.

4.3.4 Explicit computation of coefficients

To further illustrate Theorem 14, we will compute the coefficients ayy in (4.13) explicitly for
a special case of dropout NNs for which the filter variables are partitioned into independent
blocks. All variables in one block ¢ are all simultaneously off with probability 1—p; and
simultaneously on with probability p;. Both node-dropout and dropconnect are special
cases.
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Proposition 16. Let f be a {0,1}"-valued random variable with a distribution specified
as follows. Let [n| =11 U...UI, be a disjoint partition and suppose that f; = f; whenever
i,j € Is for any i,j € [n] and s € [r]. Let f = (fr,,...,f1.) denote the random variables
ordered as blocks and suppose that P(f1, =1) =ps >0 for all s € [r] and that {f1, }ic[y
are mutually independent. Then

(O e

vealrlieV i€[r\V

where v : 271 — 217 s the embedding characterized by j € (V) ifjel; for someieV.

We prove Proposition 16 in Appendix 4.A.3. Note that as the remain probability
p; — 0 or equivalently the dropout probability 1 —p; — 1, the coefficients ayy become large.
From this fact, together with the observation that the sum is taken over the large set 2[”]7
it is clear that the construction is computationally intensive. Still, small examples in the
case of dropconnect are shown in Figures 4.3.2, 4.3.3 and 4.3.4.

4.3.5 Limitation of the results to random-approximation dropout

In this section, we have shown a random-approximation universal approximation result,
i.e., a universal approximation result that is relevant when the dropout NN is also used at
prediction time by sampling from the random NN. In practice, as explained in Section 4.1.3,
the replacement of the filter random variables f by their expected values E[f] is common
practice after having trained a NN with dropout for prediction. The following example
shows that the previous construction in this section can lead to a bad approximation when
doing expectation-replacement.

Example 19. Let o be the standard ReLU activation function. The approzimation pro-
cedure in Corollary 3 would yield that the function ¢ : R — R given by ((z) :=o(x—1) can
be approximated well by an average of many independent copies of the dropout NN

r=>dfio(far—1),

where f1 and fo are independent Bernoulli random variables with success probability 1/2.
However, replacing f1 and fa by 1/2, we just obtain the function

x—20(z/2-1),
which is not a good approximation to the function ¢ at all.

This example motivates us to look for a different approximation scheme that also has
the property that we can replace the random variables by their expectation. In the next
section we explain how this can be accomplished.

4.4 Universal approximation for expectation-replace-
ment dropout

We now get into the problem of approximating a NN by a dropout NN that is also close
to the original NN if the filter variables are replaced by their expected values. The main
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result in this section is Theorem 28 below. Informally, it states that for any base NN
U(-,w), there exists a larger NN, denoted by NNp =(-,v), and filter variables f such that

NNr =z(z,v0 f) =~ ¥(z,w) = NNr z(z,v OE[f]). (4.20)

The basis for this approximation technique is by adding repeated weights. Namely, we
iteratively replace each edge in the deterministic NN U by a set of parallel edges, with edge-
weights w taken from the original edge, and with independent filter variables on each of
them. In this way we can use the law of large numbers to obtain convergence estimates for
each edge separately, and then combine these estimates into a single convergence estimate
for the whole network.

The convergence estimate for a single edge arises from the following statement (which
is a simplified version of Lemma 35 below). It describes how the error encountered by
averaging N independently filtered edges can be controlled in probability. At the same time
it also allows for small perturbations of the inputs to this edge. This latter perturbation
freedom is needed in order to apply this lemma progressively, moving from edge to edge
through the network.

Lemma 33. Consider any continuous function o : R™ — R™ and let W € R™*" he R™.
Let {Fi}iE[N] be a collection of independent copies of a random matriz F € {0,1}m>™.
Then for every K > 0 there exists a § > 0 such that

sup sup
2€B(0,K) (£)€B(z,6)N

1Y o ,
ol ~ (W@Fﬂ:ﬁﬂ—b)—a (W OE[F)a +b ’ (4.21)
s (o)

converges to zero in probability as N — co.

This construction is described in detail in the following sections. A separate part of
this description is how to connect the resulting dropout NN to the inputs of the now
random original layer; for this we introduce a single additional layer that implements this
connection.

Global variables

In order to improve the readability, we fix for the entire section a few (otherwise arbitrary)
variables. Throughout this section:

(i) The base NN U is assumed to be a fixed (L —1)-hidden layer NN as described in
Section 4.2.1. We assume that its activation functions o; are continuous. We also
keep the weights W) and biases b() fixed.

(ii) We fix a number R > 0, which will play the role of the radius of a ball in the input
space.

(i) We fix a number § € (0,1) and assume that for every random filter matrix F in this
section, each one entry is on with a probability that is larger than or equal to g3, i.e.,
for all r, c,
P[F..=1]>3>0.

(iv) We assume there is a constant () > 1, which will encode the differentiability of the
activation function of the input layer at the origin. We postpone its formal definition
for now.
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(W p1)) (W(Z).’b(Z)) (VV(3),b(3)) (WW,bW)

x HD > B > D > D > DH U (z,w)

Figure 4.4.1: An example base NN ¥ where L = 4. The top diagram indicates the in-
dividual activation functions and the dimensions of each layer of nodes:
d=do=1,d1=2,dy=4, d3 =3, and dy =1. The set of all arrows connect-
ing layer k—1 of nodes to layer k correspond to the parameters (W(k),b(k))‘
The bottom diagram shows the same network, with the edges between layers
compressed to single arrows; this compressed notation is the basis for the
diagram in Figure 4.4.2 below.

4.4.1 Heuristic description of the construction

In this section we describe the construction of the larger dropout NN NNp = in heuristic
terms; the full details are given in the subsequent sections. The construction starts at the
last layer of the base NN W, which is a function ¥y, : R4-1 — R9L given by

xHaL(W(L)x—l—b(L)). (4.22)

We construct the last layer of the larger dropout NN such that it remains close to (4.22)
as follows. Let IV € N and consider any collection {F(L)’i}ie[N] of ii.d. random filter
matrices such that for each i, F(X):% has the same dimension as W (). By the law of large
numbers, we can expect that the function

N
z—op (le > ((W<L> +E[FP))) @F(L)’i)x +b(L)> (4.23)
i=1

will be close to the function ¥y, for sufficiently large N. Here, we write + for element-wise
division.

Viewed as a one-layer NN, the function (4.23) is a one-layer dropout NN with IV times
as many edges as W, and it can replace (4.22), i.e., ¥y, while staying close to ¥,.

A further adaptation is necessary, however, because in (4.23) each copy Wk =
E[F(5)7] takes the same input o € R4-1. To make (4.23) a bona fides dropout network,
different edges should take different inputs, and therefore we generalize (4.23) to

N
dr \N = (i 1 (L) . (L),i @i\, + (L)
(RIZ-1)N 5 (5 )ie[N]HUL<NZ((W SE[F) 0 PO ) ol 440 ). (4.24)
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By precomposing each of the inputs 2* with (=1 and performing the same construction
as above (copying the input to these copies of \I/(L_l))7 we can inductively create our larger
dropout NN NNr = that will be close to W.

There are now three points of attention:

e The intuitive statement ‘repeating this construction’ needs a formalization by an
inductive construction. This requires a mathematical object that can record the
intermediate stages of the construction.

e We need to show inductively that the resulting intermediate NNs are close to (a
network closely related to) the original network. In particular, we need to introduce a
mathematical specification of ‘close’ that is compatible with an inductive argument.

e The input space to the NN in this construction grows with each step, whereas we
still aim to have a final NN with data space R%. This requires us to deal with the
first layer of the network differently.

These points are the topics of the subsequent sections.

4.4.2 Dropout—trees

We will encode the intermediate stages of our inductive construction by a mathematical
object that we will refer to as a dropout—tree. The idea is that we start with a root, then
attach incoming edges labeled with random filter matrices to it (creating leaves), and then
recursively attach even more edges to the leaves. To be consistent with the numbering of
layers in Section 4.2.1, here, we will prefer to speak about the level j of a vertex or an
edge in a tree rather than its depth L —j (the latter is also an established term in graph
theory, and this aligns our notation with that of the NN). In this numbering, the root is
therefore at level L.

Definition 20. A vertez v of a rooted tree is at level j € {0,1,...,L} if the path from v to
the root vo has length L—j. An edge e = (u,v) of a rooted tree is at level j €{0,1,...,L}
if its target vertex v is at level j.

level(v))

From now on we will write o, for oeyel(r), W for W (evel(v)) b for bl , et cetera.

This simplifies the notation at only a minor cost of abuse of notation.

Definition 21. A dropout—tree I" of an (L —1)-hidden layer NN U is a directed graph G
together with a labeling of the edges such that:

o the graph G is connected and acyclic;

e one of the vertices, say vg, is designated as the root;

o the depth of the tree is at most L —1;

o all directed edges point towards the root;

o every edge e is labeled with a random matriz F€; for each e

(a) F¢ has the same dimension as Wtarget(©)

(b) F¢’s entries are {0,1}-valued
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(c) for all entries (r,c) of F¢, P[Ft.=1]> 3 >0;

o for every vertex v that is not a leaf, {F°}ccinto(v) is a collection of mutually inde-
pendent, identically distributed random matrices.

For convenience we recall some terminology. A directed edge points from a source to
a target, and for an edge e we identify them by source(e) and target(e); we write into(v)
for the set of all edges with target vertex v. In the trees throughout this article, all edges
point towards the root of the tree. A vertex v is a child of a vertex w if there is an edge
pointing from v to w; w then is the parent of v. A leaf is a vertex without children.

Dropout—trees can be constructed iteratively by starting from the trivial dropout—tree
consisting only of a root and then performing a so-called p-input-copy construction. This
allows us to inductively create a larger dropout—tree from a smaller dropout—tree.

Definition 22. Let I' be a dropout—tree and let £ be a leaf of I' at level k. Let p be a
distribution of a random matriz F € {0,1}%>4-1 that satisfies for all r,c, P[Fre = 1] >
B>0. A dropout—tree T’ is a p-input-copy to the leaf £ of T if one can obtain T" from T by:
(a) attaching child vertices to £, and (b) labeling each edge going into £ by an independent
copy of F. The size of a u-input-copy to £ at T refers to the number of children of £ in T".

Let us describe the precise meaning of procedure (b) in Definition 22. For that, it may
be useful to recall that random matrices are nothing but measurable functions defined
on the probability space (Q,Fq,P). The procedure (b) precisely means that the sigma-
algebras generated by the filter variables F¢ with e € into(¢) are independent, and that
for every e € into(¢) the law of F'¢ equals . In particular, this condition allows for some
correlation between filter variables labeling edges in the dropout—tree that do not go into £.
Moreover, in general there can be many different dropout trees I'” that are p-input-copies
of .

We will now describe how a dropout—tree encodes a dropout NN.

Dropout NNs encoded by dropout—trees

Each dropout—tree I' will induce a stochastic function ®°—a dropout NN—as follows.
For any edge e = (u,v) of T, let

Vi i= We + E[F°] (4.25)

be rescaled weights for the dropout NN. We define

1 e e\ g source(e) v . . .
(13% = {U” (#into(v) Zeeinto(v)(v OF )Cbl—* +b ) if v is not a leaf,

Identitypd, if v is a leaf.

Figure 4.4.2 illustrates this construction, based on the network ¥ depicted in Figure 4.4.1.

4.4.3 Dropout NNs from dropout—trees are close to deterministic
NNs

We will give an inductive argument that @1110 is close to @120 . Here, I'qet denotes the same
e
dropout—tree as I' except for the fact that we have replaced each and every filter variable
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deterministically by its expectation. Loosely speaking, the inductive argument implies
that dropout NNs induced by dropout—trees are close to their deterministic counterparts.
As a technical preparation, we define a sequence of radii Ry, R1,...,Rr. The idea is
that these provide bounds on the output after applying several layers, no matter the choice
of filter variables or weights in the upcoming construction. Denote the Hilbert—Schmidt
norm of a matrix A by ||A|lgs = v/Tr(AT A) and let I be an identity matrix of suitable
size. Given the radius R > 0, defined as a global variable at the start of this section, we
set 0
Ry : 3 R+1,
and then choose R; inductively such that for all j € [L], 2 € B0, |[W) |usRj—1+1)
it holds that
’\p ( (1 b(J)))’ <R~ 1, (4.26)

for all j =[L], where 8 € (0,1) and @ > 1 were two of the global variables that we defined
at the beginning of the section.

We denote the input space of a network induced by a dropout-tree I' by Inpp. That
is, Inpp is the vector space

(zf € R%evl(®) | 7 ¢ leaves(T)).
We endow Inpr with the norm

0 . L
[[(z )Hlnpp = lelg\i};(l“) [k ||]Rdlevel(l)'

We define Inp : R? — Inpp to be the collection of functions, indexed by leaves ¢ of ', that
are generated by those layers in the base network U that are not represented in I' at leaf
¢

() = (Ve (- (WO B0 o 0wy ( (WD HD))) (@) (427)

Note that by the definitions (4.26) of the radii R; we have
Inf‘(B(OvR)) - B(OaRlevel(f) - 1)- (4'28)

We say that a dropout-tree I' satisfies property ApPropr(d,¢€) if

IP’[ sup sup }@1110(50)7@;0 (Inp(x )| } (
+€B(0,R) #€ B(Inp(2),0)

< ) 4.29
) 6
Lemma 34 below shows that one can always construct a full dropout—tree that satisfies
ApPropr(d,¢€) for some § > 0, by copying inputs at vertices.

Lemma 34. Let I' be a dropout—tree and let £ be a leaf of T at level k > 1. Let u be the
distribution of a random matriz F € {0,1}%*%%-1 that satisfies for all r,c, P[Fy. = 1] >
B>0. If T satisfies ApPropp(d,€) in (4.29) for some §,e > 0, then for every sufficiently
large p-input-copy T7 of T' at £ there exists a 6’ >0 such that T satisfies ApProp(I"”) (' €).

The proof of Lemma 34 is relegated to Appendix 4.B.1. There, we show that Lemma 34
follows from Lemma 35, which is presented next and proved in Appendix 4.B.2.
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Lemma 35. Consider any continuous function o : R™ — R™ and let W e R™*™ e R™.
Let {Fi}izl be a sequence of mutually independent copies of a random matriz F € R™M>*™
that satisfies: forr € [m] and c € [n], 0 <E[F.c] <00 and 0 < Fr.. < M < co w.p. one. Let
V=W +E[F]. Then, for every 0 < K < oo and p >0 there exists a 6 >0 such that

N
IP’[ sup sup ’0(i E (V@Fi)iier) *O'(Wx"Fb)‘ >p] —0 (4.30)
. ——nI \N?
z€B(0,K) ()€ B(x,6) i=1

as N — oo.

4.4.4 Replacing the first layer

We examine now the first layer of the NN and consider first the case that we do not use
dropout. Later, we will consider the case when we also have dropout in the first layer.

Copying the first layer many times, without dropout of input edges

We will now start from a full dropout—tree and connect copies of the first layer many
times to obtain a NN that approximates the original NN well, both in terms of random
approximation and in terms of expectation replacement. In this section, it is crucial that
there is no dropout of edges in this very first layer.

Assume therefore that we have constructed a full dropout tree, i.e., a dropout tree
of which all leaves are at level 1 (at depth L —1). We denote by NNr = the NN that is
formed by precomposing every leaf ¢ of the NN @[ induced by the dropout tree by the
first layer of the original network. To align with the next section, we denote this function
by E¢:= oW (-, (WD p1)). We also let NNZE denote almost the same network, but
with the modification that every random filter variable is replaced by its expectation.

The next theorem expresses that this construction yields a dropout NN that approx-
imates the original NN well in terms of random approximation and expectation replace-
ment.

Theorem 23. Let 1>¢>0. Let ' be a full dropout-tree satisfying ApPropr(0,€) for some
0>0. Let NNpr = and NN%VgE_fIIt be the networks described above, or more precisely defined
in BExample 25. Then

P| sup ’NNF’E(I) — \I!(x,w)| > e} <e (4.31)
z€B(0,R)
and
a1
E| sup |NNF)5(m)—\I/(x,w)’ } <e, (4.32)
€B(0,R)
while _
sup NN;‘ngA'It(x) - \I/(a:,w)’ <e. (4.33)
z€B(0,R)

Theorem 23 follows from Theorem 28 below, which pertains to the more general case
in which edges in the input layers can be dropped. Indeed, if in Theorem 28 one takes
0o : R — R to be the identity function and one sets all filter variables deterministically
equal to 1, then for every a and N, the networks constructed in Theorem 28 coincide
exactly with NNp = and NNilV)gE_'ciIt introduced in Theorem 23.
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First layer, with dropout of input edges

The situation becomes more complicated if we allow for dropout of edges in every layer,
particularly the first. In this section we will show that we can also in that case find a
dropout NN that approximates the original NN well both in terms of random approxima-
tion and in terms of expectation replacement.

Assume again that we have constructed a full dropout—tree, that is, a dropout—tree of
which all leaves are at level 1 (i.e., at depth L —1). This means that we have constructed
suitable replacements for almost every layer of the NN, except for the first layer. This
layer contains the edges that have the global input as source. Replacing the first layer
requires a different construction: if we would outright drop edges in the first layer, then
we can not control the error with the current technique. We now describe how we replace
the first layer.

For every leaf ¢ in the full dropout—tree, we precompose every input at £ with a stochas-
tic function =¢ : R% — R% . We record this information in what we call a precomposition
for a dropout—tree. Figure 4.4.2 illustrates this precomposition.

—_

Definition 24. A precomposition Z for a full dropout—tree T is a map = : leaves(I') —
(R — R that sends every leaf £ € leaves(T) to a stochastic function = : R — R,

Let A :R% — (Rd)leavesr o the diagonal map sending z to copies of z. The NN
induced by the full dropout—tree I' and a precomposition = that we consider is given by

NNF,E = @;OEOA (434)

- (4.35)
y— E,U

ou__ o <m 2 ecinto(v)(VE ®F6)<I>;°)u;e(e) +b€) if v is not a leaf,
if v is a leaf.

We also define NN?:Egﬁlt as being almost the same NN as NN =, with the only difference

being that we replace each random filter variable F¢ in (4.35) with its expectation E[F*].

Recall for (4.34) that vg designates the root of the dropout—tree, and note that (4.35)

constructs the NN recursively (layer by layer).

Example 25. In fact, we already examined one specific precomposition = in Section 4.4.4:
the one that assigns the function W'(-, (WM™ b)) to every leaf. This precomposition
yields a NN NNr = in which edges in the first layer, i.e., the input edges of the NN, are
never dropped. In this case, NN;‘iéﬁmt(w) actually coincides with the original NN W (-, w).

We will now construct precompositions that allow for the possibility of dropping edges
in the first layer and applying e.g., the ReLU function to them immediately. Concretely, we
will add a zeroth layer with an activation function o : R — R. We assume that 0¢(0) =0
and that o has one-sided derivatives o_ and o4 in the point 0 € R:

oo(—a) —00(0) oo(+a) —00(0)

= im AT A0 o= Jim 2 T F0 4.36
o lim ” ot =l " (4.36)

Define the sign function

— fax<0
S(x) = ’ 4.37
(x) {+ e (437)
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el
~.) —
el
A
R4
(2] 01 g2 g3 04
=]
copying : level 0 ‘lel:r\]/j i‘t‘ level 2 © level 3 © root

Figure 4.4.2: An illustration of how we use the base NN U from Figure 4.4.1 and a dropout—
tree (indicated with thicker arrows) to ultimately construct the larger NN
NNr = in which edges are being dropped stochastically. Here, L = 4.
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componentwise. If  # 0, then 0g(_;)+05(;) =0 + 04+ does not depend on z—a critical
fact that we will leverage in our construction.

Example 26. Consider a zeroth layer that is the identity function, i.e., oo(y) =y. Then
o+ =1. Choosing g as the identity function is allowed here, and means that the layer is
not adapted.

Example 27. Consider a zeroth layer with ReLU activation function, oo :== ReLU(z) :=
z1[z>0]. Theno_ =0 and o4 =1.

The precompositions that we employ are as follows. We call = an («, N)-precomposi-
tion associated with a set of distributions {ue,ue}leleaves(p) if for each leaf ¢,

2N

1 ) ) ) )
=2(z) =0y (ﬁ > (D) (VEe FY oo (1) a(l © GH)z) + bf) (4.38)
=1
where element-wise
)
Ve = re (4.39)

a(U— + U-‘r) E[ch} E[ch] ’

and {F “}@1, {G“}izl are sequences of mutually independent copies of random matrices
F! G’ that have distributions u¢, ¥, respectively. Furthermore, the F¢ are presumed to
have the same size as W) | and the G¢ to have size dg x dg. Note that these assumptions
allow us to place unit mass on any particular outcome and thus to replace F¢ G¢ by
deterministic counterparts.

The idea of (4.38) is that it represents two layers of a dropout NN that satisfies the
approximation properties we are after. The functions o1, og can be understood as their
activation functions, the matrices V¢, af as their weights, b¢ as a bias, and the matrices F*,
G* as describing which edges and inputs are randomly removed. By scaling the weights
V¢ by 1/(2N) and generating 2N independent copies of the first layer, we are preparing
for an application of the law of large numbers. Furthermore, by allowing for arbitrarily
small «, we are preparing for a linearization of o¢ around 0. Finally, the alternatingly
positive and negative multiplicative factors (—1)i allow us to cover directional derivatives
such as that of the ReLU activation function. All together, the construction allows us to
prove the following theorem.

Theorem 28. Fiz 0 <e<1. Let I be a full dropout—tree satisfying ApPropr(d,€) for
some 6 > 0. Let = be an (a, N)-precomposition associated with a set of distributions
{Me,l/z}geleaves(r). For every £, if F' is a matriz of filter variables distributed according to
ub oor vt then for every r,c, we assume that

P[Fre=1]> > 0.

Let 0p : R — R be a continuous function with one-sided derivatives o_ and oy in 0, such
that o_ + o4+ # 0 and such that 09(0) = 0. Assume moreover that o_ and oy satisfy the
following inequality with respect to the global variable Q:

lo—|+]o+]
f—

ool < Q. (4.40)
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The following inequalities now hold for a >0 small enough and N € N large enough:

]P’[ sup ’NNF’E(JL‘) - \Il(x,w)| > e} <e (4.41)
z€B(0,R)
and
q]11/a
IE[ sup ‘NN[‘,E(LL') - \If(x,w)’ } <¢, (4.42)
2€B(0,R)
while .
sup ‘NN;VgE_f'It(:E) - \If(x,w)‘ <e. (4.43)
+€B(0,R) '

An important consequence of Theorem 28 is that we obtain for instance a universal
approximation result for node-dropout and dropconnect NNs with ReLU activation func-
tions that also guarantees a good approximation when filter variables are replaced by their
averages, as formalized by Corollaries 4 and 5 in the introduction. Theorem 28 is proven
in Appendix 4.B.3. There, we show that Theorem 28 follows from the following Lemma 36,
which in turn is proven in Appendix 4.B.4 using compactness arguments and the law of
large numbers.

Lemma 36. Let og:R— R be a continuous function with o(0) =0 and with two one-sided
derivatives o_ and o4 in 0 satisfying |o— +o4| > 0. Let Z be an (a, N)-precomposition
associated with a set of distributions {§u*,v*}1c1caves(r) such that for all £,r,c, E[Ff] >
0,E[G%.] >0, 0< Ff, <M w.p. one, and 0 < G, < M < co w.p. one. The following now
holds: for every leaf ¢, 0 < K < 00, and p >0, for a small enough and N large enough,

P sup [29@) - ¥y (e (WD, 5D))| > p} <p (4.44)
z€B(0,K)
and i
&‘Eé,avgfﬁlt(‘r) _ \111(58; (W(1)7b(1)))’ <p (4.45)
z€B(0,K)

where Z62V8fIt denotes the function Z¢ in (4.38) but with each filter variable F** replaced

by its expectation E[F’] .

4.5 Discussion

In this chapter, we showed that dropout NNs are rich enough for a universal approximation
property to hold, both for random-approximation and expectation-replacement dropout.
It is further evidence that the representational capacity of NNs is so large that approxima-
tions are possible despite significant additional constraints. In the case of dropout, these
additional constraints are the implicit symmetry constraints enforced by the turning on
and off of the filter variables. For instance, in dropconnect for most realizations of the
filter variables the output of the dropconnect NN still approximates the original NN well
after the filter variables are randomly permuted. Despite the enforced invariance with
respect to this operation, there is enough room in the parameter space for the weights of
the network to have a good approximation for the overwhelming majority of realizations
of the filter variables.
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Our proof of the universal approximation property for random-approximation dropout
explicitly works with this symmetry. By this, we mean the following. The universal
approximation property that we show even works when edges from the input nodes are
dropped at random. The output in the first hidden layer is then inherently random,
and in no way close to deterministic. This is in contrast with for instance the universal
approximation property in [22] in which the layers are all very close to deterministic. In
our case, the values in the nodes are random but we do have a good understanding of
the distribution of the values in the nodes, and two stochastic realizations are most likely
almost permutations of each other. By blowing up the first layer, i.e., repeating it many
times in parallel, we then know the output very well up to this permutation symmetry
and this turns out to be enough for us to show a universal approximation property.

Our results and methods have several limitations. Specifically, we only show the
ezistence of dropout NNs close to a given function. It is a completely separate question
whether an algorithm such as dropout stochastic gradient descent would actually be able
to find such an approximation. The main message of our result is that at least there is no
theoretical obstruction to approximating functions with dropout NNs.

In the proofs, we used very explicitly that filter variables only take on the values zero
or one, while other forms of dropout also exist (for instance with Gaussian filter variables).
Our algebraic proof does not readily generalize to this more general case, but it is possible
that parts of the proof could be reused.

In this chapter we made no efforts to reduce the number of parameters of the approxi-
mating networks, and indeed the number of parameters can rapidly grow with increasing
dimensions of the parameter w. This can for instance be recognized in the exponential
number of additional parameters ayy in Theorem 14, the large (but algebraic) number M of
copies that is required to reduce variance in (4.14), and the exponential increase of leaves
in dropout-trees with increasing depth. Naturally, understanding optimal approximation
rates in terms of parameter dimensions is a key question, but we leave this to future work.

4.6 Conclusion

We showed two types of universal approximation results for dropout NNs, one for random-
approximation dropout, in which case the random filter variables are also used at predic-
tion time, and one for expectation-replacement dropout, in which case the filter variables
are replaced by their averages for prediction. Our results allow for dropout of edges from
the input layer, allow for a wide class of distributions on filter variables, including dropout
of edges from the input layer, and for a wide class of activation functions.

By making the distinction between random-approximation and expectation-replacement
dropout explicit, our results contrast with the success of using expectation-replacement
after training NNs with dropout. This fact suggests that the training procedure actually
constrains the class of dropout NNs that are found in practice by more than just ensuring
good random approximation properties.
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Appendix
4.A Proofs of Section 4.3

In this appendix we prove the results of Section 4.3. In particular, we prove Theorem 14,
Corollary 3 and Proposition 16.

4.A.1 Proof of Theorem 14

We require the following algebraic lemma, which lies at the heart of Theorem 14, as it
implies the existence of the constants (ay).

Lemma 37. Let ¥ :RIxR™ =R be a function. Let (fY) be a collection of {0,1}"-valued
random variables indexed by subsets U C [n], such that for every U

P[fY =(1,...,1)] > 0.

Then for every subset V C [n], it holds that
(- Oly) € span{IE [W(, (1) oY) :Ue 2[”1},

where for any subset S € 2%, i.e., S C{1,...,d}, we denote by 15 the characteristic function
of S.

In other words, there exist constants (a’U»V)U€2[n] independent of w and x such that
for all (z,w) € RY x R™

Y(ewoly)=E| Y ay¥(z,(woly)ef’)|,
Ue2ln]

and in particular there exist constants ay such that

\I/(:v,w):IE Z aU\Il(xv(wG]-U)@fU) .
Ue2ln]

Proof. The proof is by induction on the cardinality of V' and follows from the equality

(3 P =15)) v woty) =E[u( @oly) oY)

S:vcs
— Y PV =1s0(wolsny).  (4.46)
S:V\S#£0)
In particular, for the base case in which V is empty, the last term vanishes. In the

induction step, the functions ¥(-,w ® 1gny) are by the induction hypothesis all in the
required span. O

Proof. (of Theorem 14) By Lemma 37, we can find constants ay for U € 21" such that
(4.13) holds. We look now at (4.14). By the law of large numbers, convergence in proba-
bility in the normed vector space (F,||-||) follows. Moreover, for any V € 2["] we have

I, (woly)o f)|F < Jmax, 12(, (we 1) fY)|| = Cu, (4.47)
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so that for any ¢ € [1,00) and M,

|43 S it wororO ) < mu wic.

i=1yealn]

With uniform boundedness for all M, we can use the dominated convergence theorem
which implies then convergence in L? of the F-valued random variables as M — co. O

4.A.2 Proof of Corollary 3

Proof. Let ¢ € F and let € > 0. Assume there exist a (m,®,f) € DDNN and a v € R™
such that ||®(-,v) — (|| < e. Define i := e — ||®(-,v) — (|| > 0. Define the collection (fY)
of {0,1}™-valued filter variables, each being specifically an independent copy of f. By
Theorem 14, there exist constants (ar), a number M € N and 2™ M independent copies
(f5Y) of f such that

B[ 430 3 watore ) -ata|, >4 <s
i=1Ug2m
and
[HMZ Y (L (voly)e f1U) —(,v) ]1/q<n.

i=1Ue2m

Hence by the triangle inequality, in fact

Z Z ap®(-,(veO1y)® fHV)—¢ >6 <e
M

i=1Ue2m

and

}1/11

[HMZ 3w, woly)o ) -

i=1Ue2™

< €.

We then define the tuple (n,¥,g) € DDNN as an independent finite linear combination
of 2" M copies of (m,®, f), with coefficients ay /M. Setting © € R2"™ to be the con-
catenation of the 2™ modified vectors (v® 1y)yc(m), we then set w € R2"Mm {6 be
the subsequent concatenation of M copies of ¥. Combining (n,¥,g) and w proves the
corollary. |

4.A.3 Proof of Proposition 16

As we have seen in Lemma 37, we can find the map ¥(-,w) in the span of E[¥(-,(w®
1y)0o fV] for V e 2["). We examine now specific cases where we can explicitly compute
the linear combination. In particular, we consider the cases of dropout [117], that is, we
drop nodes independently with the same probability, and dropconnect [115], where we
drop individual weights independently with the same probability.

In both cases the filter variables f; take the same values for some disjoint subsets of
[n], where n is the number of weights where we apply filters. That is, if we have a disjoint
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set decomposition [n] =11 U.. .U, with Iy NI, =0 whenever k # s, then f; = f; for all
1,7 € Iy, and f;, f; are independent if they belong to disjoint sets, f; € I, and f; € Iy with
s # k. In this section we drop the index U € 2["] of the random variable fU for notational
convenience as they are identically distributed. We will use this property to obtain an
explicit decomposition in (4.13) and in a more general setting where the probability of
the filters may differ depending on which disjoint set they belong to. For K, S € 2" we
denote K C S to be the usual set inclusion, that is, i ¢ K whenever i ¢ S for all i € [n]
holds.
We need the following lemmas:

Lemma 38. Let 1 >pi,...,p, >0 and r € N. For K € 2l"],

> II» 11 (1—pi)H($) 11 (1—i_) (4.49)

5:KCSieS ig[r]\S ieK ' ieS\K bi
satisfies
1 if K=]r]
K= 4.50
s {0 otherwise. ( )
Proof. Let x1,...,x, be free variables. For S € 2[7l we denote the monomial z° = Hiesxi'

We will prove the identity by comparing coefficients of two equal polynomials. We have

T

Q(Wh---,wr):H(PiIiJr(l Pi)) = Z SHPz H (1—ps), (4.51)

i=1 Sealr] €S ie[r]\S

where we have expanded all |2[T]| monomials appearing in the decomposition of ¢q. Now
we set x; = (1/p;)y; — (1 —p;)/pi in (4.51). We have

1 1-p 1 1*]),») ”( (1 1fpi)
—y1— e — Y — :|| -—-——4—1—-)
Q<pll/1 Yr Di piyz o (I—ps)

P Pr DPr -
i=1

=[Lwi=4" (4.52)
i=1

On the other hand, if we substitute x; = (1/p;)y; — (1 —p;)/p; in the monomials z° in
(4.51) we have

> Tln I 0= 3 o520 I oom

i

Sealr] €S ielr]\S SealrliesS ie[r]\S
=Y > I 1T a-wIls(5) 11 (-52)
se2ll kealrl:kCsi€S  ie[r]\S icK i€S\K Pi
- > Y e T a-m () T (-5)
Kealrl  S:KCSieS  ic[r]\S iex P i€S\K P
Z pry™ (4.53)
Kealr

so that we must have pux =1 if K = [r] and zero otherwise. ]
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Let [n] = I U...,Ul, be a partition of [n], i.e., I; N I; = 0 if i # j. We consider S € 2["]
also as an element of 2[" via the inclusion ¢ : 2["l — 2" given by j € 1(S) if je I; and i € S,
i.e., we consider the index ¢ as the set of all indices j € I;. Note then that ¢([r]) = [n]. Recall
now that the filter random variables with values in {0,1}" are denoted by f = (f1, -, fn)
. We suppose now that the filter random variables satisfy f; = f; whenever 4,5 € I, for
some s € [r]. We denote by Bs the {0,1}-valued random variable corresponding to the I
part of [n]. We suppose that P(Bs; = 1) = p, for all s € [r], where ps is the probability of
success and 1 —ps the dropout probability. Moreover, we suppose that the (Bs),c[,] are
mutually independent. With this notation we have:

E[wCwon)] =Y [[r [] G-p)¥Cwol,r). (4.54)

Lealrliel  ig[r]\L
In the following lemma, we embed 2["1 into 2[") as blocks according to a partition of
[n] using ¢:
Lemma 39. For S e 2",
E[¥(,(wO1,s)0f)] = Z e II G-p0)¥(wotm). (455

Kea2l’l:kCsieK ieS\K

Proof. Let S € 2l Observe that f = >, 1[Bs =1]1;, and note in particular that

9=150f =+ )UBi=11s)nr, =Y _1[Ba=1]11,.  (4.56)
seS sesc sesS
Hence, g depends only on (Bg)ses and is thus moreover independent of (Bi)iege by as-
sumption. Consequently ¥(-,w® g) also depends only on (Bjy)secs and is also independent
of (Bt)tese. The result then follows.
To see this in detail, suppose that S = {s1,...,8m} and S¢ = {¢1,...,t,—m} say. By
expanding the expectation together with (i) independence to conclude that

1 1

4.56)
EvCwog 2V 3 Y v we Y 1, VLB = bi,..., Br = by]
b1=0 br=0 ses
1 1
O PRI 1¢ w@Z]l o =117, )P[N {By, =bs,}]
bs; =0  bs,, =0 =1
1 1
x D Z PIMG = {Br, =y, )] (4.57)
btl_0 bt'r‘ m=

=1 as an axiom of the pdf

Substitute

m

m 1 - bsi — .
P[mizl{BSi = bs } = H s8; — bsi} = Hpsi (1 *psi)l bs,; (4.58)

=1 1=1

and then apply the change of variables K (bs,,...,bs,,) = UM {s; : bs; = 1} to identify the
right-hand side of (4.55). o
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We can now prove Proposition 16:

Proof. (of Proposition 16) In the same notation as in Lemmas 38 and 39,, we use ps as
the success probability. Then, we can write

> H( ) 11 (1—%)13(‘1’('7(@0@14\/))@1“)

Vvealrl i€V i []\V
(LcmmaBQ) 1 ) )
> H I1 L= > IIw II a-p)vtwot)
VealrlieV ie[r\V " KKCvealrli€K  ieV\K
=> X H( ) H (1= ) TLw IT 0=po¥Cwo1,0)
vealrl K:KCvealrlieV [r\V ieK  i€V\K
1
= Z U(wol,K)) Z (;) H (1—*>sz H (1—pi)
Ke2lr] V:KCvealr] Y ielr\V €K i€V\K
= > W(wolg)uk
Kealrl
(Lemma 38)
= YOwolp)
=U(-,w). (4.59)
With this last step we finally obtain Proposition 16. a

4.B Proofs of Section 4.4

In this appendix we prove the results of Section 4.4. In particular we prove Lemmas 34,
35 and 36 as well as Theorem 28.

4.B.1 Proof of Lemma 34

Let I" be a dropout tree. Let ¢ be a leaf of I' at level £ > 1. Let p be the distribution of
a random matrix F € {0,1}%*%-1 that satisfies for all r,c, P[F.. = 1] > 3 > 0. Assume
that I' satisfies ApPropr(d,¢), i.e

q
Pl oswp  sw  [@p(@)) -~ o (ne@)| > 5] < (1) -
z€B(0,R) € B(Inp (z),0) det 2 ARy

Define £ > 0 by

q ,
K= ( ¢ ) —]P’{ sup sup ’<I>1‘i°(35) —@;ﬁ’iet (:i)| > %}
z€B(0,R) Z€B(Inp(x),0)

By Lemma 35, there exists an 7 > 0 and an Ny € N such that for all N > Ny, if F? are
independent, identically distributed filter matrices distributed according to u, and if V' is
given by (4.25), then

N
P| sup sup ‘ Z VOFYz +b(k)) —0;€< (k)z—i-b(k))‘ >6} < K.
2€B(0,Ry) (2)'€B(z,mN i—1

Z\H
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Now let T be a p-input-copy of I" at £ of size N > Ny. Choose ¢’ := min(d,n).
Consider the event A that

wp s [BR((E)0) -0, (ne ()| >
z€B(0,R) Z€ B(Inp(x),4)

)

DO ™

which (informally) means that the tree I" provides a bad approximation. Consider also
the event B that

sup sup ‘ak( Z (VEQF)E™ +b°) —op(We2+b%)| > 6.

ZGB(O»Rk—l)(gm)EB(Z’n)N ec€into(¢)

Here, into(¢) refers to the dropout—tree I''. This event (informally) means that the added
part provides a bad approximation. Note that

PAUB] < P[A] + P[B] < P[A] + & = (4];)".

Next, let us show that on (AUB)¢ one has

swp_swp [ B{9((@)) ~ @, (npv ()] < (460)

z€B(0,R) Z€B(Inp/ (x),d")

N

To do this, suppose that (AUB) holds and x € B(0, R). For every leaf m € children(¢)
in I define z := InJ7 (z) (recall the definition from (4.27)) and note that z € B(0, R—1).
Let & € B(Inp/(z),6"). For every leaf m € children({) define 2™ := ™ € B(z,n) by the
choice of ¢’. Since B¢ holds,

‘ak( 3 (VeeF)s +be)—ak(Wez+be) <3,
e€into(£)
or, in other words,
or( Y (VEOF)F +b%) € B(Inf(x),0).
e€into(¥)

Together with A€ this implies (4.60).
Finally, by the law of total probability, we estimate

v, ~ v €
IP’[ sup sup |<I>F9((x£)g)—@F?iet(lnp/(x)”>§}
2€B(0,R) #€B(Inp (2),0))
:P[ sup sup |U(()) — B2 (Inp () |>§‘AUB]IP’[AUB]
z€B(0,R)Z€B(Inp/ (x),0")
-HP[ sup sup |<I)lli9((g%€)g)—<b”0 (Inps (z )‘ ‘AUB)} [(AUB)]
2€B(0,R) #€B(Inps (2),0')
€ ) o= (- 461
<(4RL) + _<4RL) ' (4.61)

This completes the proof of Lemma 34.
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4.B.2 Proof of Lemma 35

Let 0 < K < oo and p > 0 be fixed. For every N < oo, the suprema in (4.30) over z, (i’) are
in fact attained—say at X,, (X?)—because o is continuous and the optimization domain is
closed and bounded. We need to now be careful because X, (X?) depend on the collection
{r l}z‘e[N]~

Recall that the continuity of ¢ implies that o is also uniformly continuous on each
compact set, i.e., for every ¢ > 0 there exists an 7¢ > 0 such that for all z,y from this
compact set

[z =yl <ne = |o(y) —o(z)] < ¢ (4.62)
Define X, := (1/N) Zfil X?. Then uniform continuity of o implies that

|0(WX*+b) —U(Wx+b)| < sup sup |0(Wy—|—b) —U(W1‘+b)| =75 < 00. (4.63)
2z€B(0,K)yeB(xz,0)

Moreover, 75 is independent of N. Remark also that

sup sup —|(W®f—W®]E[F])y| =:c¢5 < 00, (4.64)
Fe{0,1}m*" 4 cB(0,8) Fl

where f stands for all possible deterministic realizations of the filters F. Again, c; is
independent of N. Finally, by construction there exists a compact set C C R™ such that
the points

N
Z (VOFHYXi+b, WX, +b (4.65)

=l \

lie in C with probability one.

First, fix ( = p/2. From uniform continuity of o on the compact set C there exists
n¢ > 0 such that (4.62) holds for all ,y € C. Second, observe that v5 — 0 and c5 — 0 as
0 — 0. Hence we can choose § and fix it such that

0<(¢<p—rs and cs<nec. (4.66)

Combining (4.63) with the triangle inequality and using (4.66), we arrive at

N
LHS (4.30) <P Ha(% S (Vo F)Xi+b) —o (WX, +b) ‘ >p %} . (4.67)
=1

=:Z

Consider now the event

- {(Ni VoF)Xi WX, <n<}~ (4.68)

Then by the law of total probability and uniform continuity,

PIZ > p—5] = PIZ > p— 5 EJPIE] + P[Z > p— 75| EIPIET]

(4.66)

L[¢ > p—1s]P[E] + P[E°] PEe. (4.69)
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We proceed by bounding P[E€]. Use the triangle inequality twice to establish that for
any x € B(0,K),

1 N
‘NZ(VGF’)Xi—
1

1=

N ’N]El[F] i((W@Fi) — W OE[F]) (o + (%I -2))|
N N
NE Z((WGFi)—WQE[F})x’—i-‘NE Z (WeF) W@E[F])(Xi_x)‘
464 71N l B
‘NIE ; (WoF)-WoE(F) ‘“5 (4.70)

Note now additionally that by the matrix version of the weak law of large numbers,

N

1 i P

NE WoOF - WoEE[F] as N — oo. (4.71)
i=1

Therefore, using (4.66), we get as N — 0o

(4.70) N . (@.71)
P[] HN]E Z} (W Fi)— W o E[F])z ‘27](—05} 0, (4.72)
Bounding (4.69) by (4.72) completes the proof. O
4.B.3 Proof of Theorem 28
We start by showing that for o small enough and for N large enough,
€ € \4
P| sup {NNFE(Z’) —\I/(z,w)| > 5} < (4RL) . (4.73)

2€B(0,R)
Afterwards, we deduce the three assertions (4.41)-(4.43) from (4.73).
Proof of (4.73). Recall that the assumption ApProp(d,€) means that

V0 (4 V0 € € q
IP’{ sup sup |<I>F7 () - =(Inp(z ))| > 5} < (W) .
©€B(0,R) #€B(Inp (2),0) L

Define therefore £ > 0 by

1 € q €
= -P PP (7) — @1 (I -1).
#leaves(I) ((4RL) LGZIEOP’R)iGB(Tiw)’é)’ F,;(x) Cdet =(Inp(z ))’ > 2})

(4.74)
Observe now that the function ¥; is continuous, and the function @;?J . is continuous

on (R4 )leaves() " Since this implies uniform continuity on compact sets (see (4.62)), there
exists a ¢ > 0 such that whenever a function g : B(0,R) — Inpp satisfies

sup sup g (@) = a (s (W b)) <,
Iem £€leaves(T")
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then we also have
sup |2 (g(z)) —¥(z,w)| <e (4.75)
z€B(0,R)

Now choose
p:=min(6/2,k,() and K :=R,

which we use as parameters for Lemma 36. This choice ensures that for o small enough
and N large enough, for all leaves £ of T, by inequality (4.44)

Pl sup  [E(z)— s (m;(WD,6D))| >5/2] <k, (4.76)
z€B(0,R)

and by inequality (4.45)

sup  [2FAVET (1) — 0y (2 (WD 0| < ¢ (4.77)
z€B(0,R)

Consider now the event A that there exists a leaf ¢ of I" such that

sup =4 (x) — Uy (z; (WD pMY))| > §/2.
z€B(0,R)

From the law of total probability, it follows that
P| sup ’NNpE(m) —\Il(x,w)‘ > a
z€B(0,R)

=P| sup |NNF,E(m)—\II(x7w)’ >§‘A}]P’A
x€B(0,R)

-HF’[ sup |NNF,E(x)—\If(xw ‘Ac} [A“]. (4.78)
2€B(0,R)

Observe that .
11»[ sup  [NNp=(2) — U (a,w)| > 5‘,4} <1, (4.79)
z€B(0,R)

and by (i) Boole’s inequality

PLA] = P Urctemes(ry{  sup_[E(2) — Wi (a5 (WD, 50))] > 5/2}
z€B(0,R)

76)
Z P| sup |29(x)— Ty (z; (W (1)1)1)))\>5/2} < k- #leaves(T).
f€leaves(T) =€B(O,R)

INZ

(4.80)
Furthermore,
IP’[ sup |NNFE(I)7\11(x,w)|>§]AC}
z€B(0,R)
(4.75) v - v e
< P| sup sup |<I’1“, (@) - =(Inp(z ))|>§ . (4.81)

z€B(0,R) Z€B(Inp(x),4)
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By bounding (4.78) using (4.79)—(4.81) and P[A€] <1, we find that

[P’[ sup ‘NNF,E(x)—\If(x,w)’>E}

+€B(0,R) 2
< K- #leaves(I) —HP){ sup sup ’(I);OE(@) — @§36t75(|nF(m))’ > g} 1
2€B(0,R) € B(Inp(x),0)
(4.74) ( € )q
= . 4.82
4Ry (4.82)

This shows (4.73).
Next, we prove that (4.41)—(4.43) follow from (4.73).

Proof of (4.41). This inequality follows from (4.73) since Ry, > 1 by construction and g > 1
by assumption.

Proof of (4.43). This inequality is a direct consequence of inequality (4.75) by choosing
g":==bave=filt and using (4.77).

Proof of (4.42). We will prove that by the definition of R; in (4.26), for all z € B(0, R)
’NNRE(m)‘q <R} w.p.one, and ’\I/(:c,w)‘q <Rj. (4.83)

Namely, if (4.83) holds true, then (4.42) follows.
To see the implication, consider the event D for which

sup |NNF)E(95) —\I/(ac,w)’ > %, (4.84)
z€B(0,R)
and apply the law of total expectation:
E[ sup  |NNps(z) - \I/(x,w)ﬂ (4.85)

z€B(0,R)

:E[ sup |NNF’5(J:)f\P(m,w)|q‘D}P[D]+E[ sup |NNp’5(x)—\I/(x,w)|q‘Dc}IP’[DC].
z€B(0,R) z€B(0,R)

By the triangle inequality,

(4.83)
IE[ sup  |NNpz(z) — 0 (z,w)|* D] < (2R (4.86)

z€B(0,R)

On the other hand,

IE[ sup ‘NNF’E(z)—\P(m,w)rZ (4§4) (%)q. (4.87)

2€B(0,R)

D]

Bound now (4.85) using (4.73), (4.86), (4.87), and the elementary bound P[D¢] <1 to
obtain

q q
E[ sup ]NNF,E(x)—\y(x,w)ﬂ<(2RL)q(£) +(%) <
z€B(0,R) L

That shows (4.42). What remains is to prove (4.83).
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Proof of (4.83). Observe immediately that the right inequality in (4.83) follows immedi-
ately as 0 < S <1 and @ > 1 (recall the definition of ¥ in (4.7)). Next, we will prove
the left inequality in (4.83) by mathematical induction (recall the recursion in (4.34) and
(4.35) that defines NN =).

Base case. Recall from (4.34) and (4.35) that the induction starts with the functions

2N
1 ) . ) .
2z) =0y (ﬁ > (DIVEe F Yoo ((-1) a0 GY)a) +bf), (4.88)
i=1
where element-wise
w
vt = re : (4.89)

O‘(U* + U+)E[F7€C]E[G£c]
We prove that for every x € B(0, R), the point

NZ Yi(VEOF oo ((—1)a(I0G Y )z) € B(0,8~H[WM||usRy)  w.p. one. (4.90)

In particular, by the definition of Ry in (4.26) (which implicitly deals with the bias b%),
this implies that for all x € B(0, R),

‘EZ($)| S R1 —1.

Start by noting that there exists an ag > 0 such that for all 0 < a < ag and all £ €
[-R,R] C R we have

|loo(ad)] < 2(|lo—[+|o+|)al]. (4.91)
It follows from the bound (4.91) that for all z € B(0,R) and all i € [2N],
1 ; lo—|+lot|1
oo(a(IoGH)r) | <24 W.p. one.
(oo B 0 O T <2 gl e

Since we assumed in (4.40) that

ol +losl _ o

|U oyl

it follows that for all z € B(0,R) and all i € [2N],

Q

EIT {1—1 .
‘2 oG] UO(Q(IGG&%)@‘<ER<R0 w.p. one.

alo_+o4)

Therefore, for every = € B(0, R),

2N
‘N l)i(Vé@Fz’i)ao((—l)ia(IQGz’i)x)‘
=1
2N .
9E[I © G411 . ,
_ _ (1) 0,0y . 0,0 1) 0y ‘
\QNl DOV © P EPN) T s (1 el 06 )s)
1 X 1
w XN 0,i < 2w
_2N H( ©F"") +E[F H|HSRO_5”W lusRo w.p. one.
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This proves (4.90).
Inductive step. In the definition of NNp = we defined for v not a leaf in T,

1

’ #into(v)

Bamr( g X (Vo )

e€into(v)

By an inductive argument we find that for all x € B(0, R), it holds that
1 e e\ s source(e) -1 e
’#iTo(v) > (VCeF)erE (513)‘ < BT W lusRievel(v)—1  W-p- one.

e€into(v)
so that by definition of Rjeyel(y) it holds that
|P7 =(7)] < Rievel(v) W-P. One.
In particular,
|NNF,5(3:)‘q = |<I>ii?5(x)|q <R} w.p. one.

This proves (4.83). With that, Theorem 28 is proven. O

4.B.4 Proof of Lemma 36
Proof of (4.44). Let 0 < K < 00, £ be a leaf of T, and p > 0. Recall that

Uy (2 (WD 6 M) = o (W2 +1)), (4.92)

and for z € B(0,K), define

2N
74 () = %Z(q)i(vf © F&9) o0 ((—1) I © Gz + b) + 1" (4.93)
=1

so that Z¢(z) = 01(Z%(x)). Note that the weights W are fixed and therefore uniformly
bounded.

Continuity of o9 and o1, boundedness of F and G, positivity of E[FY.] and E[G%.],
and compactness of the optimization domain imply that the supremum of the optimization

problem is attained—say at X, € B(0,K). Just like in Appendix 4.B.2, note that X, is
random and depends on the collections {F“}iep N> {G“}ie[g ~]- In summary, we have

P| sup |0’1(va($))—Ul(W(1)$+b(1))‘ > p}
z€B(0,K)

:IP’[|01(ZJ<,(X*))—01(W(1)X*+b(1))’ >p}. (4.94)

Note that here we slightly abuse the notation by using |- | sign not only for absolute value
of numbers, but also, as in the last formula, for the Euclidean norm of the vector.
By construction, there exists a compact set C so that the points

Z5(X,), WX, 4™ (4.95)
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lie in C with probability one. The uniform continuity of o1 on C implies that for each { >0
there exists 7 > 0 such that (4.62) holds for o1 and all z,y € C. Fix ¢ = p and introduce
the event

D(X..) = {125 (Xe) = (WX 46W) o <1, . (4.96)

By the law of total probability
Pllon(Z5(X.) =1 (WD X +50)] > o]
= P[\al(zfv(x*)) —o (WX, +pM) > p\D(X*)}P[D(X*)}
+IP{|01(Z]<[(X*)) — o (WX, 410 > p\DC(X*)}IP’[DC(X*)} < P{DC(X*)] (4.97)
We will next prove that for all 2 € B(0, K),
P[DC(JJ)} 0 (4.98)

as o} 0 and N — oco. Together with (4.97), this implies the result.
Let z € B(0,K). Componentwise,

(Zx (@) = (WHa+bD)), (4.99)
2N 71)1
:(Z N (VZ@Fz’i)Uo((—1)ia(I®G£’i):c)+bZ_(W(1)x+b(1)))
i=1 ”
2N do (_1)1
=33 ViR oo (D el 0GP a)  +o = S W P+ ofY.
i=1c=1 -

Substituting (4.39) into (4.99), using the triangle inequality, and rearranging terms, we
find that

| (Zﬁ[(x) — WMz ™)) |

) L 2N FZ'L

2 J + U+ [ch} (2 E[ch]

(~D'oo (-1 all ©G ), ) = Wi,

(4.100)

c=1

Note that the assumptions of the lemma imply that
wh

‘ ’I”C
3(0— +04)E[GE]
We focus now on the term within brackets in (4.100). Let 0; > 0 and consider the

event
F@z
EFN (51 {‘QNZE 1‘<(51}. (4.101)

There exists C1 > 0 such that, conditional on &£p, N(61),

< C’w,G,a < H-o0.

2N Fh ‘ . 2N ‘ . ‘
| & Z g Voo (D'l 0 6 ), — 5y (~Dioo((-1)a(l©G")) |
i=1
2N

< |l Y 1)(=1) 1)a(IoGH <046 4.102
_\w;(w—)<—>ao<<—>a<@ )| < o, (4.102)
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since the argument of gg is uniformly bounded, and og is continuous. Moreover, there
exists Co > 0 such that conditional on £ N (1),

4 1 1
N .
(2 () = (WD z+b1)) | (4.103)
do (1) 2N
Wrc 7 i [
<3 1o Eer (B 2 A (Do ((1 el ©6)2), ) ) = Widded] + ot
c=1 - cc i=1

Note that Cq,Cs are independent of N,d7.
Recall now that by (4.36) and (4.37) we can find for each 7 > 0 an « > 0 such that for
all y e R% ¢,

1
’E (ao (ay)) TSy Ve <7. (4.104)
Recall furthermore that max,.G%, < M < co with probability one by assumption. To-
gether, this implies that we can find for each v > 0 an « > 0 such that for all z € B(0, K),
C?

1 . .
PH& (iao (ial@GZ’laﬁ)) —O5(+Glia )Gﬁéxc
c cectc

< ’y} — 1 (4.105)

Fix v € (0,61) and corresponding « > 0. Then there exists a constant C3 > 0, indepen-
dent of 41,7, N, such that conditional on Ep n(d1),

|(zf§(z)—(w<1>x+b<1>)) y (4.106)

+C3d1

) (1)
+O’+ E[G (2N ZUS l)ZGh G xc) —Wee'xe

: (1)

(i) ’ Wie 1 li ) (1)

= She it p \Goee | = Wee x|+ C301.
Z No_+0.)E[GL,] (21\/ ;05((71) Glixe)YTect re' T 301

To conclude (i), we used the fact that o+ -0 = 0. By assumption G%, > 0 with probability
one, so if moreover |z.| >0, then S((—1)'G%z.) = S((—1)*z.) with probability one—recall
its definition in (4.37). Thus there exists Cy independent of 41,7, N such that conditional

on the event Ep (1) NEG, N (01),
|Zf (@) = (W Dz +50)]

ey 2N "
< mmz S 1yian e~ Wit e + €161 = Cusr. (4.207)
c€ldp]:|zc|>0 -

The last equality holds because the sum is only of over ¢ such that |z.| > 0.
All that remains is to prove that

]P[EEN(&l)ﬁEG,N((Sl)} —1 as N —oc. (4.108)

This fact follows immediately from the independence of F, G, and a subsequent application
of the matrix version of the weak law of large numbers (which may be applied since F,G’s
expectations are bounded). Note that d; is an arbitrary parameter: choosing it such that
C401 < 1¢, and then choosing N sufficiently large completes the proof of (4.44).
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Proof of (4.45). The assertion (4.42) is proven for any (o, N)-precomposition associated
with some distributions ¢, with finite nonzero mean. In particular, the same argument
shows that (4.42) holds when F* and G* are taken deterministic and equal to the expec-
tations of the corresponding random variables (see also the discussion following (4.39)).
This proves (4.45). ]
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Chapter 5

The spectral norm of block
Markov chains

Based on [1]:
“Spectral norm bounds for block Markov chain random matrices”
by J. Sanders, and A. Senen—Cerda

In this chapter, we show the bounds for the spectral error of Block Markov Chains
(BMCs) in full generality. To do so we closely examine the technical issues of proving
spectral norm bounds when we have sparse matrices in which entries can weakly depend
on each other. For the motivation and an overview of the results we refer to Sections 1.5
to 1.7.

5.1 Introduction

In random graph theory, a graph can usually be encoded by an adjacency matrix A,, in
which (An)ij =1 if there is an edge between vertices 7 and j and (/Aln)lj =0 if there is
not. The study of the spectral properties of random graphs is thus intimately related to
random matrix theory.

We can already see this in the Erdos—Rényi random graph (ERRG) model [167], where
an edge is present independently of others with probability p,. If we denote this model
as Gn,p,, then a phase transition in the asymptotic properties of fln for this model can
be readily observed depending on how fast the edge probabilities p,, decrease as n — oc.
Specifically, the connectivity of an ERRG Gy, p,, depends on the asymptotics of the average
degree of the graph, which in an ERRG is np,,. If p,, =w(logn/n), then the random graph
will be almost surely connected; and if p, = o(logn/n), then the random graph will be
almost surely disconnected [167]. In fact, there is a sharp threshold for the connectedness of
the random graph exactly at p,, <logn/n. We refer to these scenarios as the dense, sparse,
and critical regimes, respectively. In the ERRG, these regimes can be also characterized by
the order of the average degree as we described in Section 1.6 in Chapter 1. The existence
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of these regimes with fundamental different global characteristics means that in order to
study properties of the spectrum of An, different approaches are needed. This will also
be the case in BMCs.

For any matrix A € R"*" we denote its singular values by o1 (4) > ... > 0, (A), where
|A]| = o1(A). Feige and Ofek established in [133] that there is a gap between the largest
eigenvalue and second-largest absolute eigenvalue of the adjacency matrix A, of ERRGs
in the dense regime. In ERRGs, we have that ||A,| = (A,) > np, with high probability
and their results imply that if w(logn) = np, = O(n'/3/(logn)>/3), then

14n —E[An]]| = Op(vApy). (5.1)

Consequently, in this dense regime, O'l(An) = w]p(az(/ln)), where for now one can under-
stand the notation Op and wp as referring to their usual counterparts asymptotically with
high probability. We refer to the end of this subsection for precise definitions.

The investigation in [133] also goes into the sparse regime. There, some of the de-
grees in the graph are much larger than the average nq, and it can be proved, for
example, that if p, =d/n for d > 0 a constant independent of n, then al(fin) > (1+
0(1))+/log(n)/loglog(n) [139]. Therefore, a bound of the type in (5.1) can not obviously
be expected in this sparse regime. However, if A, is regularized by e.g. using only states
with degrees lower than a certain threshold, then (5.1) can still be obtained in the sparse
regime. Let I'° C [n] be the set of vertices in G, j/, of degree greater than (1+¢)d for

some appropriately small e. If AL denotes the adjacency matrix of the subgraph (]71: d/n

induced by removing the vertices in I'° from G, 4/,,, then |AL —E[A,]||l=0p(Vd). We
refer to [133] for the exact statement. The order of the largest singular values of A,
and A,, —E[A,], established in (5.1), thus persists in the sparse regime when high-degree
vertices are removed.

Feige and Ofek’s techniques hint at how to tackle the sparse regime also in BMCs.
However, conducting such analysis will also become more complicated. Contrary to the
ERRG or the Stochastic Block Model (SBM)—the generalization of an ERRG with several
clusters— in BMCs there is additionally a time-dimension, and there are correlations
between edges.

In this chapter, we aim to establish a bound similar to (5.1) for the largest singular
value of a centered random matrix built from a sample path of a BMC in both dense and
sparse regimes. Taking inspiration from [27], we establish bounds for the order of the
largest singular value by firstly, combining the spectral techniques in [133] with concentra-
tion results for Markov chains [98], and secondly, obtaining a lower bound that matches
the order of the upper bound. Together, these bounds establish the right asymptotic order
of the singular values of BMCs which was, in fact, conjectured in [27]. The bounds depend
on the ratio T}, /n, which compares the length of a sample path T, from the BMC to the
number of states n, and can be understood as an ‘average degree’. Unsurprisingly, the
spectrum also suffers from similar sparsity-related issues as those that occur within the
context of ERRGs, discussed above.

The result in this chapter characterizes the expected bound on the spectral error
and hence, determines the limits for the error of the spectral clustering in BMCs. Our
result also helps bring us a step closer to proving convergence of the entire spectrum
to a limiting distribution as n — oo [165] whenever Q(n) =T}, = o(n?) or even w(n) =
T, = o(nlogn). The latter corresponds to scenarios with particularly few transitions and



5.1.1 BMCs 173

is thus especially relevant when analyzing sparse real-world data. One such example in
Chapter 6 is the sequence of best performing stocks in a stock index. Finally, we will
mention that the convergence of the singular values to a limiting distribution whenever
there is an abundance of transitions, i.e., T}, = Q(n?), was recently established as n — oo
[2].

While for a BMC we can expect the order of the spectral error to be as predicted by
Theorem 30, in the next chapter, we will examine in real-world sequential data if we can
still see a spectral gap when we use the clustering algorithm for BMCs.

Notation (Asymptotics). For any two sequences of random variables X7, X5, ... and
Y1,Ys,..., we denote X,, = Op(Y,,) if and only if for any € > 0 there exist Ce,n. > 0 such
that P[| X,/ Yn| > C¢] < € for any n > n.. We write X,, = wp(Y},) if and only if for any ¢ >0
and any C > 0, there exist n. ¢ > 0 such that P[|X,,/Y,,| < C] <€ for any n > n, ¢. For any
two deterministic sequences a1,as,... and by, b, ..., we denote a, = O(by,) if a, = O(by)
and b, = O(ay); also a, = w(by,) if by, = o(a,). We denote a,, ~ b, if as n — oo, we have
|an /bn| — 1.

5.1.1 Block Markov Chains (BMCs)

We have defined the BMC model in Section 1.5 but we briefly recall the definition here
for convenience.

A BMC has n labeled states, and K clusters. By this we mean that the set of states
[n] = {1,...,n} is partitioned so that [n] = UK |V, with Vi NV, =0 for all k#1. We
let @ = (aq,...,ax) with Zszl ay =1 be the cluster ratios and let q¢ = (qx1)k,1[x] With
Z{il qrr =1 for k € [K] be the cluster transition matriz. We will assume the following
for the derivation of our results:

Assumption 29. The cluster ratios a are strictly positive, i.e., mingegjor > 0. The
cluster transition matriz q is strictly positive and has full rank, i.e., ming jc(x) gkt > 0 and
rank(q) = K. The parameters o, q, K are all independent of n.

Given n and («a,q) we construct a BMC {X;};>0 as follows. For k=2,..., K, assign
[Vi| = [nay | states to cluster k. Place all remaining states in cluster 1 so that [V1|=n—
2512 [Vi|. Notice that V1| — [nai] < K —1. The BMC {X;};>¢ is a time-homogeneous
Markov chain with transition matrix P € (0,1)"*™ that satisfies element-wise

Qv (2),v(y)

Ppy =PXip1 =yl Xy =2] = Vol
vy

for =,y € [n]. (5.2)
Here, recall that v : [n] — [K] denotes the function that assigns to each state x € [n] its
cluster v(z) € [K], that is, v is the cluster assignment. Assumption 29 guarantees that P is
of rank K. The assumption that ¢ is strictly positive ensures that the BMC is irreducible
and aperiodic. We can therefore let IT € (0,1)"™ denote the stationary distribution of the
BMC, which satisfies IIT = IITP. It should be noted that a BMC is not necessarily
reversible. The assumptions that a,q, K are independent of n guarantee that the BMC
has a mixing time of ©(1), as we will discuss in Section 5.2. Distinct from the definition
of a BMC in [27], we allow for self-jumps for a state. We anticipate that the results of this
chapter also hold for the case when self-jumps are not allowed if the proofs are modified
appropriately.
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Given a BMC and some T;, € N, a sample path Xo,X1,..., X7, of length T;, is
obtained from {X¢};>0. Let N € Ngxn denote the random matrix that records the number
of transitions that occurred between each pair of states within this sample path. Thus

element-wise

Nyy = 1[ X =2, Xpp1=y] for z,y€en] (5.3)
t=0

~ d
We let NV denote N'’s expectation conditional on Xj @ Unif (IT). The previous definitions
imply that N = T,,Diag(II)P.

5.1.2 Spectral norm in BMCs

Compared with the previous bound for the spectral norm in 1.19, it was also conjectured
in [27] that the order of the spectral norm in BMCs was ©p(y/Ty/n). This order was
also suggested in Chapter 1 with the comparison Table 1.5 between the spectral norms
of the ERRG and BMCs. Our first result is a new lower bound of the spectral norm in
BMCs which confirms that the order is at least as expected. The proof uses the fact that
if T, = o(n?), then most transitions are seen only once or not at all. Hence, for any fixed
row of N — N, the ¢;-norm is approximately the square of the fo-norm. In particular, we
can use a combinatorial argument that yields the correct bound (see Section 5.5).

Proposition 17. If w(n) =T, = o(n?), then there exist constants b,ey, > 0 independent
of n and an integer ng € N4 such that for all n > ng,

P18 - N > b,/ﬂ} > 1ot (5.4)
n

In particular, |N — N|| = Qp(\/Th/n).

Our second result is an order-wise matching upper bound for || N — N ||, which, together
with the lower bound of Proposition 17, fully characterizes the order of the spectral norm
in BMCs. Before we proceed, note that the asymptotic growth of T, determines the
sparsity of N. This will dictate the type of analysis that needs to be conducted. We will
refer to the scenarios T3, = w(nlogn), T, = o(nlogn) and T}, = O(nlogn) as the dense,
sparse, and critical regimes [27], similar to the terminology for ERRGs.

Our analysis in the sparse regime requires that we remove states that are visited
unusually often in the BMC, similarly to the technique in [133] used for the ERRG. We
therefore consider trimmed matrices. For any subset I' C [n], possibly random, let Np be
the random matrix that remains after setting all entries on the rows and columns of N
corresponding to states not in I' to zero. Thus element-wise

. N {Nm’y ifex,yel

(VP)ay = (5.5)

0 otherwise.

In this chapter we improve firstly the bound in 1.19 in both the dense and sparse
regimes by obtaining an upper bound for the spectral norm of order /7}, /n. This matches
the lower bound asymptotically and proves that the order is asymptotically optimal. Sec-
ondly, we prove that this bound also holds in the dense regime T,, = Q(nlogn) without
trimming.
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Theorem 30. Under Assumption 29, the following holds:

(a) If T, = Q(nlogn), then R
[N =N| = Op(/Tn/n). (5.6)

(b) If Tr, = w(n) and I'° is a set of size |ne=Tn/m| containing the states with highest
number of visits, i.e., with the property that minycre N[n] y = MaxXyer N[n] y» then

|Nr — N|| = Op(\/Tn/n). (5.7)

Proposition 17 together with Theorem 30 yields o1 (N — N) = Op(y/Tn/n). As a
corollary to Theorem 30 we also obtain asymptotic scalings and bounds on the singular
values of Nr:

Corollary 7. Presume Assumption 29. If T,, = w(n), then
. Op(Ty if i € [K],
oi(Fp) = § OpTn/m)_ il iE (K], (5.8)
Op(\/Ty/n) otherwise.

The proof of Theorem 30 follows a similar strategy as the proof of [27, Prop. 7]. In
turn, the proof in [27] was based on [133] which itself took inspiration from [157]. The
idea is to upper bound spectral norms of random matrices using an e-net argument and
then separate into contributions of so-called light and heavy pairs. While the application
of this technique to random graphs and SBMs has become common [93, 36, 67], the dis-
tinct difficulty with BMCs is that N has dependent entries. Fortunately, the fast mixing
time of the BMC can be exploited: using techniques from [98] we can obtain concentra-
tion inequalities that are sufficiently strong to argue that the dependencies are negligible
asymptotically. Compared to [27], we simplify the estimate of the contributions of the
light pairs by proving that the bound holds without the need for regularization whenever
T, = Qp(nlog(n)), and we improve upon the logarithmic term present in [27, Lemma 11]
by strengthening the bounds for the discrepancy property in BMCs (see Section 5.2.4).
We also briefly validate our results numerically in Section 5.6.

This chapter is structured as follows. In Section 5.2 we describe the main properties
of BMCs. In Section 5.3 we prove Theorem 30 and its main steps. In Section 5.4 we prove
Corollary 7 on the singular values of N and Np and in Section 5.5 we prove the lower
bound given in Proposition 17. Finally, we simulate BMCs and numerically validate the
statement of Theorem 30 in Section 5.6.

5.2 Properties of block Markov chains

In this section we cover properties of BMCs that will be exploited to prove Theorem 30.
First, we introduce some notation that we will use throughout this chapter.

Notation. Let B! (x) CR™ be the n-dimensional ball of radius r centered around z € R™.
Similarly, let S?~!(z) C R™ be the (n — 1)-dimensional sphere with radius 7 centered
around z € R™. For any pair of subsets (A,B) C [n]?, we also introduce the short-hand
notation A4 5 £ erAZyeBA%y' For a,b € R, we denote a Vb= max{a,b}.
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5.2.1 Asymptotic properties of N

Let m = (m1,...,7K) € RE denote the unique stationary distribution of ¢, which thus
satisfies 71 = q7rT. By the Perron—Frobenius theorem, minke[ K] Tk = Tmin > 0 due to
the positivity assumption for ¢ under Assumption 29. We have, moreover, that ox (¢) =
omin(q) > 0 due to the assumption rank(q) = K. These properties of positivity have
immediate implications for the asymptotic scaling of the entries of N. In particular, we
prove the following in Appendix 5.A.1:

Lemma 40. There exist constants 0 <ny <ng < oo, 0 <py < p2 < oo independent of n and
an integer m € Ny such that for all n >m and all x,y € [n], 0, Ty, /n? < Ney < n, Ty, /n?
and p1/n < Py <pa/n.

Lemma 40 combined with the block structure of P has implications for the asymptotic
scalings of the singular values of N. Observe first that the block structure of P defined
in (5.2) and the assumption rank(q) = K imply that P has K non-zero and n— K zero
singular values respectively. In particular, for i € [n],

; 1)=01 if i € [K
O'z(P) — Jl(q) +O( ) ( ) e [ } (59)
0 otherwise.
Furthermore, the unique stationary distribution IT of P is then given by
1 TK
H:(—u,...,—u )e 0,1)", 5.10
where for k € [K], u, = (1,...,1) € (0,1)!Vr! is the all-one vector of its respective dimension.

Observe now that Assumption 29, together with the fact that |V;| ~ na; for i € [n], implies
that II; = ©(1/n) for i € [n]. Since N = T,Diag(II)P, we can conclude that the singular
values of N satisfy

(5.11)

() = {?m/n) it € K],
otherwise.

The following is an example of the spectrum of N for a given ¢ and «:

Example 31. Let 0 < a,b<1 such that 0 <a+b<1 and a#1/3,b#1/3. Suppose that

a b 1—a—> 1/3
q= b 1—a—b a and a=|[1/3]. (5.12)
1—a—b a b 1/3

In this symmetric case q has full rank and

T, Ty
o1(N)= E and o3(N)=03(N)= 3—n\/1+3(a2—a+ab—b+b2). (5.13)

5.2.2 A mixing time of O(1)

For € € [0,1), the e-mizing time of a Markov chain can be defined as

tmix(€) =min{t > 0:d(t) > e}. (5.14)
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Here

d(t) = sup dpv (IP’[Xt =|Xo= x],H) and drv(p,v)= % Z e — Va)- (5.15)
z€[n] z€[n]
The mixing time of a BMC is relatively short and in fact ©(1). This can be credited
to the facts that the block structure is independent of n, and that the graph of a BMC
is a complete graph [27, Prop. 2]: For any BMC with n > 4/amin let n >0 be such that
1 <maxgp,c{Pb.a/Pe,arPab/Pa,ct <. Then, we have tmix(e) < —cmix = —1/log (1 —1/2n).
Note that the assumption 1 > 1 in [27, Prop. 2] follows from Assumption 29(i). Indeed,
since rank(q) > 1 there exists at least one a € [K] such that for some ¢ # b we have
da,b/4a,c > 1. Finally, positivity of ¢ allows us to find a finite 7.
The relatively short mixing time of a Markov chain can be related to the pseudo spectral
gap. Let A(A) be the second largest eigenvalue of a symmetric matrix A. Then define

P
where Py, = 2211, (5.16)

s (( ) )
H$

i>1 i

The pseudo spectral gap 7ps plays a role in bounding the mixing time, as shown in[98,
Prop. 3.4]: For e €[0,1), vps > (1 —¢)/tmix(¢/2). For BMCs in particular, this implies
that yps > 1/(2(144n)); see the paragraph preceding [27, SM1(26)] for a proof.

With the pseudo spectral gap, we can then prove sharp concentration inequalities for
different quantities pertaining to the BMC using the following result from [98, Thm. 3.4]:

Lemma 41 ([98, Thm. 3.4]). Let Xo,X1,...,X1,—1 be a stationary Markov chain with
pseudo spectral gap ~yps. Let f € L2(IT), with |f(z) —En(f)| < C for every x € Q. Let
Vi = Varn(f). Then, for any z >0,

Th—1

227
PH tz:; f(Xt)—En {f(Xt)} ‘ > Z} < 2exp (_8(Tn+1/7pZ§Vf+20zC)' (5.17)

5.2.3 Bounded degrees

Using Lemma 41 we can prove for example that if we were to picture a sample path
Xo,X1,...,X7, as a directed graph, then the in- and outdegree of all states (vertex)

n

are Op(T,/n). Recall the notation that NA,B = cA ZyeBNz,y for any two subsets

A,B C [n]. The out- and indegree of a state y € [n] are then given by Ny)[n], N[n],yv
respectively. We prove the following in Appendix 5.A.2:

Lemma 42. The following holds for any BMC:

(a) If T, = Q(nlogn), then there exists a constant by > 0 independent of n such that for
sufficient large n

- N T 2
max{N[n]yy \/Ny,[n]} <b;—=  at least with probability 1—=. (5.18)
y€(n] n n
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(b) If T, = w(n) and T° is a set of size |ne=Tn/™| containing the states with highest
number of visits, then there exists a constant by > 0 independent of n such that for
sufficiently large n

N N T, n
max{Np,y \% Nyyp} <by—" at least with probability 1— 20_%. (5.19)
yel’ n

With Lemma 42(b) we can see that, whenever T'= w(n), the trimming of a fixed
number of largest-degree states controls the degrees with high probability just as with the
usual trimming of states with degrees above a threshold in [133]. Whenever one of the
events in Lemma 42 hold, we say that the bounded degree property holds.

5.2.4 Discrepancy property
For A,BCV, let

— Z Z Ny (5.20)
i€AjEB
and u(A,B) =E[e(A,B)]. A similar definition will be used when trimming: for A,BCV,
let er(A,B) =3 ica ZjeB(NF)ij' Note that for any fixed A,B C [n], er(A,B) < e(A,B).
We define now the discrepancy property. For graphs, this property tells us that the graph
has no denser subgraph compared to itself. This will help us in the bounding of the
spectral norm later on.

Definition 32. Let 01,00 > 0 be two constants independent of n. We say that N is
(01,09)-discrepant if for every pair (A,B) C [n]? one of the following holds:

AB)n
(i) TATET, <0

(ii) e(A,B)log SAB <o (1 AV |B|)log
1208 TATBIT, = Y2 & [AIVIB[-

Similarly, we say that Np is (91,02)-discrepant when the conditions hold with ep(A,B)
replacing e(A,B).

We prove that if the bounded degree property holds, then the discrepancy property
also holds with high probability. The constants 9; and 05 will be positive and dependent
on « and g. The proof follows the method in [93] and is relegated to Appendix 5.A.3. A
key step we prove is a uniform concentration inequality for the discrepancy in BMCs (see
Lemma 47 in Appendix 5.A.3), which may be of independent interest.

Proposition 18. For any BMC there exist sufficiently large constants b3, b4,01,02 >0
independent of n such that the following holds:

(a) If T, =Q(nlogn) and max,cy, {]\Af[nm\/]\Afy,[n}} < b3T, /n, then for sufficiently large
n, N is (01,09)-discrepant at least with probability 1—1/n.

(b) If T, = w(n), T is a set of size [ne=Tn/™| containing the states with highest number
of wisits, and moreover maxyep{Nny \/Ny)r} < b4Ty/n, then for sufficiently large
n, Np is (01,02)-discrepant at least with probability 1 —1/n.
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5.3 Bounding the spectral norm of Np — N

We will now prove Theorem 30 by bounding the spectral norm of Np — N, i.e., the operator
norm induced by the vector 2-norm:
[(Nr — N)z||2

INp =N = sup LT N)2l2 (5.21)
z€R™\ {0} [[2]|2

Recall that for any matrix A € R™*™ we have ||A|| = 01(A). Instead of working with (5.21),
we will use a rectangular quotient relation for convenience [112, (3.10)]: note that

INp=N||= sup |27 (Np—N)yl. (5.22)
2,yesy(0)

The proof strategy is as follows. We first use an e-net argument to pass the supremum
over the set S771(0) in (5.22) to a maximization over a finite set 7; say. Next, for each
(z,y) € Tz, we can bound the sum |27 (Ny — N)y| < L(z,y) + H(x,y) by the sum of L(x,y)
and H(z,y). L(z,y) is a sum over entries of # and y whose sizes are small, and H(z,y)
is a sum over entries whose sizes are large. These will be called the contributions of
the light pairs and heavy pairs, respectively. For the light pairs, concentration results
for sums of entries of Ny and using the fact that T' is of fixed size, although random in
content, we can prove the bound L(z,y) = Op(1/Tn/n). For the heavy pairs, concentration
results for the entries of Np are not enough in the sparse regime. Instead, we use the
discrepancy property of N and Np. This property of graphs says roughly that the number
of edges between two sets is not much larger than its average. We prove that Ny satisfies
the discrepancy property with high probability and using this fact we can prove that

H(x,y) = Op(\/Tn/n).

5.3.1 Passing to a finite e-net

We start by defining e-nets. Recall that B(z) C R™ is the n-dimensional ball of radius r
centered around x € R™:

Definition 33. Let € € (0,00). An e-net for (BY(0),]|-||2) is a finite subset N. C B} (0)
such that for any x € BY(0) there exists y € Ne such that ||z —y|l2 <e.

An enet for (BY(0),] - ||2) has several useful properties, which we will exploit. The
following properties are proven in Appendix 5.B.1. For any subset A C [n] and any vector
beR", we let bA € RMI denote the vector obtained by deleting the rows in the index set
A.

Lemma 43. The following holds:

(a) Let e €(0,1/3). If N¢ is an e-net for (BT(0),] -|l2), then for any matriz A € R™*"

1
14l = sup  |aTAy| < T sup |zTAyl. (5.23)
€

z,yeST 1 (0) z,yENe

(b) Let e € (0,00). If N is an e-net for (B} (0),]-|l2), then for any subset A C [n], the
subset NA = {xA 2 € N} is an e-net for (IB%‘lAl(O), II-12)-
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In order to control the size of the entries of z € N¢, we will use the following specific
set, which is also used in [157, 133, 93]:

ﬁ:{xeR":xe%Z",Hnggl}. (5.24)

Observe that 7¢ is indeed an e-net for (BY(0),] - ||2). The properties in Lemma 43 thus
apply to 7. Furthermore, the size of the set is bounded by |T¢| < (9/¢)™ [133, Claim 2.9].

5.3.2 The sets of light- and heavy pairs

The next course of action will be to derive for every z,y € 7. an upper bound of the
kind |2T(Np — N)y| < ¢4/Tn/n, where ¢ is a constant independent of n which holds with
probability 1 —O(1/n). For z,y € B}(0), define the set of light pairs by

. 1 /T,
L(ay) = {(@9) € ) oy < = /2 ] (5.25)
ny n
Similarly, we define the set of heavy pairs by
c . 2 1 /Ty
Hiw,y) = L(,y) = {(1.9) € s gy > 4/} (5.20)
Using the triangle inequality we can then split the bounding by writing
‘l'T(NF —N)y\ < ‘ Z TiYj ((NF)ij - Nij) ‘ + ‘ Z TilYy ((NF)ij - Nij)‘
(7)€L (i,4)€Le
= L(z,y)+ H(z,y) (5.27)
say, almost surely. Here, L(z,y) and H(x,y) denote the contributions of the light and

heavy pairs, respectively. To simplify the exposition, we will omit the indication (z,y)
from the sets of light and heavy pairs whenever they appear in a subscript.

5.3.3 Bounding the contribution of the light pairs

We split the bounding of L(z,y) into two parts. Let K¢ = (I'“ x [n]) U ([n] x I'°) denote
the set of transitions that are trimmed (recall that T'¢ denotes the set of states that are
trimmed). Using that (i) (Np)ij =0 whenever i ¢ T or j ¢ T by its definition in (5.5) and
(i) K =T? as well as the triangle inequality, we obtain

L) "2 | S i (W) - Ny)|

(2,5)EL

(i) N
= Y eV -Ny)— Y @iy N

(i,5)eLNK (i,7)eELNKE
(i) R
< ’ Z xiyj(Nij 7Nij)‘ +’ Z .sz,Nl]

(4,5)€LNT? (i,5)ELNKE
= Li(z,y) + La(z,y), (5.28)

say, almost surely.
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Bound for Li(z,y)

For any subset A C [n] and matrix A € R"*" let A denote the submatrix obtained by
deleting the rows and columns in the index set A. Consequently A € RIAIXIAL Recall
that we have adopted similar notation for vectors. Define for any subset A C [n], not
necessarily random, and any z,y € B}(0),

A w) = L) 1A = (i) € 4wy < /12 (5.20)

n

as well as

LA(x,y)Z) S ay (B - ij‘)‘. (5.30)
(i,j)ELA

Note that for any =,y € B}(0), L1 (z,y) = L' (2,y) almost surely.

We proceed in a manner similar as in [133]. We must deal, however, with the added dif-
ficulty that there are dependencies between the entries of N and that T is random. There-
fore, our first step will be to prove that for any deterministic minor, max, yec7; LA(x,y) =
Op(+/Ty/n). Our second step is to use a union bound argument and lift this result to
Max Ae M,, s MAXy yeT, LA(2,y) = Op(y/Tn/n), where M,, 5 denotes the set of all subsets
of size at least (1 —&)n. In particular, because || =n — |[ne=T»/"| is deterministic, this
implies the result.

Step 1: Minors induced by deterministic sets While we will ultimately use 7, the
following arguments hold for any e-net for (B} (0),] - ||2) with a small enough number of
points.

Lemma 44. There ezist a constant ng > 0 independent of n and an integer m € Ny such
that for all n > m, any e-net N¢ for (BY(0), || - ||2) with cardinality at most (9/€)™, such as
Te, any deterministic subset A C [n], and any f > max{328(1+ 4n)log(9/¢€),8n2(3+8n)},

P LA \/ <2 ) 5.31
f{}?XJ (z,y)| > f eXP 164(1%17) (5.31)

Proof. Recall from Lemma 40 that there exists a constant np > 0 and integer m € Ny such
that for all n >m and all i, € [n], N;; < noT),/n.

We are going to use Lemma 41 to prove Lemma 44. Observe that the two-dimensional
stochastic process {(X¢, X;y1)}i>0 induced by the transitions of the BMC is in fact also
a Markov chain. Moreover, the mixing time of {(X¢, X¢4+1)}+>0 requires just one more
transition than the mixing time of {X¢}+>¢. Consequently, for both of these Markov chains
Yps = 1/(2(4n+1)) [27, SML(26)].

Let n >m, A C [n] deterministic, and z,y € B} (0). Define for ¢ € {0,1,...,T;, — 1}

£, (X0 Xe4)) Z 2y L[ Xy =4, Xyq1 = J, (5.32)
(i,5)eLA
so that
E[f ((Xtht+1) Z -szjH P; e (5'33)

(3,4)eLA
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Observe that

LA(x7y) (520) ‘ Z xzy] ’ = ’ .rlyj N, Ni_j)
(ig)ect (i,5)eLA

Tp—1

Z Z fzyj( (Xt =14, X¢qp1 =J] — Hipi,j)’

t=0 (4,j)eLA

T,—1

> (2 (Kt X)) = BLFZ (X Xesn))]) |- (5:34)

t=0

This positions us to apply Lemma 41. All that remains is to provide bounds for the
deviation of féy((Xt,XHl)) from its expectation. We claim that for all ¢ € {0,1,...,T, —
1}, we have

2 /T,

2 (X, Xe41)) = BIf2, (X0, Xig1)]] < A (5.35)

Var{ £, (X0, Xe41)) < 2. (5.36)

After having established these claims, the result will follow.

Proof of Lemma 44, assuming (5.35) and (5.36): Applying Lemma 41 with the function
f replaced by f;"‘y to the sample path (Xo,X1),...,(X7, ,,X7,) of the stationary two-
dimensional Markov chain {(X¢, X¢41)}¢>0 together with (5.35) and (5.36) implies that
for any > 0,

Th—1
P[ > féy((Xt,Xt-&-l))—]E[f;}y((XhXt_i_l))]‘ >f\/§}

t=0

f27ps% f2'7psn
S%Xp(_ ng Tn>:2€XP( 1+1 1 )
8(Tn+1/7ps) 23 + 40723 8n2(141/(vpsThn)) +40f

(5.37)

Note that y,s may depend on n. Recall therefore that T;, > 1 and (i) vps > 1/(2(1+47)).
Consequently 1+1/(vpsTn) < 1+1/7ps <3+ 8n. The lower bound on the right-hand side
is independent of n. We find that (ii) for any f > 8na(3 + 8n),

P[LA(x,y) > f\/j;ﬂ

](2'71257’/ (i) Frpsn (i) fn
<2exp (= d P ) Lgexp () Loexp (")), .
= eXp( 8n2(3+8n)+40f) = eXp( A1 )— eXp( 82(1+4n)> (5:38)

Finally use (iii) Boole’s inequality together with (5.38), in combination with (iv)
Lemma 43(b) with the assumption |N¢| < (9/€)™ to conclude that (v) for any § > max{328(1+
4n)log (9/€),8n2(3 +8n)},

IP’[ max |LA$y|>f\/7 2exp( ﬁ)

(<)20xp((2logf m) )(V)chp( m> (5.39)
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This establishes Lemma 44 under the assumption of (5.35) and (5.36). All that remains
is to prove (5.35) and (5.36).
Proof of (5.35): Let t €{0,1,...,T,, —1}. We have that

(5.32)
| £ (Xe. Xe1)) —BIf7, (Xe. Xeqn))]| ‘ Z $zyy( (Xt =1, X141 =3] HiPi,j)‘
(i,5)eLA

@2 /T,
< sup {|J:Zyj|} <1+ Z I1; P,]) < A (5.40)
wiecs (i-)€n)?

almost surely. Here, we (i) used the facts that (i) € £4 and Z(i femz iPij =1. This
establishes (5.35).

Proof of (5.36): Let t € {0,1,. —1}. Observe that
r 2
Var[ 2, (Xe, Xe1)) < B ( > wwpllX =i Xe =5) |

 (j)eLcA

=E| Y mymyl X =i, Xepr = 10X, =k, Xp 1 =1
(ig)eLA
(k,D)ect

=E Z |xiyj\2]1[Xt:i,Xt+1:j]} (5.41)
(ij)eLA

= 0 PPy < max (TGP} 37 feasl

(i.g)eLA " (i.d)€ln]?

Recall now that z,y € BY(0). This implies that Z(i’j)e[n]g |lziy;|? = Z(i,j)e[n]Q :z:fy? =
Zie[n] z2- Zje[n] yJZ- < 1. Furthermore, observe that Lemma 40 implies IT; P;; = N;; /T, <
ng/n?. Use these two facts to bound (5.41). This proves (5.36).

This completes the proof of Lemma 44. m|

Step 2: Passing to a random minor We have proven in Lemma 44 that the contri-
bution of light pairs of a minor induced by a deterministic subset A contributes at most
Op(y/T,/n) with high probability. We will now prove that this is also the case for all
subsets of size || = n— [ne~Tn/"| simultaneously:

Proposition 19. There exists a constant na > 0 independent of n and an integer m € N4
such that for all n > m, any e-net N for (BY(0),| - ||2) with cardinality at most (9/€)™,
such as Te, and all l; > max {656(1 +4n)log2,328(1 +4n)log (9/€),8n2(3+8n)},

Tn [171
P L > i) 22| < 2exp (o). 42
[Ji‘é‘ffs‘ 1@y)lzh n]— eXp( 328(1+477)) (542)

Proof. Recall Lemma 44: there exist a constant ng > 0 independent of n and an integer
m € Ny such that its clauses hold.
Let n > m. To prove Proposition 19, we proceed as in [133]. Define for § € (0,1),

Mos={AeP(n]) | (1=5)n < |A <n}. (5.43)
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Here, P([n]) denotes the power set of [n]. Using (i) Boole’s inequality, (ii) Lemma 44, and
(iii) [Mp,s] < 2™ independently of § yields that (iv) for all [; > max {656(1+4n)log2,328(1+
4n)log(9/¢),8n2(3+8n)},

7,7 M T,
P| ma ax |LA(z, >[,/l} < IP[ ax |LA(x, >u/—"}
g | ms ﬁZA' (@l >0y =] < > o ffg" (@,y)[ >/~

-AEMn,5

D 0, 5] 2exp (—[17”) (5.44)
= [, 164(1 + 47

(iii) lin (iv) Lin
< - < I S —
= 2eXp(<IOg2 164(1+4n))"> = QQXP( 328(1+417))

Recalling (v) that Ly (z,y) = L' (x,y) almost surely completes the proof, because (vi) there
exists a ¢ € (0,1) such that the event

(V){ T Tn}
L = L —
S e S

(VCi) { \L ( )\ [ - } (5 45)
, > 114/ . .
AIenMd)n{ 5 xrggj\{/g %Y ! n

This is because |T'| =n — |ne~T»/"|. This proves the proposition. ]

Bounding Ly(z,y)

Proposition 20. There exist a constant lo > 0 independent of n and an integer m € N4
such that for alln >m, and any e-net N for (BT (0),]|||2) with cardinality at most (9/€)™,
such as Te, Plmaxy yen,. L2(z,y) > lo/Tn/n] =0.

Proof. Recall Lemma 40: there exists a constant ny > 0 and integer m € Ny such that for
all n >m and all i, € [n], N;j <noT),/n?.

Let n > m and z,y € B}(0). By (i) the triangle inequality, (ii) £’s definition in (5.25)
and the fact that LN C K, (iii) expanding the maximization range from K¢ to [n]?,
(iv) the bound |K¢| < 2n|°| and Lemma 40, (v) [T¢| = [ne~T»/"| < ne~Tn/" and finally
(vi) for z >0, ze~* < 1, we obtain that

(i) (n)
’ Z iy Nij| < Z |ziy;| Nij < 1\/7 Z Nij

(i,7)eELNKE (i,7)€ELNKE (i,5)eKe
(i) 1 /T, ) 1 /T T,
< o\l {Nw} < /gt
n n (i,5)€ n n n
(v) T, T w (VD) T,
< gy TR e T L ongy [0 (5.46)
n n n

almost surely.
The proposition follows after an application of Boole’s inequality: for any s > 2ns
independent of n,

g, e 2 2] < 5 eliaten 2/ 7] 20 (1) 0=0.

z,yENe
O
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5.3.4 Bounding the contribution of the heavy pairs

We split the bounding of H(z,y) into two parts too, using the triangle inequality: let

1G9) 20| S way (S0 - Ny)|

(i,5)€Le
ﬁ‘ Z «szj(NF ij ‘ Z xzy] ij
(i,5)€Le (i,j)€LC
= Hi(z,y) + Ha(z,y). (5.48)

Bound for Hi(z,y)

To bound the contribution of heavy pairs, we will follow the proof approaches in [133, 124]
and specifically adapt [124, Appendix C]. Our primary modifications consist of proving the
right asymptotic scalings for the discrepancy property and bounded degree property. In
this manner, the bounds can be applied to Np, which enumerates the visits of a Markov
chain in contrast to a random graphs which are the common setting when using these
bounds. The discrepancy property and bounded degree properties will ultimately be
guaranteed using a concentration inequality for Markov chains; recall also Lemma 42 and
Proposition 18. Because the proof of the following proposition follows similar arguments
as in [133, 124], we relegate the proof to Appendix 5.B.2.

Proposition 21. If maxyep{]\?p,y \/Ny)p} < boTy,/n and ]\7p satisfies the discrepancy
property in Definition 32, then there exists a constant h1 > 0 independent of n and an
integer m € Ny such that for all n >m,

T,
H <hiy/ =2 5.49
Jnax. 1(z,y) < by - (5.49)

Proposition 22. There exists a constant ha > 0 independent of n and an integer m € N4
such that for alln >m, and any e-net N for (BE(0),||-|l2) with cardinality at most (9/€)™,
such as Te, Plmaxy yen. Ha(x,y) > bay/Tn/n] =0.

Bound for Hs(z,y)

Proof. Recall from Lemma 40 that there exists a constant ng > 0 and integer m € N such
that for all n >m and all 4,5 € [n], Ny; < nng/nQ. Let n > m and z,y € B}(0). Observe
that

T,
< max {Nj;} Z |I¢yj|§n2nfg Z lziy;] (5.50)

n 2
(@.9)€ln] (4,4)eLe (i,5)eLe

Z szyg ij

(i,4)€Le

almost surely. Because (i) z,y € BT'(0), and (ii) x,y € L€, the inequalities

12 Z 1’ (Z Z Z |1'zyj xzyj|(>)1\/» Z |xzyj

(4,5)€[n]? (i.5)eL  (ij)eLe ( J)ELe (i,5)eLe

“’l\’)
QN

(5.51)
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are satisfied. This yields

n
Z |ziy5] < ny /T—. (5.52)
n
(i,5)eLe
Bound (5.50) using (5.52) to obtain that
T
<ngy/ = (5.53)
n
almost surely.

‘ Z iy Nij
(1,5)€Le

The proposition follows after an application of a union bound. For any hs > ny inde-

pendent of n and any n > m,

T, Ty, (5. 4\
P[ max, Halwy) = hoy[22] € D7 PlHa(ey) =020/ 21 %2 (2) 0= 0. (550

z,yENe

O

5.3.5 Proof of Theorem 30

We will now combine the results and prove Theorem 30. We will bound the spectral norm
of Nr — N and obtain Theorem 30(b); the proof of Theorem 30(a) follows the same steps
and will therefore be skipped. The only difference is that the discrepancy property used in
the first step with Proposition 18 requires trimming to hold when w(n) =T,, = o(nlogn).
We will remark when this is the case during the proof.

In order to use Lemma 43, we will assume from now on that e =1/4 € (0,1/3). We
thus consider the e-net 7;,4. Let 0 >0 be a constant independent of n that we will choose
sufficiently large later. Using (i) Lemma 43(a), we can then bound for each d > 0:

P[HN N[>0 T”} (<i)IP’[ T (N = Ny > 2 T"} (5.55)
— - max |z - -4/ —= .
r o nl — leyeTi, r vi= 4V n
(5.27) /T, T,
< ]P[ max L(z,y) > ? i} —HP’[ max H(z,y) > ° —n}
Z,yE'Tl/4 8 n w,yeTl/4 8 n

(5.28, 5.48) 0 T 2 T
3 IP’[ Ly (x, >f1/l} ]P’{ Lo(x, >f,/i}
< e 1zy) = 6\ 5|+ N 2(2,9) 2 750/,
o [T, o [T,
IP’{ H (x, >f,/l} ]P’{ H(x, >f,/l}.
TP max Hi(ey) 2 gy 0| TP max Ha(ny) 2 6y

From Propositions 19-22 it follows that there exist constants [1,[s,h1,h2 > 0 indepen-
dent of n and integers mi,...,m4 € N, such that for any /16 > max{l1,l2,h1,h2} and
all n > max{my1,...,mq}:

o T, o T,
IP|: L W) 2 5= 7:| =Y P|: H YY) 2 = 7:| =Y, .
. 2(2,9) 2 761/ 5, =0 [T 2(2,9) 2 764/ 5| =0 (5.56)
and furthermore
IP’[ max Ly (x,y) > 1\ / &} < 9~ FE(TI (5.57)
z,y€T /4 =16 nl-
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In order to bound the probability of the event {maxm7ye7-1/4 Hy(z,y) > (0/16)/Ty/n}
using Proposition 21, we must condition on the events

N N N Ty
Doy 00 = {Np is (01,02)—discrepant}, By, = {r;lealz({Np’y \/Nyyp} < [12;}, (5.58)

with by > 0 a sufficiently large constant independent of n. By the law of total probability,

o [T,
IP’[ Hy(z,y) > — J]
cox Hi(ey) 2505
o [T,
:IP’[ Hi(z,y) > —4/ =2
= W@ y) 2 760 5,

By | PIBw)

0 |
—HP’{ max Hq(x, >—\/—" C}IF’ °
x,yeaTl/4 1( y) — 16 n b2 [ b2}
<]P[ max Hi(z,y) > 2 \/ —|B }—HP’[BC ] (5.59)
X . .
T leyeTipn WY = 16 n b2 b2

Lemma 42(b) implies that there exists a constant ba > 0 independent of n (which we now
will specifically use) such that for sufficiently large n,

P[Bg,] < 26 (5.60)

To bound the remaining term in (5.59) we can again use the law of total probability:

s e 2 5 [52]
=P L,;%E%/z; Hy(x,y) > 113\/?
oo g, = [

By Proposition 18(a), we find that for sufficiently large n,

352 mD01702:| P[Dah% ‘Bbz]

Buy D5, 0, | PIDS, 5, 1Ba]

Buy NDayos| +PIDS, o, Bes):  (5:61)

1
P[D5, 0,1Bu,] < o (5.62)

Finally, Proposition 21 tells us that for sufficiently large constants b2,d > 0 independent
of n, and sufficiently large n,

0 T,
]P’{ ax Hi(z,y)> —] 2
ppiy I@Y) 2 g6\ 5

Combining (5.55)—(5.63) yields that there exist a constant d > 0 independent of n and
an integer m € N such that for all n >m,

By, mDam} —0. (5.63)

N T, —__on T 1
]P’{HNF—NH zo\/f} < 90  FECTI 4 26~ W 4 . (5.64)
n n
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We can conclude that if T;, = w(n), then [Ny — N|| = Op(y/T/n).

In case T, = Q(nlogn), we could have avoided trimming by using Proposition 18(a)
and Lemma 42(a) instead. This requires a repetition of the arguments above but with
N replacing Np. Ultimately, the right-hand side of (5.60) would be replaced by O(1/n).
This completes the proof.

5.4 Proof of Corollary 7

Now that we have established the tight bound o1 (N — N) = Op(+/Ty/n) in Theorem 30,
we can investigate the singular values of Np. Because we furthermore know the asymptotic
order of the singular values of N in (5.11), we can combine these two facts in a perturbative
argument using Weyl’s inequality:

Lemma 45 (Weyl’s inequality). Let A,B € R**™ with s >m, and 01(A) > ... > om(A)
and 01(B) > ... > om(B) be the singular values of A and B, respectively. If |A— B| <,
then for alli=1,...,m, |o;(A) —0;(B)| <e.

Proof. 1t follows from [151, Theorem 3.3.16] that for i =1,...,m, 0;(A) < 0;(B)+o01(A—
B) and 0;(B) < 0;(A)+01(B—A). The claim follows by noting that ||A— B = o1(4—
B)=o01(B—-A). o

For any € > 0, there exists then d.,m, > 0 such that,

P[UKJrl(NF) > 55\/§} = ]P){UKJA(NF) —og+1(N) 2 55\/§}
SP{Ul(NFN)Z&\/?}SG (5.65)

for any n > m,. This implies that o g 1 (Nr) = Op(\/Tn/n) and so o;(Ny) = Op(+/Tn /1)
for any i = K +1,...,n. Similarly there exist x¢,le such that for any n > [ we have

P[|0K(Np) — o (N)| > ke \/77”} < P[ol(ﬁp “N)> ke ﬁ} <e  (5.66)

and thus o (Nr) — ok (N) = Op(y/Tn/n) also. Recall (5.11), which implies that there
exist constants aj, as > 0 independent of n such that for large n we have a1, /n < ox (N) <
agTy, /n. Since T,, = w(n), we have /T, /n — co as n — co. Let now ng be large enough

such that for any n > ng we have e1 > a1 — Ke(1/T/n)~F and ez < ag + ke (1/ T} /n) ~L for
some e1,e2 > 0. Then for any n > max{me,l¢,no},

N IT, N T,
P[elTn/n <og(Nr) < eng/n} ZP[alT/nf/ie ?n <og(Nr) <axT/n+ k. Fn]

> IP’{{*HE % <ok (Nr) = aiT/n} N {ox (Nr) —a2T/n < e \/é}} (5.67)
>p| —m\/?smzvr)—oK<N>}ﬂ{0K<Nr>—UK<N> S ”"8\/?}}

The same argument holds for O'i(N[‘) for i=1,...,K —1. Hence, we obtain O'Z'(NF) =
Op(T/n).
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5.5 Proof of Proposition 17

We now prove that if w(n) =T}, = o(n?), then there exist constants b, e, > 0 independent
of n and an integer ng € N such that for any n > ny,

. T, e In
P[||N—N\|>b,/?}z1—e R (5.68)

Note from the definition of the spectral norm in (5.21) that

n
IV = N> > [[(1,0,...,0 " (N = N[5 = > | Ny — Ny |? (5.69)
j=1

almost surely. Therefore

T, = T, = T,
PIIN—-N 7"}> [ Vi — Nq.|? 27”}: _ [ Vi — Niil2 < 27”]
| | >6y/-"| >P Z|N1J Ny > 02t =1 PZWU Ny[? <%=
7j=1 j=1
(5.70)
It is thus enough to prove that there exist constants b,ep > 0 independent of n and an
integer ng € N such that for all n > ng
n T -
IP’[ Ny~ NP <e?in] <o B 5.71
Zl\ = Ny[F =7 r | <e (5.71)
j=

To prove (5.71), we rely on the following lemma:
Lemma 46. Suppose that T, = w(n).

(a) For any constant b € (0, iwy(l)/a,,(l)) independent of n, there exist constants ¢y €
[%ﬂ-v(l)/au(l)v %ﬂ—u(l)/au(l) + b}; 0p € (Tru(l)/ay(l)vﬂv(l)/au(l) + b} independent of n
and an integer ng € Ny, such that for all n > ny,

Ty

Th T, Tn
Cb? SNL[n]fb? and Nl,[n] <0y [n]+b?. (5.72)

In particular

T, T, Ty T, T T
¢ <Ny —b==< (05 —b)—" and cp— < Ny +b—= < (0p+b) .
n ’ n n n ’ n n
(5.73)

(b) For any constant b > 0 independent of n, there exists a constant ey > 0 independent
of n and an integer n; € N4, such that for all n>nq,

. T, ey Tn
P[!Nl,[n] =Ny 2 b;} <20, (5.74)

Proof. The first claim follows because Ny |,,) = ©(Ty/n); cf. Lemma 40.

The second claim can be proven using the same strategy as for (5.86), see the argument
at (5.92)—(5.94) and equation (5.94) in particular. The only difference is that we need to
keep track of the different constants b, ey, and that we do not choose b to be large. m]
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Let b€ (0,3 1Tu(1)/ay(1)). By Lemma 46(a) there exist constants ¢, € [ )/ (1)
Tu(1)/ (1) +b], 96 € (T,(1) /(1) Tw(1) /(1) +b] and an integer ng € Ny such that for
all n > ng, the event

. T,y 673 (. T, T,
{lNl,[n] =Nyl < b;} c {Nl,[n] € [Cb;@b +b)7} } = By, (5.75)

say. Observe that its complement

N Tn
By < {|N1,[n] = Nyl > b?}- (5.76)

Furthermore, by the law of total probability,

2 T,
7 2
P{E 1 [Ny, — N2 < b—ﬂ
-

n n
= P[Z N1 = Nigl? < ]P[Bb] +]P’{Z|1‘717j —Nj|? < b}P[BE]
j=1 j=1
(5.76) noo T . T
< P[ZIWLJ' —N P < bf Bb} +]P){|Nl7[n] =Ny )| > bf}
iz
) i T
P[Z\NLJ’*NLHQ < }*267%#' (5.77)
j=1

We (i) used Lemma 46(b) to establish the last step. What remains is to bound the second-
to-last term.

Recall that by assumption, w(n) =T}, = o(n?). By Lemma 40 there exist constants n; €
(0,ming jex) Thqr,1/(arn)), n2 € (maxgek) 7k /(aky),00) such that for all sufficiently
large n, ann/n2 <minjepn N1,; < nng/nQ‘. There thus also exists an integer ng € N
such that for all n > no, qlTn/n2 <minjep, Ni,j; < 1/4. Let n > ng so that if moreover
NLj Z 1, then

N1y — Nl > §NT; + VT s (5.78)

and if instead Ny ; =0, then (5.78) still holds. Thus for any n > ng,

n T2
Z\NU Ny 2> %Z Ny ;2 +nm1nN1J Z|N1j| +n1—. (5.79)
By assumption 72 /n3 = o(T,,/n). We can therefore write, for sufficiently large n,

- T,
IFD|: N . _ N |12 } < P[ N 25— -

le 15— Nijl” < Z\ 1% < o(1 ))n

i—
Observe now that if Z;L:I [Ny ;| < 20T, /n, then at most m < [26T},/n] elements of

the row vector Nl can be strictly positive; Nl g1 >0, ]\71 m > 0 say. The reason is
that for j € [n], N1 j € Ng. Using (i) the arithmetic— quadratlc mean inequality, we then

] (5.80)

obtain

m
Z|N17]| - ZlNLJk|2 > 7(2 Jk) — 2bT ‘Z\/Vl2 [n]* (581)

k=1
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Now (i) bound (5.80) by (5.81), to find that (ii) for sufficiently large n,

LI T () n . T,
N, Pepln e o) I
P[Y 1N~ Nig 2 <o gp[%Tany[n]g(zb o(1)) - ‘Bb]

i=1

s

(ii) (i)

- T, N T,
:P[Nl,[n] <260 o(1)) " Bb} < P[Nl,[n]gzb;‘zab} L (5.82)

because of (iii) the definition of the event Bp in (5.75) combined with the fact that
20T, /n < ¢yTp/n by construction. This completes the proof. O

5.6 Numerical validation

We now briefly validate the asymptotics proven in Theorem 30 numerically.! We consider
a regime that is as sparse as possible. This regime is the most interesting to examine
and the asymptotics become challenging to observe due to proximity to the detectability
threshold for BMCs.

Figure 5.6.1 shows the scaled spectral norm +/n/T,||N — N|| as a function of n for
different asymptotic scalings of T,,. We can expect from Theorem 30 that whenever
T, /n = w(l), this scaled singular value gap should be ©p(1). Observe that both in the
dense regime T;,, = Q(nlogn) (bottom black curve) and in the sparse regime ©(n) =T, =
o(nlog(logn)) (middle red, yellow curves) this holds true. For the even sparser regime
T,, = o(n) (top blue curve), it looks like the scaled spectral norm may grow. Such a sparse
regime is not covered by our analysis.

Appendix
5.A Proofs of Section 5.2

5.A.1 Proof of Lemma 40

Start by noting that miny, ;x| gk, > 0 independently of n. Consequently, by the Perron-
Frobenious theorem, there exists an invariant distribution 7= = (71,...,7g) that also sat-
isfies minge[x) 7 > 0 independently of n, since 7Tq=7T [27, Prop. 1].
Now let ny,ny be independent of n and satisfy
Thkl Tk,

0<n < min —= max

< < ng < 00. (5.83)
kJlE[K] OO kJlE[K] Qo

IThe simulation utilizes the GNU Scientific Library (GSL) for random number generation; Eigen,
a high-level library for linear algebra, matrix, and vector operations; and the Sparse Eigenvalue Com-
putation Toolkit as a Redesigned ARPACK (SPECTRA), alibrary for large-scale eigenvalue problems
built on top of Eigen. The mathematical components of our BMC simulator were furthermore unit
tested to ensure validity. Finally, we instructed the Microsoft Visual C++ (MSVC) compiler to activate
the OpenMP extension to parallelize the simulation across CPUs and so that Eigen could parallelize
matrix multiplications (/openmp); to apply maximum optimization (/O2); to enable enhanced CPU
instruction sets (/arch:AVX2); and to explicitly target 64-bit x64 hardware. The code can be found at
https://gitlab.tue.nl/acss/public/spectral-norm-bounds-for-block-markov-chain-random- matrices.


https://gitlab.tue.nl/acss/public/spectral-norm-bounds-for-block-markov-chain-random-matrices
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Figure 5.6.1: Plots of the scaled spectral norm /n/T,|N — N|| for different asymptotic
scalings of Ty, and n = 500,1000,...,10000. The choice of the BMC' pa-
rameters is q = %((2,3,5);(375,2);(5,273)) and o = £(1,1,1). Each 95%-
confidence interval was the result of approximately 48 independent replica-
tions. The trajectory length was set to T,, = [n(logn)®], and |I'°| =0 states
were trimmed. The curves correspond to o = —0.5,0,0.5,1 from top to bot-
tom.

Let x,y € [n]. Observe that

i Y 2P — fim p2 @ W@y @) D) vy) (5.84)
— o Py = = . .
n—oo Tp/n?  n—voo st WVl vy
Consequently
n < lim —2% <ny. (5.85)

n— 00 Tn/TL2

The conclusions pertaining to P, , follow mutatis mutandis. This completes the proof.
O

5.A.2 Proof of Lemma 42

Proving this next claim is sufficient: if T3, = w(n), then there exists a constant bs > 0
independent of n such that for any « € [n] and all sufficiently large n,

) Tul . —oTa
P[\N[n},m—f\’[nl,x! = 53;} <27 (5.86)

Lemma 42(a) would namely follow almost immediately. If T,, = Q(nlogn), then

. . 7,71 ® . T,
P N, N, >bi— | <P N, >b;——1 .
[yné%{ vtV Mg} 2 0122 < {ﬁ% > 1 =1 (5.:87)
(i) N
SnmaxP{N[n]xzblﬂ—l}
z€[n] ’ n
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(iii) T, (5.86) 2l
< 0 max P |Njyy o~ Nyl 2 a2 < 2021080
z€[n] ’ n
for sufficiently large n and some by > 0 if by is large enough. Here, we used (i) that for
S [TL]\{)(O,X—Tn}7 Ny,[n] = N[nLy and for y € {X07XTn}7 |Ny7[ N[n] ,q| <1 ( ) Boole’s
inequality; and (iii) that for all z € [n], Nj,) . = O(Tn/n).
We prove now Lemma 42(b). We may assume without loss of generality that |I'°| =
LnefT”/ ™| > 1 since otherwise we would be in the previous case. Equivalently, T,, <nlogn.
Let

. T,
’H:{yé[n]:N[n]’yzbgg—l} (5.88)

be the set of states of at least the indicated degree. By (iv) construction of the trimming
procedure and the set H,
T

() T,
(I;lg;{{N p\/pr} > b2?) < ]P’(r;leaXN ] = [32771)

(iv)

= P[|H| > |T°]. (5.89)
By (v) Markov’s inequality,

~ T,
|l = > n_ > C
P[] > |T°] P[}e[:]l[zv[n],y_wn 1] 2 e 1]
yEn

© 1 . T,
< — > phoy— —
= 71 > B[N 2 22 1]

T,
|m+1 P [!N[n] Nin | 2%;}, (5.90)
w€ln]

for some bs > 0 if b is large enough. Finally apply (5.86) and lower bound |I'¢| >
ne~Tn/™ —1 to find that

N ~ T, _Tn
P[glgﬁc{Ny,FVNny} >0yt <207 (5.91)

The final inequality follows because T;, < nlogn. What remains is to prove (5.86).
Proof of (5.86). This is a tightening of [27, SM1(20)] by a logarithmic term, and the
argument is a straightforward modification. Let f(-) = 1[- = z] be such that Z;‘F;Ll (Xy) =
Nip,z- Clearly for x € [n], |f(X¢) —En[f(X¢)]| = [1[X: = 2] - I;| <1 = C say. Moreover,
for z € [n],
Vy = Varl (X)) = BI(1[X; = ] ~ T1,)?] (5.92)
1
= E[1[X, = o]~ T2 =T, (1-T1,) £ 45 < max ™54 o( ).
[ [ t ‘T]] T ( ) |V (.’E)‘ /?Elaf}((] Ozkn+0
By [98, Thm 3.4],

. 22
P[Nn z_Nnm > :|<2 <_ b2 ) 5.93
Nine = Npnl.al 2 2] < 2030\ g v =020 (5.98)
Let bs > 0 and specify z = bsT},/n. Recall that s > 1/(877+2) [27, (26)]. Therefore
]P[Nn an>b—]<2 ( )
N2 = Nin.al 2 b5 AP 2005 + Smaxg. K]ﬂk/ak+0( )+ O(1/Ty)
(5.94)

Choosing bs sufficiently large completes the proof. m]
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5.A.3 Proof of Proposition 18

We will prove Proposition 18 by modifying the proof approach of [93, Lem. 4.2]. The key
difference is that in the present setting the entries of N are not independent. A similar
argument can also be found in [27, Lem. 12] for a different definition of the discrepancy
property. The discrepancy property differs in the present chapter so as to provide a tighter
bound.

Observe that

Ele(AB)]=> > E[Nyyl= > Nuy. (5.95)

reAyeB zeEAyEB

We therefore have as an immediate corollary of Lemma 40:

Corollary 8. There exist constants 0 <my < mg < 0o independent of n and an integer m €
Ny such that for alln >m and all A,B C [n], m1|A||B|T, /n? < u(A,B) < ma| A||B|T, /n?.

We will prove the following lemma:
Lemma 47. There exist a constant ko > 0 independent of n and an integer m € N such
that for all n >m, all k > ko, and all A,B C [n],
Ple(A, B) > ku(A, B)] < 2exp (—iu(AB)klogk). (5.96)

The fact that the discrepancy property holds with high probability for both N and
Nr follows from Corollary 8, Lemma 47, whenever T}, = Q(nlog(n)) and T}, = w(n) respec-
tively:

Proof of Proposition 18 — Case N, i.e., without trimming.

VYe consider first the case without trimming. For convenience, let A =max, e[y {N [n],y vV

Ny.in) } Also, we assume that |A| <|B| without loss of generality.

Subcases |B| > n/e For this subcase, the discrepancy property is satisfied since Defini-
tion 32(i) holds. Observe first that for all A,B C [n],

e(A4.8) "2 SN Ry < Amin{|AL B} = AJAl. (5.97)
i€AjeB
We therefore have in particular that for all A, B C [n] such that |[B| > n/e,

e(A,B)n? _ ee(A,B)n < eA|A|n
[AIBIT, — AT, ~— |AT»

< bge, (5.98)
since A < bzT},/n by assumption.

Subcases 0 < [B] <n/e Lemma 47 tells us that there exists a constant ko > 0 indepen-
dent of n such that for all sufficiently large n, and all k > ko, Ple(A,B) > ku(A,B)] <
2exp(—klog(k)u(A,B)/4). We may presume that kg > max(1,1/mg,mg), where we let
0 <m; <mg < oo be as in Corollary 8. The reason for this choice will become apparent
later on.



5.A.3 Proof of Proposition 18 195

Let n be sufficiently large, and let ¢1,c2 > 0 be constants independent of n that we will
choose later. Denote by t*(A,B) > 0 the unique solution to

tlogt = myco|B|log (n/|Bl)/(2mapu(A,B)) >0, (5.99)

which exists and is unique because the function tlogt is monotonically increasing for ¢ > 1.
Define k*(A, B) = max{ko,t*(A,B)} and consider the event

&= N {e(A,B) < u(A,B)k*(A,B)}. (5.100)
ABC[n]| Al |B|<n /e

We claim that if £ holds, then N is discrepant. Specifically, for all pairs (A, B) such
that k*(A,B) = ko, Definition 32(i) holds. Indeed, for any such pair, on event &,

6(./4,8) S kou(AaB) S k0m2

Tol AlIB| _ Tl AllB|

S <ag (5.101)
by Corollary 8 if ¢; > komg. Furthermore: for all pairs (A,B) such that k*(A,B) =
t*(A,B) > ko > max(1,1/mg), Definition 32(ii) holds. To see this, consider that for any
such pair e(A,B) < u(A,B)t*(A,B) by event £. Therefore, again by Corollary 8,

2
n°e(A,B) .
e < mat*(AB 5.102
T AllB| (A,B) (5.102)
on event £. Remark now that for 1 <t <mgt*, tlogt < (mat*)log (mat*) by monotonicity.
Furthermore from the lower bound on t*, mat* > memax(1,1/mg,mo) > 1; hence, for
0<t<1,tlogt < (mat*)log(mat*) also (observe that the left-hand side of the inequality
is nonpositive and the right-hand side nonnegative). Therefore, on the event &,

n2e(A,B) . n2e(A,B) (5:102) (iii) (iv) myca|B] n

"o ’ < (mot™)log (mat™) < 2mot*logt* = 0g —

TANB| BT A < (Me)les(mat) < 2mattlogtt =y los g
(5.103)

because (iii) log (mat*) < 2logt* since t* > max(1,1/me, my) > my and (iv) of the definition
of t*(A,B). After (v) multiplying (5.103) by (T, /n?)|.A||B| and (vi) utilizing Corollary 8
one final time, observe that

2 v
n?e(A,B) (<)

(Tn/n?)|AIB],  n (]
Tl AllB[

) n
log < co|B|log —-.
WAB)  87E < 2lflleg

e(A,B)log myca|B| (5.104)

What remains is to prove that the event £ holds at least with probability 1—1/n. We
can do so using the De Morgan identities, which imply that

PlE] =1 —IP[ U {e(A,B) > u(.A,B)k*}], (5.105)
ABC[n]:| A|<[B|<n /e

and then upper bounding the right term by 1/n. By (i) Boole’s inequality, (ii) Lemma 47,
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and (iii) the definition of k* (A, B) and Corollary 8, for sufficiently large n,

IP’[ U {e(A,B) > u(A,B)k*(A,B)}]
ABC[n]:|A<|B|<n /e
0
< S P[E(A,B) > u(A,B)k*(A,B)]
ABC[n]:|A<|B|<n/e
(ii)
< S 2o (- du(ABK (A B)logh (4B))
ABE[n]:| A<|B|<n /e
@ 3 2ex (fm1c2|3|1 ﬂ) (5.106)
- P\ 8my 8 B]) '

A,BC[n]:| A[<|B|<n/e

Finally, by (iv) collecting terms and upper bounding their numbers, and utilizing (v)
(") < (ne/s)® and (vi) for t € [1,n/e], t < tlog(n/t), we find that for sufficiently large n,

(iv) n\ [n mica n
. < — —
(5.106) < E 2((1) <b> exp( Sy blog b)
1<a<b<n/e

(v) ne\ ¢ /ne\? mico n
< o - _ Z
= X (%) (F) ew(-Hvesy)

1<a<b<n/e
< Z 2exp (a—}—alog%—i—b—l—blog%—ng;:;blog%>
1<a<b<n/e
n mico n
< 3 2w (2b+2blogg - blogg>
1<a<b<n/e
(vi) n  micy n
< Z 2exp (4b10g 7 Bm blog 3>
1<a<b<n/e
mico n
< Z 2exp (—( S —4)blogg)
1<a<b<n/e
_mjco +4 _mjco +7
< Z on Bmy Tt T Emy T (5.107)
1<a<b<n/e

The event € thus holds at least with probability 1—1/n for sufficiently large n if we choose
the constants in Definition 32 to be 93 = ¢g > 64my/my. Finally, from (5.98) and (5.101)

we also need to choose 07 = ¢; > max{bse, kgma}. This completes the proof. a
Proof of Proposition 18 — Case Np, i.e., with trimming.

We consider second the case with trimming. For notational convenience, let now Ap =
maxye(n{ Nr,y V Ny,r }. Again, we assume that [A| < [B| without loss of generality.

Subcases |[B| >n/e Equations (5.97)—(5.98) hold mutatis mutandis after replacing e(.A, B)
by er(A,B), N by Np, A by Ar and b3 by by.
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Subcases B < n/e Equations (5.100)—(5.107) hold mutatis mutandis after replacing

e(A,B) by er(A,B). This is because er(A,B) < e(A,B). In particular, utilize the mono-

tonicity of tlogt for proving counterparts to (5.101)—(5.104), and the inequality
Pler(A,B) > u(A,B)k*] <Ple(A,B) > u(A,B)k*] (5.108)

for showing replacements of (5.105)—(5.106). The constant 9; will now depend on by.
This completes the first part. a
What remains is to prove Lemma 47. This is done in Appendix 5.A.3.

Proof of Lemma 47
Let a € R and n € Ny for now be arbitrary. We will first bound
Ple(A,B) — u(A,B) > al. (5.109)

To do so, we are going to split the sum e(A,B) into two parts. Let E(T,) = {t €
{0,1,... T —1}:t =0 mod 2} denote the even numbers up to T,, — 1, and O(T},) =
{0,1,...,T,, — 1}\E(T},) denote the odd numbers up to T,, — 1. Write

e(A,B) — )= > (Nij—Nyj)

i€cAjeB
Tn—1

ZZZ (Xt =i, X1 = 4] — 7-Nij)

t=0 icAjeB

SO (X =i, X1 = 4] - £Nij)

teE(Ty)i€AJEB

+ Z ZZ (Xt =14, X¢11=74]— w)

teO(Ty) i€ AjeB
=eo(A,B) — (A, B) +e1(A,B) — Su(A,B), (5.110)
say. Using a union bound we obtain

Ple(A,B) — (A, B) > a] <P[2e0(A,B) — u(A,B) > a] +P[2e1 (A, B) — u(A, B) > a). (5.111)

It suffices to bound either of the right members by symmetry.
Suppose therefore that, without loss of generality, the probability pertaining to eg (A, B)
is larger. By Markov’s inequality,

—ha h(2e9(A,B)—u(A,B))
P[2e0 (A, B) — (AB)>a]<£fo{ E[e 0 ]}

_ —h(atu(AB)) [ .2heo (A,B)
ér;fo{e Ele ]} (5.112)

For t € {0,1,...,T,,}, let F; be the o-algebra generated by {Xo,...,X;}. By the law of
total expectation,

Efe2he0(A5)] _ | {E [ezheom,z@) ‘ anfzﬂ (5.113)
=E {E [e2h ZtEE(Tn) ZiEA ZjeB H[Xt:i’XH'l:j]) ‘ ]:Tn_z] }

E |:62theE(Tn—2) ZiEA,jeBﬂ[thi’XtJrl:j]EI:QQhZiEA,jEBﬂ[XTn_lz’i’XTn:j] ‘ Fr, —QH ’
n
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We can in principle calculate the inner conditional expectation. An upper bound suffices
however, which we will derive next.

Let h > 0. By Lemma 40, there exist a constant pa > 0 and integer m € N such that
for all n > m,

E [GQhZieA Z]’EB Nij(Tn)

}—T,ﬁQ}

—E[1[(Xz,-1,Xz,) € [0]2\(A x B)] + ¢ 1[(Xr, -1, Xr,) € Ax B] | Fr, -]

< E[1+e2hzzﬂ[(XTn—laXTn) = (i,7)] ‘ an—2}
icAjeB
<143 0> Py, 0Py < 1+e2hp2m. (5.114)
= Tp—2:01 1,7 = n2
icAjeB

Bounding (5.113) by (5.114), iterating the argument 7}, /2 times, and using the elementary
bound 1+ z < e* for z > 0, we obtain

Tn/2
E[GQheO(A,B)] < <1+62hp2 ‘/:LB|) < exp <%e2hp2 |~/4:7|/|28|) (5115)

Hence, for all n > m,

Pl2eo(A,B) ~ (A, B) 2 a] < nf {exp (—h(a+ WA B)) + %e%m'“‘gﬂ) } (5.116)

Finally, we specify a = (k—1)u(A,B). Observe that a is n-dependent. The infimum
in (5.116) then occurs at

2
log A

Lgg 2o/ 5.117
27 Topo| Al|B| ( )

hOPt =
Substituting (5.117) into (5.116) we find that for all n > m,

TL2
P[2eq(A, B) — 1(A,B) > (k— 1)u(A, B)] < exp (%ku(A,B) (1 “log %)). (5.118)

By rearranging the left-hand side (5.118) and applying Corollary 8, we find that for
all n>m and (i) all £ > exp (2 —2log(my/p2)) > 0,

(i)
Pl2eo(A,B) 2 ku(A,B)) < exp (hu(A,B) (1-log ‘%’“)) < exp (—dkloghu(A,B)).

(5.119)
We obtain the same bound for P[2e;(A,B) > ku(A,B)] in (5.111) mutatis mutandis. To-
gether with (5.111) this yields that for all n > m, and all k > ko,

Ple(A, B) > ku(A,B)] < 2exp (—iu(AB)klogk). (5.120)

This completes the proof. O
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5.B Proofs of Section 5.3

5.B.1 Proof of Lemma 43

Proof. We prove Lemma 43(a) first. Let 2:°P% 3Pt ¢ S?il(()) be such that || Al| = |(z°P*)T A
y°Pt|. Choose z,y« € N such that ||2°P* — 1z, ||3 < € and ||y°P® — y.||2 < e. This is possible
by construction of the e-net, and because S?il(O) C B7(0) thus implying that z°Pt yOoPt €
BT (0) also. Using the triangle inequality, we find that

AN = [(2°P) T AyP*| < [(@°P* — )T Ay°PY| 4 | (2°P) T AP — )| (5.121)
oy Aya + (2P =2, T AW~y < 26+ )| Al + o) Ayl

Rearranging terms, it follows that

T
‘ Ayl. 5.122
T 3c ., v Ayl (5.122)

1 T
[A[l < ﬁ‘x* Ay.| <

—2¢

This proves Lemma 43(a).

Finally, we prove Lemma 43(b). Observe that for any a € IB%(I)A‘ (0), there exists a point
b€ B7(0) such that b* = a. Note furthermore that for any b € B7(0), there exists a point

¢ € N¢ such that ||[b—c||2 <e. Thus: for any a € BgA‘ (0) there exists a point ¢* € NA such
that [la— A2 = b4 — 2|2 < [[b—¢||2 < €. Observe finally that NA C Bi*(0). This
proves that N is an e-net for (IB(‘JAl(O), II-1l2)- O

5.B.2 Proof of Proposition 21

Observe that 7T¢ is finite. It is therefore sufficient to prove that there exists a constant
h1 > 0 independent of n and x,y € T¢ such that for sufficiently large n

T,
Hy(z,y) < b1y ?n (5.123)
almost surely.

Consider any pair z,y € Te. For 4,5 € {1,2,...,[log(v/n/€)/log2]}, define

Ai(z) = {v €nl: WQH <] < ﬁzi} (5.124)
Bj(y) = {w €nl: %21’1 < lyw| < %zj}. (5.125)

Remark now firstly that by definition of the set of heavy pairs in (5.26): for all (v,w) €
L(z,y), |ToYw| > (1/n)y/Tyn/n. Thus if any component of either x or y is zero, for example
xy+ =0 and/or Y, say, then for any v,w € [n], (v*,w) € LE(x,y) and/or (v,w*) & LE(x,y).
Secondly, take note of the definition of 7¢ in (5.24): if x,y are such that no component
at all equals zero, then it must be that for all (v,w) € [n]?, |z,| > €/v/n and |y| > €/v/n.
Consider these facts and now examine the definitions of A;(z), B;(y) in (5.124), (5.125):
by construction for any (v,w) € L°(z,y), there exist a unique index pair (¢*,5*) such that
(v,w) € Aj*(x) x Bjx(y). Furthermore, for any index pair (4,7), if (v,w) € A;(z) x B;(y),
then |2, yw| > (1/n)\/Ty/n if 2179 > 4, /T, /n/e?. We therefore have the set equality

L£(z,y) = U (Ai(z) x B;(y)). (5.126)
(,§):2149 >4/ Ty [/ 2
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Next, we apply the triangle inequality:

Hiwy) = Y wWuupa| < D INrlwlrgal: (5.127)
(v,w)eLe (v,w)eLe
Observe that
(5.127) . (5.126) .
Hi(zy) < > [Nrlowlzoel = > >IN owlzoy]
(v,w)eLe (3,5):2i45 >41/Tp /n/ €2 (v,w)€EA; X Bj

(5.124, 5.125)
<

Z Z |NF\W,62ie2j%

(i»j)12i+j>4\/7T/n/62 (v,w)eA; X B;
(5.20) S
= > e2'e2) ~er(Ai.B)). (5.128)
(i,j);2i+j>4m/€2

Substitute ;; = |A;||B;|T/n? (not to be confused by the actual mean of er(A;, B;)) into
(5.128) and collect terms as follows:

Tn i]- -1 er(Ai,B') Tn
Hy(z,y) < \/?62 > | A;[22 E~\Bj|221 TR JE (5.129)
———

n 2t n
(i,):2+3 > W/ Tnln = —_—

T J Tij

We will separate the sum in (5.129) in two parts. Define

L
Ci= {(i,j) 21T > —a (Aj;,B;) satisfies (7) in Definition 32}, and (5.130)

AT
Co = {(z’,j) L 21T > Ay Tn/n (A;, B;) satisfies (i) in Definition 32}\01. (5.131)

e

Note that C; NCy = @ by definition and moreover, C; UCo = {(4,5) : 217 > 4\/Tn/n/52}
since by assumption the discrepancy property holds. With the definitions in (5.129)—
(5.131) it thus suffices to show that there exists a constant ¢ > 0 independent of n such
that for sufficiently large n,

> Oéiﬁja'ij:( oo+ Y )aiﬁjaijgc. (5.132)
(4,4)€EC1UC, (i,7)€C1  (4,5)€C2

Note first that by (5.124) and (5.125),

4 (i1 € (20129 ¢ o Al=ll3 _ 4
I v I DI b
7 4 v€E[n]
(5:125) 4y
d similarl ;< =2 5.133
and similarly Zﬁz < 2 ( )
K3

Also define e;; = ep(A;, B;) to declutter notation.
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Case (i,j) € C1 For (i,j) € C1, Property (i) in Definition 32 is satisfied. This implies

that
eij Tw _ 01 \/Tn(5.130) 01€2
= ) — < — < = 5.134
74 20T n T 20 Y n T 4 ( )

Together with (5.133), (5.134) implies

(5.134)

> oy < D oif 3016 :(Zaz)(Z@)D“Q (51g33)%1. (5.135)

(i,7)€C1 .

Case (i,j) € C2  For (3,7) € Ca, bounding is more complicated. Presume that |A;| < |B;]
without loss of generality. Property (ii) in Definition 32 then reduces to

ewlogu <02|Bj|log —— \B B
1]

Substituting p;; = |A4;||B;|T/n? and |B;| = 3;27%n in (5.136), we find that Property (ii)
is equivalent to

(5.136)

eijlAs |T €ij 227
il Ailn 100 Eid < 5, log( ) 5.137
Man i ﬂ] ( )
Multiply the left- and right-hand sides by 2~ *+7) to identify o;; = eij,u;le*(”j) Tn/n
and write:
1T - . 225
Uij@\/—nlogei <0927 () Jog (—) (5.138)
noVono 7 i Bj

Recall that |A;| = ;27 2'n. Therefore,

aiaiﬂ/ " lo gzi <09 (log2 J —logﬂj) (5.139)
ij

Knowing that (5.139) holds, let us go back to Co and separate this set into disjoint
subsets. Define
Dy ={(i,j) €Ca: 045 <1},
Dy ={(i,j) € C2\D1 : 2° > 273/T,, /n},
D3 = {(i,§) € C2\(P1UD2) : log (€35 /pij) > % (log 2% —log B;) },
Dy = {(i,j) € C2\(D1UD2UD;3) : log2* > —log3; },
D5 =Co\ (D1 UD2UD3UDy). (5.140)

Notice from (5.140) that D; ND; = for i # j and moreover, Dy U---UDs =Ca. We go
subcase by subcase and check that in each subcase we obtain the right bound of order

O(\/Ty/n).

Subcase (i,j) € D1 According to the subcase, (i) o;; < 1. By (ii) expanding the sum-
mation range, it follows that

Z a;Bj0ij %) ;B3 (;) Zaiﬂj = (Zai) (Zﬁj) (5‘1§33) i—z. (5.141)
] J

(1,5)€D1 (,5)€D1 1,7 t

Notice that this did not yet require the calculation in (5.139). We will use it from subcase
D3 onward.
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Subcase (i,j) € Do We have
(5.20) "
eij =er(Ai,B) =" > Y (M) (5.142)
z€A; yEB;

Eq. (5.19) holds by assumption, i.e., we have a bounded degree. That is, for some ba > 0,

T,
eij < |Ai|b27". (5.143)
Dividing by p;; and using its definition before (5.129), this implies
2
<by—— 5.144
Hig |B | ( )

Fix i € [n]. Recall that (i) the subcase implies that 2! > 27/T,, /n. Therefore,

ST 9) - Zl €ij T,
Zgja”n[(w)ep Z|B |2 o ,/ 1[(i, ) € Do)
J
Giag)
< 221—1\/7@11[(@,3)6@2]
J
(1) . o / (ii)
S 22]71 &521 |:2]7’L < 1/ &:| S Tn 2b2
n n
7 n /T, /n

(5.145)
Here, we have (ii) used that for » > 1, a > 0,
oo
Z PP < a) = ™ T2 Tt (I+r ' +r24.) < 1a71/r’
m=—o00
(5.146)

where m* = max{m € Z: "™ < a}.
Therefore, after also expanding the summation range, for certain constants ci,co >0
independent of n and for sufficiently large n,

(5.145) (5.133)
Z aiﬁjaij = Zai Z,@jdijl[(i,j) (S DQ] < ZOAZ' < co. (5.147)

(,5)€D i J i

Subcase (i,j) € D3 The subcase implies (i) that o;; > 1, (ii) that 2¢ < 27,/T,,/n, and
(iii) that log (es;/pij) > % (log2% —log ;). Bounding (5.139) directly with these facts, we

find that ( ) 0
5.139) 9t log2 J —logp; (i) 2
o < D82 O8N W gy [ 14
WS ST st~ BT, o
Fix j. Then,

(5.148) n
Za 0ij1](i,§) € D3] < 2402 \/;ﬂ[(i,j)eDg]
n

(i) . o T, 7 (5.146)
<Y 4,2 [ [21—3 < ,/;} < 8. (5.149)
1: n
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It follows immediately that for some constant ¢z > 0 independent of n and for sufficiently
large n,

(5. 133)

> aiﬁjazj:ZﬁjZamUl[(i,j)GDs < 8022 ;< 3. (5.150)
i i

(4,5)€D3

Subcase (i,j) € D4 Recall that the subcase implies (i) that o;; > 1, (ii) that 2¢ <

29\/T, /n, (iii) that log(e;;/pij) < +(log2% —logp;), and (iv) that log2% > —logp;.
Therefore, in this subcase,

(iii)

(iv)
log (es5/ps5) < i(logQ 7 —logB;) < 110g227710g2J (5.151)

Furthermore,

i) . . . T, (5.151) _ T
Oélo 80, (51:29)log(eij/,uij)flog21flog2j+log1/—" < —log2'+logy/ —. (5.152)
n n

Consequently, because (5.152) is strictly positive, the subcase implies that

2 <)o (5.153)
n

If (i,7) € Co and thus (¢, 5) € C1 from the definition in (5.130), we have that log (e;;/pij) >
02 by the discrepancy property. Thus

. (5.139) 9t )
;002 < @;045log —Zl‘]l < C42—j —; (log22j flogﬁj)
1] n

(iv) i n —j J (v) i n
< 4eq2 T -2771og2? < 4cy2 T (5.154)
n n

Here, (v) followed because z tlogz <1 for z > 0. It follows after also expanding the
summation range that

S o = Zﬁi >~ aioij[(i. ) € D4l <5.1§s4> \/TTZ@ > es2'1[(i,j) € Da
(4,7) €Dy j i i i
(5. 153) \/>ZBJ Z%Qz {21 \/>} e 1_ ? CGZﬂ] < 7. (5.155)

Subcase (i,j) € D5 Recall that this subcase implies (i) that o;; > 1, (ii) that 2¢ <
27\/T,, /n, (iii) that log (e;;/1ij) < i(log 227 —log 3;), and that (iv) log2% < —log3;. Sim-
ilar to the previous subcase,

(i) ) (iv) (v)
log% < i(log22j—logﬁj) < %(—logﬁj) < —logpj, (5.156)
ij

where (v) since j > 1 we have —log(53;) >log2%/ > 0. This implies that

eij o1

5.157
j Bj ( )
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(5. 129 €ij n n
Bjoij < u 7 _QW (5.158)

Recall (5.131): for all (i,j) € C2, 2°17 > 4./T),/n/€%. Therefore
- (5.158) 1L Ty
> o :Z&iZﬁjUijﬂ[(la]) €D5] < Zaizﬁ\/;ﬂ(%ﬁe%]
(,5)€Ds v J
(5.131) it (v1)
< Z%Z%J 12 = 5 } Zaﬁ<c8 (5.159)

Here, we have (vi) used that for r > 1, a > 0,

or equivalently

o0

1 1 1 1 1 11 1/a
ZTmﬂ[’“mZa]:W+W+m+"'=f(1+;+ﬁ+'“) <

m=0

where m* = min{m € Z : ¥ > a}. This completes the proof.



Chapter 6

Experimental evaluation of the
BMC model in sequential data

Based on [9)]:
“Detection and evaluation of clusters within sequential data”
by A. Van Werde, A. Senen—Cerda, G. Kosmella, and J. Sanders

6.1 Introduction

In Chapter 5, we derived order-sharp spectral bounds for the Block Markov Chain (BMC)
model that characterize its empirical spectral error. Such bounds, while asymptotic in
nature, are required to guarantee consistency of a spectral clustering algorithm [93, 27].
We have verified in Corollary 7 of Chapter 5 that the count matrix N has K singular
values of order T,,/n, while all other singular values are of order /7T, /n. Hence, for a
scaling of the length of the path T,, = w(n), we would be able to see the difference, albeit
asymptotically, in the form of a spectral gap in the count matrix.

Real-world data, however, is not expected to strictly satisfy the theoretical properties
assumed in the model. In practice, networks are not homogeneous or dense. Examples
can be found in social networks, for example, where there are large hubs that are com-
monly centered around a few people with a high number of connections. Even with an
approximate block-uniform community structure present, a single vertex with a high de-
gree in such a dense network may still induce a large spectral error. Despite these issues,
meaningful clusters can still be discovered. We show a concrete example of clusters found
within animal movement data from [9].

A group of bisons have Global Positioning System (GPS) tags that record their position
across time as they roam in a landscape. After a sufficiently long time, we assign the GPS
coordinates to states on a grid and the movement trajectory of the animals is depicted in
Figure 6.1.1. The raw data is not very meaningful to a human if we only look at transitions.
However, after using the clustering algorithm for BMCs, the resulting clusters fit very
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10

12

13

Figure 6.1.1: (Above) A screenshot from movebank.org [71] displaying the raw GPS data
of bisons. (Below) Plot of the recovered clusters from [9]. The clusters
are obtained by using the clustering algorithm for BMCs superimposed with
geographical features. Note that rivers separate the found clusters well even
though no distance based information is used in the clustering algorithm.
Other concrete examples can be also found in [9].

well with geographical features like rivers and fields, and the inferred cluster transition
probabilities tell us about the dynamics of the movement of the herd.

In Figure 6.1.1 the clustering algorithm for BMCs seems to yield clusters that are tied
to an underlying structure of the data, namely the geographical features that drive the
sequential process. In other examples, however, it may not be so clear if the clustering
algorithm for BMCs can still yield useful clusters and recover part of the low-dimensional
structure of the data. Thus, a practical study is warranted.

In this chapter we will therefore take a more practical approach to clustering with
BMCs and use real-world sequential data to test the clustering algorithm. Firstly, we
compare the spectral gap in data to the one predicted in Chapter 5 and the robustness
of the clustering algorithm for BMCs to perturbations is examined. Secondly, we will test
if the model is suitable for describing the clusters and the transition dynamics of several
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datasets of sequential data compared to other models with less complexity. Specifically,
the following questions will be investigated:

G Can we see a spectral gap of N in real-world sequential data?
O Is the clustering algorithm robust to violations of the BMC assumption?

% How can it be decided whether a simpler model than a BMC would suffice for
explaining the dynamics of the transitions, or that a richer model is required?

This chapter is based on [9], where a broad study on the performance of the clustering
algorithm for BMCs in real-world sequential data is conducted with different tools. The
clustering algorithm is applied to recover clusters in selected datasets with different char-
acteristics coming from genetics, finance, texts, and animal movement. A variety of tools
are used to evaluate its performance, including spectral analysis, benchmarking as well as
statistical tools for model selection. We will restrict ourselves in this chapter, however,
only to a part of the evaluation of the clusters and the clustering algorithm. We assume,
therefore, that the inferred cluster assignment 7, and number of clusters K for these
datasets is provided. For the full practical study we refer to [9]. There, the preprocessing
of the datasets, the shortcomings and process for obtaining these clusters as well as the
choices for K are also discussed.

In this chapter, we will denote the length of a sample path by ¢ instead of T;,. The

latter term assumes an asymptotic relationship between n and the length of the path,
which is not the case in real data.
Datasets. The first dataset comes from sequences of codons of human Deoxyribonucleic
Acid (DNA) of a gene obtained from [16]. The dataset has been preprocessed and the state
space constitutes all possible 3-letter codon triplets. This yields a state space of n = 64
states. The length of the dataset is around ¢ ~ 1.64-10%. The second dataset consists
of the sequences of the daily best performing stocks from the Standard and Poor’s 500
(S&P500) index between the years 2001 and 2021 obtained from [11]. The state space
consists of n = 300 different stocks and the length is the number of suitable operation
days, namely £ ~ 4900. Our third dataset consists of the GPS coordinates of bisons in
a landscape, which we have seen in Figure 6.1.1 and have been obtained from [71].} In
this case, the state space has n = 3155 states and the length of the path is approximately
£~1.93-10%. All datasets have been preprocessed and cleaned in order to have a single
sequence of states to which the clustering algorithm can be applied. The frequency matrix
N encodes the information of the clusters in all these datasets. For the case of the DNA
and S&P500 data, we represent the inferred clusters in Figure 6.1.2.

Summary of results

We conduct several experiments with the datasets. In Section 6.2 we first analyze the
spectral gap for the DNA and S&P500 datasets and qualitatively compare the gap with
the expected orders for BMCs obtained in Chapter 5. The comparison for both datasets

1We thank the Nature Conservancy and Dr. Stephen Blake of Saint Louis University for per-
mission to use the bison movement data. The Max Planck Institute for Animal Behavior and the
National Geographic Society Committee for Research and Exploration (Grant: 9385-13 ) funded the
bison GPS collars.
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Figure 6.1.2: (Left) The frequency matriz N of the DNA dataset when the codons are
sorted by the five detected clusters. The maximum value has been capped for
better visualization. (Right) The frequency matriz N of the Stock Market
dataset when the companies are sorted by the three clusters detected. The
mazimum value has been capped for better visualization. Note that in this
case, the matriz is very sparse.

implies that the spectral norm of the counting matrix appears to be too sensitive to
violations of the BMC model. We justify this conclusion and motivate the use of other
spectral approaches to quantify the agreement between the BMC model and data.

The previous result on the spectral gap raises concerns about the robustness of the
clustering algorithm when data does not follow a BMC model. In Section 6.3 the ro-
bustness of the spectral clustering algorithm is evaluated by using generative models of
perturbed BMCs. In particular, models where the block transition matrix Pgyc of a
BMC is perturbed by a Markov kernel A are considered. As a measure of robustness the
number of misclassified states, and and the estimation error of the parameters compared
to those of the generative model are considered. The dependence of these two terms on
the perturbation strength is the target measure for different types of perturbations. The
results from [9] indicate that the BMC model is robust to small to moderate perturbations
and can be used to approximate perturbed BMCs for sample paths of reasonable length
L.

Finally, in Section 6.4 we will perform model selection with the BMC model. We will
consider if the model is suitable for explaining the transition dynamics of the data or if less
or more complex models are better suited. Our focus will be on the Markovian assumption
of the model. In particular, we will consider different models where dependence can be
further in the past than the immediate previous state or where no dependence exists.
That is, we will consider models of the data that follow an rth-order Markov chain with
r € {0,1,2,3,4}. The main difficulty here is that model selection with a full state space
with n states becomes unfeasible due to the large number of free parameters and the
comparably short sample path length ¢. To avoid this issue, we use the sequence of clusters
induced by the cluster assignment 7, to exploit the dimensionality reduction and conduct
model selection. In the procedure, we use information criteria to select the best order
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that would explain the DNA, GPS and S&P500 datasets. The criteria point to nonzero
order Markovian dependence for the DNA and GPS datasets but for the S&P500 dataset,
there is not enough evidence to select an order with enough certainty. We support these
conclusion with additional simulations and with a robustness analysis of the information
criteria.

Analysis of real-world sequential data is challenging and even with a well-grounded
model like the BMC model at hand, the shortcomings of the model assumptions quickly
become apparent in the data analysis. Among the limitations, we can mention that data
can be highly inhomogeneous, clusters can consist of dissimilar states only loosely associ-
ated, and data can be just too sparse to analyze. However, by carefully considering these
limitations, the BMC model can still be used to obtain insight into the cluster transition
dynamics of real sequential data, as it seems to be the case in e.g., Figure 6.1.1.

6.2 Spectral norm from detected clusters

From the clusters obtained in [9], we can study the spectrum and spectral gap ||[N — N/||
for the different datasets. Due to the large state space of the GPS dataset, we will restrict
to the DNA and S&P500 datasets instead. For both datasets, the N matrices are depicted
in Figure 6.1.2 with labeled clusters.

For a cluster assignment v, : [n] — [K] and a frequency matrix N, assuming that N
follows a BMC model, we can obtain an unbiased estimate of the cluster transition matrix
q € [0,1]5%K as well as the cluster invariant distribution 7 € [0,1]%. Since the distribution
of the data is unknown, the underlying model will be assumed to be a BMC with cluster
assignment v, : [n] = [K] and cluster transition probabilities ¢ recovered from the dataset.
In this case, we denote by N the expected value of N assuming that the trajectory is
sampled from a BMC with those inferred parameters and with the same length ¢ as the
dataset. An example of a sampling of this model using these assumptions is shown in
Chapter 1 with Figure 1.8. With IV at hand we can compute the spectral norm for each
dataset. We denote the ith singular value of L by o;(L). The spectral norm of N will
thus be o1 (N).

Figure 6.2.1 depicts the spectrum for the DNA and S&P500 datasets. The first clear
observation is that the order of the spectral gap o1 (N—N)is comparable to that of o (N)
and o1 (N) for both datasets. From the depiction of the count matrix N in Figure 6.1.2,
there seem to be large inhomogeneities in the transition count for some states compared to
those of a BMC model. These inhomogeneities, as a byproduct of the underlying unknown
distribution of the data, yield a large difference in terms of spectral norm between the
estimation of NV assuming a BMC model and the sample N. Specifically, the order of
the bulk of the singular values of N, which should have order O(W) asymptotically,
is comparable to that of the nonzero singular values of the block matrix N, which should
have a larger order ©(¢/n) asymptotically. While in the S&P500 data the sparsity may
explain the discrepancy of the orders of the singular values, in the DNA dataset it does
not.

We note that the setup of the experiment assumes that the number of states n is
large enough to already see discrepancies between a BMC model and the data-generating
process. To fully support these conclusions, statistical tests with guarantees for finite
number of states n and length of sample path ¢ would still be required.
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The previous observations show the shortcomings of using the spectral norm and spec-
tral error as a measure of comparison between a BMC model and real data. In particular,
the spectral error can capture features of the data which are beyond the BMC model and
so the spectral gap does not appear to be very robust when data does not exactly follow a
BMC. This occurs similarly when there is a large sampling noise with n and ¢ small. For
example, if one state is visited much more often than all others, say a positive fraction of
the total length of the path, then this state will contribute to the spectral error in a com-
mensurable manner. The fact that the spectral norm is so sensitive to model violations
could then be used for a statistical test to determine if data is generated from a BMC
model with a certain block structure. A similar result in this direction has already been
obtained for the Stochastic Block Model (SBM) [81].

A different approach to analyze the cluster structure of the data as shown in [9] is to
use the bulk of the distribution that contains the spectral noise, as it avoids the large signal
part of the spectrum. In Figure 6.2.1, for example, we can already see that the location
of the bulk of the spectrum is similar for N and N — N. Functions that characterize
this similarity could thus become useful. A theoretical study of the bulk of the spectrum
for BMC has been conducted in [2] and it is one of the tools used in [9] to study the
disagreement between data and the BMC model.
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Figure 6.2.1: Normalized spectral density of N,N and either N—N or Nr— N in blue,
green and red for the DNA and Stock Market datasets respectively. The green
arrows mark the location of the spectrum of N in decreasing order and in red
the spectral norm of Np— N . (Left) DNA dataset normalized spectral density.
We see that while the spectral norm of N and N are stmilar, the spectral error
is still large. This suggests that there are inhomogeneous structures in the
data that the BMC model cannot fully capture. (Right) Stock Market dataset
normalized spectral density. In this case, the spectral norm of N[‘ — N is even

larger than that of N, likely due to sparsity and in-cluster inhomogeneity of
N.
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6.3 Robustness of the clustering procedure to model
violations

In Section 6.2 we have seen that the spectral gap does not appear to be robust to model
violations. This was expected, however, and some other measure for comparison is thus
needed. A natural choice in community detection is the number of misclassified states,
that is, the number of states that have been incorrectly assigned to the different clusters.
In real data, however, we do not have access to this information. In order to still be able
to study the number of misclassified states, the robustness of the clustering procedure to
violations of the model assumption can be examined with synthetically generated data. In
this section, which follows [9], the performance of the clustering procedure is investigated
when the data-generating process is not actually a BMC, but it is known exactly what it
is.

Two main measures of performance using synthetic data are studied. Firstly, in Sec-
tion 6.3.1, the number of misclassified states is considered. Secondly, in Section 6.3.2, the
approximation error is examined in a parameter estimation problem where the objective
is to estimate the true transition matrix P of a Markovian data-generating process which
need not be a BMC.

The first measure of performance requires that the notion of misclassification is sen-
sible even though the data-generating process is not a BMC. To this end, models where
communities are well-defined can be especially useful for comparison. In this section, a
perturbed BMC model is considered. Let {B;}+>0 denote a sequence of independent, iden-
tically distributed Bernoulli random variables, each taking the value 1 with probability
e and 0 with probability 1 —e. Let A be the transition matrix of a generic lst-order
Markov Chain (MC) on [n] and Py be the transition matrix of a generic BMC. Then,
the perturbed BMC, denoted by {X;}:>0, has conditional transition probabilities given
by
Pgyc,iy ifb=0,

(6.1)

PXf = | X;=i,By=b]=
(X1 =71 X; t="] {Aij otherwise.

In other words, a sequence X§ — --- — X7 from the perturbed BMC is generated by
randomly selecting either the transition matrix Pgyc of a BMC, or the transition matrix
A of some other 1st-order MC, for each transition. A perturbed BMC has then the
distribution of a MC with transition matrix

Pperturbed = (1 - E)-PBMC +5Aa (62)

where parameter € € [0,1] can be understood on average, as the proportion of transitions
that are affected by the non-BMC part A.

For the tests, ground-truth communities correspond to those of the BMC-part of the
perturbed model in (6.2). The definition of a perturbed BMC requires one to also specify
the nature of the perturbation kernel A. The following kernels are used for this purpose
to model different types of model violations:

(i) Uniform stochastic: The matrix A is sampled uniformly at random in the set of
stochastic matrices. This is accomplished by sampling each row independently from
a Dirichlet(1/n,...,1/n) distribution.
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(if) Degree 0: First, m; for i € [n] is constructed as follows: independent exponential
random variables ey, ..., e, ~ Exponential(1) are sampled and 7; = eﬂ(Z?zl e;j)>0
is defined. Then, A;; = 7; is defined for all 7,5 € [n].

(iii) Heavy-tailed: Let X be a random matrix whose entries X;; are i.i.d. positive random
variables with a heavy-tailed distribution. The kernel A is then found by normalizing
the rows in order to obtain a stochastic matrix A := diag((zj Xij)*l)?le. The
heavy-tailed entries X;; are sampled from a Zipf distribution with exponent s =3/2.

(iv) Sparse: Consider constants d > 0 and ¢ > 0, and construct a random matrix X =
A+ cJ where A is the adjacency matrix from a directed Erdos—Rényi random graph
with average outgoing degree d and J is a constant matrix J;; = 1/n. The kernel
A is then found by rescaling the rows in order to obtain a stochastic matrix A =
diag((zj X,-j)fl)?le. In this case, d =5 and ¢ = 0.1 are taken.

In the subsequent experiments, let n = 2m be an even integer. The BMC which is per-
turbed is chosen to have two equally-sized clusters (K = 2) and a cluster transition matrix

(06 04
= \04 06/

6.3.1 Misclassification ratio for perturbed BMCs

given by

This section concerns the number of misclassified states when a perturbed BMC model is
clustered. Recall that the BMC model is chosen to have two equally-sized clusters which
means that the cluster assignment map may be picked to be given by v, (1) =1+ 1[i > n/2].
Let Dy, : [n] = {1,2} be an estimated cluster assignment which is output by the clustering
procedure. Then, the missclassification ratio £ is defined as

&= S min #{v € [n] : va(v) £ (po7)(0)}. (6.3)
n peSs
Here So denotes the set of permutations of {1,2}.

Recall from (6.1) that the parameter ¢ of the perturbed BMC measures the fraction
of transitions which are affected by the perturbation. In other words, £ measures the
strength of the perturbation. The estimated average misclassification ratio € for a nu-
merical experiment is displayed as a function of the perturbation level € in Figure 6.3.1.
Up to € =~ 0.1 the algorithm succeeds in recovering the exact cluster assignment for all
four models. The exact number will naturally depend on the parameters of the BMC
which was perturbed and will consequently be different in different contexts. From this
experiment it is concluded that the algorithm appears to be robust with regard to small
to moderate model violations.

6.3.2 Bias—variance trade-off for parameter estimation in a per-
turbed BMC

It may occur in some cases that one is not interested in the clusters themselves but
rather views them as a means to an end. Consider the scenario where one wants to
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Figure 6.3.1: The expected proportion of states which are misclassified in terms of the
perturbation level € for four different perturbation models A and a sample
path of length £, = |30nlog(n)| with a state space of and of size n = 500.
Note that the values depend on the precise parameters of the BMC which
was perturbed.

estimate the transition kernel of a MC which need not be a BMC. It may be suspected,
however, that there could be some underlying clusters in the data but also that there
could be parts of the dynamics which do not respect the cluster structure. In such a
case a perturbed BMC would be a suitable model for the data. Notably, one is here not
intrinsically interested in the BMC-component Ppyc, but rather in estimating the ground-
truth Pryye := (1 —¢)PMmc + €4, which is not a BMC. It can still be the case that one
can exploit the underlying clusters to improve the performance of estimation nonetheless.

Assume that the number of underlying clusters KA is known and a sample path X§,..., X7
of length ¢ of a perturbed BMC is provided. Let N denote the associated empirical fre-
quency matrix. A natural general-purpose estimator for the transition matrix, which does
not rely on the existence of clusters, is given by the empirical transition matrix ]3(6) The
entries of the empirical transition matrix for a length ¢ > 0 are given by

Ny e
~ " o if Ni‘ 75 0
PEmpirical(g)ij = Zk:l Nik R ’ (64)
0, if N = 0.

Another estimator may be found by using the clusters Vi,...,Vx that the clustering
algorithm for BMCs outputs. One can then hope that, since Pryye =~ Ppmc for € = 0,
it would be sufficient to consider an estimator pBMc for Pgyic whose entries for a given
length ¢ > 0 of the trajectory are given by

N . N,
Zzevﬁnm,yev,}nm Yy

1 . Y
N S =K —, if > eV, (n,yeV, Nay #0
Panmc(0)ij = #onG) D, er%n(iy%f’m Ny TV (3) Y Vi ()
07 if ZacG\}gn(i),yef/ﬁnu) Nxvy =0.
(6.5)
Finally, the following trivial estimator which does not use any data is also considered:
1

pUniform(z)ij = E
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Figure 6.3.2: Estimated expected estimation error R.(f) := E[|P — P.(0)||]] for * €
{Empirical, BMC, Uniform}. The ground-truth model in this experiment was
a perturbed BMC with a heavy-tailed perturbation of strength € = 0.05 on a
state space of sizen =1000. In red: the empirical estimator PEmpmcal which
is the mazximum likelihood estimator for a MC with no additional assump-
tions. In blue: the BMC estimator PBMC. In green: the trivial estimator
IADUmform,ij :=1/n which does not even use the data. Let us remark that
the values depicted depend on the precise parameters of the BMC which was
perturbed.

The performance of these estimators will be measured as a function of the length of the
sample path ¢ using the expected estimation error:

R.(0) :=E[|| Pryue — Px(¢)||]  where % € {Empirical, BMC, Uniform}. (6.6)
Here, || || denotes the operator norm [|M|| = supj,|,=1 | Mv]|2.

To ascertain the expected estimation error, a numerical experiments is conducted with
a state space of size n = 1000 and a heavy-tailed perturbation model of perturbation
strength € = 0.05. Figure 6.3.2 displays estimated values of the expected estimation error
R.(-) as a function of the length ¢ of the sample path. A number of different regimes
may be identified. First, the regime where the sample path is short, specifically £~ 10%.
Here the empirical estimator PEmpirical and the BMC estimator PBMC are both unable
to outperform the trivial estimator pUniform. The empirical estimator even performs
significantly worse than the trivial estimator in this regime. Second, a regime where the
sample path is of medium length ¢ ~ 10°. Here the clustering procedure succeeds and
ﬁBMc becomes the best-performing. Finally, a regime where the sample path is long and
£> 108, Here the empirical estimator becomes the best-performing estimator.

These different regimes can be understood in terms of a bias—variance tradeoff. Indeed,
for short- to medium-sized sample paths the BMC estimator ﬁBMC has significantly less
variance than the empirical estimator f’Empirical since it depends on fewer parameters.
This decreased variance is the dominant factor in the approximation error in this regime.
On the other hand, for long sample paths both estimators Pgca and P have low variance
and the bias incurred by the approximation Pry,e &~ Peyvc becomes dominant.

From Sections 6.3.1 and 6.3.2, it can be concluded that the clustering algorithm is
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robust to small to moderate perturbations. Thus, the clusters obtained with the clustering
algorithm may still yield useful insights when the transition kernel has an approximate
block-structure.

6.4 Model selection for the order of detected clusters

In Section 6.3, the robustness of the clustering algorithm has been tested for BMCs in case
the data does not exactly follow a BMC model. Synthetic data coming from perturbed
BMCs was used for that purpose.

As we saw from Figure 6.1.2, we do not expect a BMC to be the true data generating
process in real-life data. In fact, a BMC with more clusters may fit the data better at
the cost of more parameters. Hence, asking which model fits the data is ill-posed. What
we can ask instead is if the model is appropriate to describe part of the dynamics of the
sequential data, given its complexity, where by complexity we mean the number of free
parameters used for the model. A way to resolve these issues is by using model selection.

6.4.1 Model selection with information criteria

In model selection, different candidate models for the process generating the data are con-
sidered and their ability to explain the observations is compared taking also into account
their complexity. A simple way of doing model selection is by using training and validation
sets, which is equivalent to obtaining an empirical risk minimizer and then validating the
model with data that was not in the training set—recall the setting of statistical learn-
ing in Section 1.3. Other similar schemes like cross-validation can also provide a good
scheme for assessing what models are most useful. In the context of BMCs, in [9], which
this chapter is based on, training and validation sets are used for model selection with
Kullback—Leibler (KL)-divergences as a metric of comparison.

Splitting the data can be sometimes undesirable however. Namely, if the data is sparse,
the estimated models will become even less accurate. Similarly, when data is inhomoge-
neous, it may not be clear how to split the data appropriately. Conducting cross-validation
may also become too expensive computationally. Information criteria, that we use in this
section, can constitute then a suitable alternative.

For a collection of models Q(+|f) parametrized by § € © in some space, a natural metric
to compute the goodness-of-fit from given data samples y is to use the log-likelihood

log L(y0), (6.7)

where £(y|0) is the likelihood of the model Q(-|f) given samples y. Given the data y, we
could compute the best § € © that maximizes the log-likelihood, that is, we would obtain
the maximum log-likelihood estimator (y) € ©. The value of the log-likelihood at this
maximizer log £(y|0(y)) may seem to provide an estimator for the goodness-of-fit of the
best model selected in (Q(-|0))gco that explains the data. This simultaneous estimation
and selection with y, however, adds bias to the estimator of the log-likelihood compared
to a case when independent data for estimation and selection are used.
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The bias of the estimator was characterized in [164] under some conditions, and an
unbiased estimator was given by the AIC (Akaike Information Criterion)

AIC(Q) = —2log L(y|0(y)) + 2nq, (6.8)

where ng denotes the number of degrees of freedom in the collection (Q(-|6))gco. Many
other criteria with different properties have been proposed in the literature: Bayesian
Information Criterion (BIC), Corrected AIC (AICc), etc [161, 135, 52]. For comparing
models with sparse data, however, the penalization term in the AIC is insensitive. More-
over, if the true model is among the candidates, the criterion is not consistent. That is,
the probability of choosing the correct model as the sample size increases [161] does not
converge to one. For our setting we will instead use the Consistent Akaike Information
Criterion (CAIC) [161]:

CAIC(Q) = —2log L(y|0(y)) + no(log(¢) + 1), (6.9)

where ¢ is the number of independent samples in y. The CAIC is consistent [161] and also
penalizes the criterion when the amount of data is sparse—when ¢ is small. We remark
that CAIC is similar to the BIC (the penalization is nglog(¢) instead).

Information criteria are used in parametric models, where taking the number of degrees
of freedom into account is important for assessing the performance of different models.
However, they usually only provide asymptotic consistency, and for finite sample sizes
their performance is unknown. Furthermore, in our case, data is not expected to be fully
independent and so we should expect some unknown bias in the estimation procedure.

We will nonetheless use information criteria in Section 6.4.2 to look at a specific prob-
lem: selecting the order of a BMC.

We compare the BMC model to other similar models. Namely, generalized BMCs
models where the dependence of the cluster transitions is not just a lst-order MC, but
can have lower- or higher-order Markovian dependence. The models that we will use are
defined as follows:

Oth-order BMCs

Let K € [n] and consider an arbitrary probability distribution 7 : [K] — [0,1]. A Oth-order
BMC'is then a BMC with cluster transition matrix g ; :=; for all k,I € [K]. The Oth-order
BMC will serve as a benchmark to assess whether the structures we find are actually due
to the sequential nature of the process and do not admit time-independent explanation.

In a Oth-order BMC, each next sample X1 is independent of the previous sample X;.
A Oth-order BMC therefore generates sequences of independent and identically distributed
random variables. This is contrary to a lst-order BMC, which generates a sequence of
dependent random variables. Thus, the probability of a specific observation depends on
the cluster of the observation, and specifically is identical for every observation within
that cluster.

rth-order BMCs

Conversely, one can also consider models with higher-order dependencies than a 1st-order
BMC has. Consider a discrete-time stochastic process {Y;}¢_; (not necessarily a MC) that
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satisfies Y; € [n] for some n € N;. We say that {Y;};>1 is an rth-order MC if and only if

for all t € [¢ —r], all multi-indices " = (i1,...,i,) € [n]", states s;_,...,s1, and j € [n],
PYir1=4|Ys=ir, Vi1 =ir_1,...,Yspq1 =11, (6.10)
Yt—?“:st—’l”n*"7yl :81}

=PYi1=j|Yi=ir,Yic1=ir—1,... . Yimrp1 = 1] = Qi

for some transition matrix Q" € [0,1]" ¥
Then, we define the process {X{ }+>1 to be an rth-order BMC if {X] };>1 is an MC
with state transition probabilities given by

r e

R Vol
where qg(”)’u(j) are now cluster transition probabilities of an rth-order MC and we have
the multi-indices of clusters v(¢") = (v(i1),...,v(ir)) € [K]". Hence an rth-order BMC X7

is a BMC, where the clustered process Y, = v(X/) follows an rth-order MC.
‘We will use these models to conduct model selection in the next section.

(6.11)

6.4.2 Model selection for the order of a BMC

Suppose that a sequence X1, = {X;}¢_, was in fact generated by some rth-order BMC,
but that the order r € {0,1,...} is unknown. We will use techniques for model selection
to try and determine r from the cluster sequence Y7.p = v (X1.¢).

There are two reasons for using Yi., instead of Xj.,. First, the parametric models
for higher-order MCs without clusters have a comparable number of free parameters as
the sequence length £ itself, so estimators for the order will behave poorly. If we look
at the cluster sequence instead, the number of degrees of freedom will depend on the
cluster number K instead of the number of states n, and fortunately K < n. Secondly,
we can study the robustness of the model selection procedure depending on the clustering
algorithm, since instead of the chain of states we are only interested in the chain of clusters,
which may be more robust to errors.

Order selection by minimizing an information criterion

The parameter that determines the rth-order BMC model for Y., is a transition matrix
Q"; recall (6.10). Note here that the chain Yy, . will be constructed from the chain of
clusters Y7.p = v, (X1.¢) for a fixed cluster assignment v,,, which we are provided by the
clustering algorithm. We assume v, fixed for the time being.
To estimate Q" one can consider the log-likelihood
{—r—1
logL(Y1 | Q)= > 10g(Q%, . 1viiy): (6.12)
t=r

The maximum-likelihood estimator associated with (6.12) is given by

> f:r_lll[}/th+1:t:iT73/t+1:j] P il .
. =, i S Vi1 =47] >0,
(QMUEY ;1= ST T Y 1e=i] 2 Wemriie =41 (6.13)

0 otherwise.

Here 4", j run over all possible sequences in [K]" and [K] respectively. We denote
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QrMLE . The Maximum-Likelihood Estimator (MLE) of an rth-order MC estimated
from the observation sequence Y7i.y.

That is, @T’MLE is the law of an rth-order MC with K states and transition matrix Q“MLE‘
To determine what order r is the true underlying order of the data we would like
to compare Q"MLE and Q%MLE for some s # r. As remarked in Section 6.4, using the

log-likelihood for this purpose would give a biased estimator. Therefore, we use instead
the CAIC in (6.14): for the model Q"-MLE

CAIC(Q"MEE) := —2log £(Y1,¢ | Q"MF) + DF (K, ) (1+1log(¢ —1)). (6.14)

Here, DF(K,r) is the number of degrees of freedom in an rth-order MC constrained to
have fixed parameters K and r. Specifically,

DF(K,r) = K" (K — 1), (6.15)

where the factor (K —1) is due to the fact that the rows of Q" sum to one.
We will utilize the CAIC to select the right order as follows. From the collection of

QOMLE QLMLE ()2,MLE

models ..., we may determine the order 7CAIC that minimizes

the CAIC:
FCOAIC . — argmin,c (o 1,2,...} CAIC(QmMLE), (6.16)

Note that lower-dimensional models are favored since the degrees of freedom DF(K,r),
and thus the penalty terms in (6.14), increase exponentially in K, r.

In order to evaluate the robustness of the CAIC criterion, we will furthermore estimate
the over- and underfit error probabilities with tailor-made error models.

6.4.3 Selected orders

We now examine the results of the selection of the order of the chain using an information
criterion as described in Section 6.4.2. To do so, we compute information criteria for all
datasets. In Section 6.4.4, we will furthermore ascertain the robustness of the criterion.
For simplicity, in this latter task we focus just on the DNA and the S&P500 datasets.

Results

We compute (6.14) for r =0,1,2,3,4. The results are shown in Table 6.4.1. The magnitude
of the CAIC in Table 6.4.1 depends strongly on the observation sequence and the number
of clusters. In particular, for the GPS dataset the the criterion selects r = 2 and the differ-
ences between the criterion values are also notably large for most orders r € {0,1,2,3,4}.
This is mostly due to the large number of clusters K = 15, for which higher orders become
highly penalized. For the DNA dataset, the criterion suggests that orders r € {1,2} best
approximate the data. For the S&P500 dataset, on the other hand, orders r € {0,1} are
selected as the best candidates. For the latter, a possible explanation for this result is
that the number of clusters K = 3 is small. In this case, the transitions between individual
states become aggregated in the clusters thereby making the chain closer to stationarity.
Note, however, that more clusters would also not guarantee different values for r, as the
number of transitions of a cluster for larger K would be even sparser. For model selection
with models with different number of clusters K, we refer to [9, Section 8.4].
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r  DNA incr. (%) GPS(x10%) incr. (%) S&P500 incr. (%)

432650 n.a. 960.63 n.a. 9853 n.a.
431502 -0.27 626.54 -34.8 9860 +0.07
431263 -0.32 571.49 -40.5 9940 +0.81

435228  +0.69 1121.90 +16.8 10253 +3.1
458512 +5.3 9789.27 +1019 11162 +8.9

W N = O

Table 6.4.1: The CAIC in (6.14) for the different datasets. Note that the relative difference
between the values pertaining to different orders is often small. For example,
the differences are less than 0.1% between orders 1, 2 for the DNA data, and
between orders 0, 1 for the SESP500 data. This is not the case, however, with
the GPS dataset.

In Table 6.4.1, we expect that there is a large variance in the CAIC values and some
over- or underfitting of the order is possible. The criterion indicates nonetheless that the
transitions of the found clusters, except maybe for the S&P500 dataset, can be better
approximated by a MC of order » > 1. We will now support this conclusion empirically
with the error models for the DNA and S&P500 datasets.

6.4.4 Experimental evaluation of the CAIC criterion

In order to ascertain how significant the information criteria are, we will use the original
data Xi., and use the parameters of the maximum-likelyhood estimator that best suit
an rth-order BMC. Let P"MLE he the law of the best rth-order BMC that fits the data.
Then, for each r we will use the model consisting of [pr-MLE together with a perturbation
coming from a MC of different order that r. We remark that all these models will use
the full state space [n]. The clustered process generated by these error models will be
analyzed. For r € {0,1} we will consider two data-generating models together with errors
determined by a parameter ¢ € [0,1). The models are:

Wé: A perturbed 1st-order BMC with probability distribution PLMLE and a perturbation
given by a heavy-tailed Oth-order perturbation. This model is defined similarly to
the pertubation model in Section 6.3. In this case, however, the perturbation here
is assumed to be a Oth-order MC as defined in Section 6.4.1 instead of a 1st-order
MC.

WY A perturbed Oth-order BMC with probability distribution POMLE 4nd a perturba-
tion given by a heavy-tailed 1st-order MC as defined in Section 6.3.

Denote Y]}, = vn(X,,) the cluster process if X5, ~ WZ. We will study the robustness
of the CAIC criterion by examining how often it over- and underfits when selecting s
for the models @S’MLE with the clustered sequence ij. To study this aspect, we will
consider two targets for the CAIC and restrict to the orders r € {0,1}. The first target is
the overfit error probability

eover(€) 1= PXf:zNWg (argminre{o)l}CAIC(Y{:’;) =1), (6.17)

that is, the probability that the criterion selects a 1st-order process for the chain of cluster
transitions when the underlying generating process is POMIE and the only higher order
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contributions come from perturbations. The second target is the underfit error probability
defined as

€under(€) := ]P’XieNW% (argmin, ¢ 19 13 CAIC(YY,,) =0), (6.18)

that is, the probability that the criterion selects a Oth-order process as the best-candidate

while PLMLE i5 the actual underlying data-generating process.
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Figure 6.4.1: (a) Underfit error probability eunder(€) in (6.18) depending on the pertur-
bation € for the DNA, SE&P500 dataset, and extended SEIP500 datasets as-
suming the data-generating process is Wi for their respective datasets. Note
the effect of reducing sparsity for the extended SEP500 dataset in reducing
the underfit error probability. The plot suggests that the probability of un-
derfitting for small e, while nonzero, is less than the probability of selecting
the correct order. (b) Overfit error probability eover(¢) depending on the per-
turbation € for the DNA, S&P500 dataset, and extended SEP500 datasets
assuming the data-generating process is Wg. Compared to the underfit error
probability, the CAIC is robust at selecting a model with lower order, pro-
vided there is enough information. In particular, for the DNA, the 1st-order
perturbation becomes dominant in the criterion fairly quickly after € > 0.05.
In all tests the number of repetitions was R = 30.

We focus now on the DNA and S&P500 datasets. We will compute the CAIC and the
error probabilities obtained by using a BMCs model inferred from the data together with
an error model of a different order. Because the S&P500 dataset is the least clear dataset,
we also consider a synthetic observation sequence. The sequence is generated using the
same model W] as is obtained for the S&P500 dataset, but will be five times as long:
50snm, where fgyp is the length of the path of the dataset. We will refer to this synthetic
observation sequence as the “extended stock market model.” In this manner we can see
the effect of sparsity on the criterion robustness as if we had access to more data (albeit
from a BMC).

Figure 6.4.1 shows the error probabilities as well as centered CAIC values. We see
that both the underfit e;(e) and overfit error ez(e) are usually small for small e. The
overfit error is, however, considerably larger for the DNA dataset than for the S&P500
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dataset. This supports the claim that the CAIC chooses the model with fewest parameters
for the same amount of information, that is, the criterion is less prone to overfit when the
data is sparse. The underfit error is on the contrary small for the DNA dataset, also
for € € [0.1,0.2]. This suggests that order selection via information criteria is robust to
misclassification error.

The case of the S&P500 dataset is especially interesting. In Table 6.4.1, the criterion
is just slightly lower for r = 0 than r = 1 whereas in the W! model in Figure 6.4.1(a), the
criterion selects r =1 up to € ~ 0.1. Afterwards, deviating from the BMC model by just
1 out of 10 transitions will make the value of the criterion for » = 0 very close to that
of r =1, similarly as in Table 6.4.1. This is also supported by Figure 6.4.2, where the
difference between the criterion for » =0 and r =1 in the S&P500 dataset takes values in
[0,10], which we coincidentally also see in Table 6.4.1. This suggests that there may be a
1st-order Markovian structure in the S&P500 dataset but also a strong Oth-order process.
Alternatively, the data may simply be too sparse for the CAIC to select a suitable order.
This hypothesis is also supported by the stock market extended dataset, where model
selection with five times more data has fewer such problems.

o —— Stocks r =0
©w NN — Stocksr =1
O I - - - Stocks Extended r = 0
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o YN
g N
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Figure 6.4.2: Centered average of CAIC for the SEP500 dataset and SEP500 dataset
extended datasets assuming the data-generating process is WL. Note that
the criterion is not predictive of the true order of the data-generating pro-
cess after € ~ 0.08. However, by increasing the dataset size 5-fold, it can
very robustly select the correct order even for larger error €. We remark
that considered individually, the empirical standard deviation of the CAIC
average—note, not centered—for each r is an order of magnitude too large
to be represented in the plot (Std(CAIC(Y1..(g)) ~ O(10%)). Despite this
large standard deviation, after centering the criteria on the center of mass
of the CAIC averages of different orders r obtained from the same sample,
the relative difference is small and the selection process is robust for small
error €.

We finally remark that looking at information criteria for the unclustered observation
sequences X1.¢ provides no useful insights due to the large dimensionality of the models. In
particular, the CAIC criteria for the unclustered observation sequences for order r € {0,1}
can be seen in Table 6.4.2. As the data shows, the CAIC criterion just picks the model
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with the smallest number of parameters. This is even more extreme in the GPS and
S&P500 datasets, where on top of a large model dimension we have sparse data.

r DNA GPS S&P500

0 1339.5 x10° 2943 x10°® 54.27 x103
1 1361.9 x103 ~ 1 x108 882 x103

Table 6.4.2: The CAIC in (6.14) for the sequence X1.¢ for different datasets.

6.4.5 Conclusion

The main takeaways from the previous results address the last question posed in Sec-
tion 6.1:

\g\ Model selection is feasible if we use the clustered sequence Y7.p = v, (X1.¢) obtained
after the clustering algorithm. This namely reduces the amount of free parameters
of the models considerably.

& For the DNA and GPS datasets, the CAIC selects a nonzero-order MC for the cluster
dynamics.

& For the S&P500 dataset the CAIC shows that the data is too sparse for selecting a
specific order with certainty. However, there are indications that the values obtained
in the CAIC for the S&P500 dataset are consistent with a lst-order BMC model
with a strong Oth-order MC baseline.

Hence, while uncertainty is still high, there is evidence that the BMC is a better
suited model for describing the transition dynamics on sequential data than models with
less complexity which do not assume a Markovian structure of the dynamics.
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Summary

In this thesis we investigate asymptotic properties of machine learning algorithms that are
based on the use of structured random networks. We investigate dropout, an algorithm
to avoid overfitting during the training of Neural Networks (NNs), and Block Markov
Chains (BMCs), a type of models used for cluster detection in sequential data. Our main
approach for studying both of these algorithms is theoretical, but an underlying aim of
our work is to also provide results that may prove useful in practice. The thesis is divided
into two parts.

The first part of this thesis focuses on dropout. Dropout is a well-known method for
avoiding overfitting during the training of NNs that temporarily ‘drops’ nodes of the net-
work during training with stochastic gradient descent. A dropout probability determines
the amount of stochastic change of the NN and penalizes overfitting. Despite its ample
use, precise statistical and convergence properties of dropout are not yet understood and
a good choice of parameters is usually unknown.

In this thesis, we use stochastic approximation techniques to study and understand
the convergence properties of dropout and its variants. We examine convergence guaran-
tees for dropout and how the convergence rate depends on the choice of parameters of
the NN, like depth, width, as well as the dropout probability. We obtain general con-
vergence guarantees when training NNs with dropout as well as estimates on its sample
complexity depending on the dropout probability. We investigate how the configuration
of the NN depends on the convergence rate of training with dropout; theoretically, and
with simulations. We obtain explicit descriptions of the convergence rate of dropout in
different simplified models for deep and shallow NNs by analyzing an associated Ordinary
Differential Equation (ODE) induced by dropout and by using different techniques from
nonconvex optimization. Furthermore, we also study random NNs that have dropout as
their source of randomness and show that they can approximate functions arbitrarily well,
despite the additional randomness.

The second part of this thesis focuses on clustering with BMCs. A BMC is a model for
clusters in sequential data where clusters are defined by states in a Markov chain that have
a block structure of its transition probabilities. In this model, a trajectory of the Markov
chain of a certain length is observed and the goal is to infer the underlying cluster structure.
The transition probabilities in a BMC depend only on the cluster of origin and the target
cluster of a transition, different to other well-known models in community detection where
edges between nodes are sampled independently. Hence, in the random trajectory of a
BMC, there are dependencies between consecutive transitions across different times. A
clustering algorithm with theoretical guarantees for exact recovery of the clusters has
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recently been obtained by Sanders, Proutiére, and Yun [27]. A key condition in the
recovery guarantee is to ensure that the spectral norm of a matrix describing the dynamics
of the trajectory is small enough.

In this thesis, we use tools from random matrix theory and sparse random graphs to
obtain order-sharp bounds of the spectral norm of BMCs. This involves using spectral
concentration for matrices with dependent entries coming from a Markov chain. Moreover,
we also tackle the case when the observed trajectory is short and the associated random
matrix is sparse.

While clustering is theoretically possible on data generated by a BMCs, no experimen-
tal study of the model existed in the literature. We therefore test the clustering algorithm
for BMCs in real-world sequential data and compare the bounds for the spectral norm
from datasets in finance, genetics and geography. Furthermore, we evaluate the robustness
of the clustering algorithm and the merit of BMCs compared to simpler models for each
dataset.
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