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Abstract

Graph Neural Network(s) (GNN) are one of the most popular architectures used to solve
classification problems on data where entities have attribute information accompanied by
relational information. Among them, Graph Convolutional Network(s) (GCN) and Graph
Attention Network(s) (GAT) are two of the most popular GNN architectures. In this
thesis, I present a statistical framework for understanding node classification on feature-
rich relational data. First, I use the framework to study the generalization error and
the effects of existing neural network architectures, namely, graph convolutions and graph
attention on the Contextual Stochastic Block Model (CSBM) in the regime where the
average degree of a node is Q(log” n) in the number of nodes n. Second, I propose a notion
of asymptotic local optimality for node classification tasks and design a GNN architecture
that is provably optimal in this notion, for the sparse regime, i.e., average degree O(1).

In the first part, I present a rigorous theoretical understanding of the effects of graph
convolutions in neural networks through the node classification problem of a non-linearly
separable Gaussian mixture model coupled with a stochastic block model. First, I identify
two quantities corresponding to the signal from the two sources of information: the graph,
and the node features, followed by a result that shows that a single graph convolution
expands the regime of the distance between the means where multi-layer networks can
classify the data by a factor of up to 1/v/IE deg, where IE deg denotes the expected degree of
a node. Second, I show that with a slightly stronger graph density, two graph convolutions
improve this factor to up to 1/y/n, where n is the number of nodes in the graph. This
set of results provides both theoretical and empirical insights into the performance of
graph convolutions placed in different combinations among the layers of a neural network,
concluding that the performance is mutually similar for all combinations of the placement.

In the second part, the analysis of graph attention is provided, where the main result
states that in a well-defined “hard” regime, every attention mechanism fails to distinguish
the intra-class edges from the inter-class edges. In addition, if the signal in the node
attributes is sufficiently weak, graph attention convolution cannot perfectly classify the
nodes even if the intra-class edges are separable from the inter-class edges.

In the third part, I study the node classification problem on feature-decorated graphs
in the sparse setting, i.e., when the expected degree of a node is O(1) in the number of
nodes, in the fixed-dimensional asymptotic regime, i.e., the dimension of the feature data
is fixed while the number of nodes is large. Such graphs are typically known to be locally
tree-like. Here, I introduce a notion of Bayes optimality for node classification tasks,
called asymptotic local Bayes optimality, and compute the optimal classifier according



to this criterion for a fairly general statistical data model with arbitrary distributions of
the node features and edge connectivity. The optimal classifier is implementable using
a message-passing graph neural network architecture. This is followed by a result that
precisely computes the generalization error of this optimal classifier, and compares its
performance statistically against existing learning methods on a well-studied data model
with naturally identifiable signal-to-noise ratios (SNRs). We find that the optimal message-
passing architecture interpolates between a standard MLP in the regime of low graph signal
and a typical graph convolutional layer in the regime of high graph signal. Furthermore,
I provide a corresponding non-asymptotic result that demonstrates the practical potential
of the asymptotically optimal classifier.

All the results are supplemented with extensive experiments on both synthetic and
real-world data to illustrate the main theorems. The code is open-sourced on GitHub.
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Chapter 1

Introduction

A large amount of interesting data and the practical challenges associated with them
are defined in the setting where entities have attributes as well as information about
mutual relationships. Traditional classification models have been extended to capture
such relational information through graphs [Ham20], where each node has individual at-
tributes and the edges of the graph capture the relationships among the nodes. A va-
riety of applications characterized by this type of graph-structured data include works
in the areas of social analysis [BL11], recommendation systems [YHC' 18], computer vi-
sion [MBM™17], study of the properties of chemical compounds [GSR™17, SGT*09], sta-
tistical physics [BKGB*20, BPL*16], and financial forensics [ZZY 17, WDC*19].

Various popular learning methods for relational data utilize graph convolutions [KW17],
where the idea is to aggregate the attributes of the set of neighbours of a node instead
of only using its attributes. Despite several empirical studies of various GCN-type mod-
els [CLB19, MLST22] that demonstrate that graph convolutions can improve the perfor-
mance of traditional classification methods, there has been limited progress in the theoret-
ical understanding of the benefits of graph convolutions in multi-layer networks in terms
of improvement on node classification tasks.

1.1 Literature Review

1.1.1 Graph Convolutions

The capacity of a graph convolution for one-layer networks is studied in [BFJ21b], along
with its out-of-distribution (OoD) generalization potential. A more recent work [WZY W22]
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formulates the node-level OoD problem and develops a learning method that facilitates
GNNs to leverage invariance principles for prediction. In [GBG19], the authors utilize
a propagation scheme based on personalized PageRank to construct a model that out-
performs several GCN-like methods for semi-supervised classification. Through their al-
gorithm (APPNP) they show that placing power iterations at the last layer of an MLP
achieves state-of-the-art performance. As a byproduct of our results, we verify this empiri-
cal observation theoretically on a well-studied data model, the contextual stochastic block
model (CSBM) [DSMM18].

To this end, we study the effects of graph convolutions in deeper layers of a multi-
layer network. For node classification tasks, we also study whether one can avoid using
additional layers in the network design for the sole purpose of gathering information from
neighbours that are farther away, by comparing the benefits of placing all convolutions in
a single layer versus placing them in different layers.

1.1.2 Graph Attention

Graph convolution, usually defined using its spatial version, corresponds to averaging the
features of a node with the features of its neighbours [KW17]. More broadly, graph convolu-
tion can refer to different variants arising from different (approximations of) graph spectral
filters. Graph attention [VCC™18a] mechanisms augment this convolution by appropriately
weighting the edges of a graph before spatially convolving the data. The weighting can be
done using information from the given features for each node. Despite its wide adoption
by practitioners [FL19, WZY 19, HFZ"20a] and its large academic impact, the number of
works that rigorously study its effectiveness is quite limited.

Recently, the concept of attention for neural networks [BCB15, VSP*17] was transferred
to GNNs [LZBT16, BL17, VCC*18a, LRK"19, PBHL20]. A few papers have attempted to
understand the attention mechanism in [VCC*18a]. One work relevant to ours is [BAY22].
In this paper, the authors show that a node may fail to assign large edge weight to its
most important neighbours due to a global ranking of nodes generated by the attention
mechanism in [VCC*18a]. Another related work is [KTA19], which presents an empir-
ical study of the ability of graph attention to generalize on larger, complex, and noisy
graphs. In addition, in [HZC*19] the authors propose a different metric to generate the
attention coefficients and show empirically that it has an advantage over the original GAT
architecture.

Other related work to ours, which does not focus on graph attention, comes from the
field of statistical learning on random data models. Random graphs and the stochastic
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block model have been traditionally used in clustering and community detection [Abb18,
AFT*18, Mool7]. Moreover, the works by [BVR17, DSMM18], which also rely on CSBM
are focused on the fundamental limits of unsupervised learning. Of particular relevance
is the work by [BFJ21a], which studies the performance of graph convolution on CSBM
as a semi-supervised learning problem. Within the context of random graphs, [KBV21a]
studies the approximation power of GNNs on random graphs. In [MLLK22a] the authors
derive the generalization error of GNNs for graph classification and regression tasks. In
[FLY 23], the authors attempt to understand graph attention’s capability for edge/node
classification for different parameter regimes of CSBM.

Finally, there are a few related theoretical works on understanding the generalization
and representation power of GNNs [CLB19, CPLM20, ZYZ"20, XHLJ19, GJJ20, Lou20a,
Lou20b]. For a recent survey in this direction see [Jeg22]. This section of the thesis is
based on work done in [FLY 23], where we take a statistical perspective, allowing us to
characterize the precise performance of graph attention compared to graph convolution
and no convolution for CSBM, to answer the particular questions imposed above.

1.1.3 Statistical Models

There exists a large amount of theoretical work on unsupervised learning for random
graph models where node features are absent and only relational information is available
[DKMZ11, Mas14, MNS18, MNS15a, AS15, ABH15, BLM15, DAM15, MS16, BMNN16,
AS18, LCM19, KUK17, GRS22]. For a comprehensive survey, see [Abb18, Mool17].

Several theoretical and empirical works have also studied data models which have node
features coupled with relational information. In [DSMM18, L.S20], the authors explore the
fundamental thresholds for weak recovery and community detection in the regime where
the number of nodes scales with the dimension of data, and the average degree is constant.
For the (primarily) empirical study of the semi-supervised node classification problem, see
[SGT109, CZY11l, GVB12, DV12, GFRS13, YML13, HYL17, JLL*19, MDR19, CCH*22,
YHS21]. These papers provide good empirical insights into the merits of graph structure
in the data. I complement these studies with theoretical results that explain the effects of
graph convolutions in a multi-layer network.

Another relatively recent work [HZC"20] proposes two graph smoothness metrics for
measuring the benefits of graphical information, along with a new attention-based frame-
work. In [FLY 23], the authors provide a theoretical study of the graph attention mecha-
nism (GAT) and identify the regimes where the attention mechanism is (or is not) beneficial
to node classification tasks. Our study focuses on convolutions instead of attention-based
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mechanisms. Several other works study the expressive power and extrapolation of GNNs,
along with the oversmoothing phenomenon (see, e.g., [BRH"21, XZL."21, 0520, LHW18]),
however, our focus is to draw a comparison of the benefits and limitations of graph convo-
lutions with those of a traditional MLP that does not utilize relational information.

These areas of research still lack theoretical guarantees that explain when and why
graphical data, and in particular, graph convolutions, can boost traditional multi-layer
networks to perform better on node classification tasks.

1.1.4 Message-Passing GNN Architectures

There has been a tremendous amount of work on GNN architecture design, where the most
popular designs are based on a convolutional architecture, with each layer of the neural
network performing a weighted convolution (averaging) operation with immediate neigh-
bours, e.g., graph convolutional networks (GCN) [KW17, CWH"20] or graph attention
networks (GAT) [VCCT18b]. These architectures are known to have several limitations
regarding their expressive power (see, e.g., [LHW18, OS20, BRH"21, XZL. 721, Ker22]).

An interesting line of research consists of both theoretical and empirical works that
attempt to address these limitations by developing an understanding of GNN architectures
within the scope of message-passing [RHXH20, LJZ"22, MLLK22b], as well as beyond it
[MBHSL19, MSRR19, CVCB19]. For example, [XLT" 18] propose an architecture with a
technique called skip-connections, that flexibly leverages different ranges of neighbourhoods
for each node to enable structure-awareness in node representations, [CWH"20] propose a
modification of the vanilla GCN with an initial residual that effectively relieves the problem
of oversmoothing [0S20], and [KBV21b] study the universality of structural GNNs in the
large random graph limit. However, this area of research still lacks a clear understanding of
optimality in the context of graph learning problems, making it hard to design architectures
for which a well-defined notion of optimality can be theoretically justified.

Several works have studied traditional message-passing GNN architectures like GCN
and GAT using the binary contextual stochastic block model, see for example, [BFJ21b,
CCH"22, FLY ™23, JMLV22, BFJ23a]. These analyses rely heavily on two assumptions:
first, the graph is not too sparse, i.e., for a graph with n nodes, the expected degree of
a node is €, (log?n), and second, the node features are modelled as a Gaussian mixture.
The work by [WYJ"22] is of particular interest to us, where the authors take a Bayesian
inference perspective to investigate the functions of non-linearity in GNNs for binary node
classification. They characterize the max-a-posterior estimation of a node label given the
features of itself and its immediate neighbours. A similar perspective to that of [WYJ*22]
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is discussed in [GSGG23], where the latter authors derive insights into the robustness-
accuracy trade-off in GNNs for node classification.

In contrast to these inspiring works, I study the highly sparse regime for this part of
the thesis, where the expected degree of a node is O, (1), and also consider nodes beyond
the immediate neighbours at any fixed distance. (In fact, the non-asymptotic results allow
distances of order clogn for small enough ¢ > 0, see Section 5.5). Furthermore, my
main result (Theorem 7) holds for a general multi-class statistical model with arbitrary
continuous or discrete feature distributions and arbitrary edge-connectivity probabilities
between all pairs of classes.

1.2 Overview of Contributions

The main results in this thesis are presented in three parts.

1.2.1 Effects of Graph Convolutions

The first part introduces a theoretical framework based on the contextual stochastic block
model (see Section 2.2) that provides a statistical standard for benchmarking various GNN
architectures for node classification tasks. Following the description of this framework,
I present a rigorous study of the effects of graph convolutions on feature-rich relational
data in the regime where the average node degree is w(logn) in the number of nodes n.
I also recognize classification thresholds based on meaningful signals identified in the two
sources of data: the node features and the node relationships. First, I develop an intuition
for the main ideas using a simple binary CSBM (contextual stochastic block-model, see
Section 2.2). The following results are for the binary model where a one-layer network is
sufficient to classify the data.

1. I compare the relative performance of a graph convolution to the Bayes optimal
classifier in the case where we do not have a graph. In the absence of relational infor-
mation, I identify the threshold below which the data is not linearly separable with
high probability, followed by computing the precise improvement in this threshold
offered by a graph convolution. This result is formally presented in Theorem 1.

2. The second result is about the generalization of the output of the corresponding
optimization procedure that runs on a training sample. In particular, I show that



the minimizer performs well on the classification of unseen out-of-distribution data.
See Theorem 2 for a formal statement.

The insights from the study of this toy model motivate the study of a slightly more
complicated variant, which I refer to as the XOR-CSBM (see Section 3.3). Here, one
necessarily needs a network with at least two layers to classify the data. For this model, I
study neural networks with up to three layers and show the improvement obtained by up
to two graph convolutions. In particular, the following results are obtained:

1. A single graph convolution enables a multi-layer network to classify the nodes in a
wider regime as compared to methods that do not utilize the graph, improving the
threshold for the distance between the means of the features by a factor of up to
1/v/Edeg. Furthermore, with a slightly denser graph, a multi-layer network with
two graph convolutions can classify the data in an even wider regime, improving the
threshold by a factor of up to 1/4/n, where n is the number of nodes in the graph.
This is formalized in Theorem 4.

2. For multi-layer networks equipped with graph convolutions, the classification thresh-
old is determined by the number of graph convolutions rather than the number of
layers in the network. I study the improvement in the classification threshold ob-
tained by placing graph convolutions in several combinations across the layers of a
multi-layer network and find that the performance is mutually similar for all combi-
nations with the same number of graph convolutions.

1.2.2 Analysis of Graph Attention

In this part, I present the main result for the “hard regime”, i.e., when the distance between
the means is small compared to the standard deviation, showing that ewvery attention
architecture fails to distinguish inter-class edges from intra-class edges with high probability
(Theorem 5).

Moreover, for the original GAT architecture [VCC™18a], it can be shown that with high
probability, most of the attention coefficients have uniform weights, similar to those of a
simple GCN [KW17] (Theorem 6).

1.2.3 Optimality of Message-Passing

Next, I turn to the regime of very sparse graphs where the average node degree is O(1),
where I propose a notion of asymptotically local Bayes optimality. The same statistical



data model is extended to arbitrary node features and edge-connectivity profiles among all
pairs of classes to study this setting. The following results and findings are obtained:

1. Introduction to a family of GNN architectures that are asymptotically (in the number
of nodes n — o0) Bayes optimal in a local sense for a general multi-class data model
with arbitrary feature distributions. The optimality is stated precisely in Theorem 7.

2. Analysis of the architecture in the simpler two-class setting with Gaussian features,
explicitly characterizing the generalization error in terms of the natural signal-to-
noise ratio (SNR) in the data.

3. A comparative study against other learning methods analyzed using the same statis-
tical model (see Theorems 8 and 9). There are two key insights from this study:

e When the graph SNR is very low, the architecture reduces to a simple MLP
that does not consider the graph at all, while if it is very high, the architecture
reduces to a typical convolutional network that averages information from all
nodes in the local neighbourhood. In the regime between the low and high
SNRs, the architecture interpolates and performs better than both a simple
MLP and a typical GCN.

e If the signal in the graph is larger than a threshold, then a simple convolution
can perform better than any method that does not utilize the graph.

4. In the non-asymptotic setting with a fixed number of nodes, we show that even for
a logarithmic depth, the neighbourhoods of an overwhelming fraction of nodes are
tree-like with high probability. Subsequently, we show that the optimal classifier in
the non-asymptotic setting obtains an error close to that incurred by the optimal
classifier in the asymptotic setting. This is formalized in Theorem 10.

All of the content in this thesis is based on the papers published during my Ph.D.
with my supervisors and co-authors [BFJ21b, BFJ23a, FLY 23, BFJ23b, WBF24]. All
the results are demonstrated through extensive experiments on both synthetic and real
data. The source code for all experiments is open-sourced and can be found on GitHub.
The reader is referred to the GitHub account github.com/opallab/ for more details.


https://github.com/opallab/

Chapter 2

Preliminaries and Background

2.1 Common Notation

In the rest of this thesis, vectors and matrices are usually denoted by lowercase and up-
percase bold alphabets, respectively (such as x € R? and X € R"*%). I,, and J,, refer to
the n-dimensional identity matrix and all-ones matrix, respectively, where the subscript is

omitted if inferred from context. We write [n] = {1,2,...,n}. We use Ber(p) to denote
the Bernoulli distribution, so  ~ Ber(p) means the random variable z takes value 1 with
probability p and 0 with probability 1 — p.

G = (V, E) will denote a graph with the set of vertices V(G) and edges E(G). The
adjacency matrix is denoted by A = {auy }u,vejn], and the degree of a node u in G'is denoted
by deg(u,G) = 3 , ¢}, @u, where G is omitted if inferred from context.

Define the canonical graph distance metric (breadth-first distance / shortest distance)
between two nodes u,v in an undirected, unweighted graph to be d(u,v). For a node
u € V(G), define ni(u) = {v € V(G) : d(u,v) < k} to be the ball of radius & for the
canonical graph distance metric. I will also use Ny (u) to denote the set of vertices at the
distance of exactly k from node u. Thus, g (u) = {u} Uj_; Ni(u).

The all-ones vector is denoted by 1 and e; denotes the i** standard basis vector in
R". Given a vector x € R", ||x|| denotes its Euclidean norm /> "  x?. We use x|
to denote its infinity norm, max?_, |x;|. For a matrix M € R", we use |[M]|| to denote
its spectral norm, maxy.q |x|=1 || Mx||. We also make routine use of the spectral theorem,
which says that if M is an n X n symmetric matrix, then it can be diagonalized with
n orthogonal eigenvectors and real eigenvalues. In particular, there exist A\i, Ao, ...\, €
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R and orthonormal vectors wi,ws,...,w,, € R" such that M = Z?:l )\iwiwiT . Note
that when M is symmetric, ||[M|| = max; [\;| = maxyx|=1 |2 Mx|. Finally, N(u,X)
denotes a Gaussian distribution with mean p and covariance matrix 3. For one-dimensional
Gaussians, we use N (u,0?). For X ~ N (u,0?), we will frequently use the Gaussian tail
bound: Pr[|X — u| > to] < exp(—%). We will usually denote by ¢ the sigmoid function
1/(1+ exp(x)) while ® will always stand for the CDF of the standard normal distribution.

2.2 Statistical Data Model

I work with the multi-class CSBM, where each node belongs to one of C' different classes
labelled 1,...,C, and the node features have arbitrary continuous or discrete distribu-
tions. This model with C' = 2, along with a specialization to Gaussian features has
been extensively studied in several works on (semi)-supervised node classification and un-
supervised community detection, see, for example, [DSMM18, 1LS20, BFJ21b, WY J 22,
FLY"23, BFJ23a]. Informally, a CSBM consists of a coupling of a stochastic block model
(SBM) [HLL83] with a mixture model where the components of the mixture have arbitrary
distributions and are associated with the blocks of the SBM.

More formally, let n,d be positive integers such that n denotes the number of nodes
and d denotes the dimension of the node features. Define yq,...,y, € {1,...,C} as
the latent variables (class labels) to be inferred. Assume that the latent variables have
a uniform prior, i.e., y, ~ Unif({[C]}) for all u. For the relational part of the data,
we have an undirected unweighted graph of n nodes, G = (V, E) with adjacency matrix
A = (@u)uwefn ~ SBM(n, Q), where Q = {¢;;} € [0,1]9*¢ is the edge-probability matrix,
meaning that

Pr(auw = 1| yu =14,% = j) = ;-

The node attributes, X € R"*? are sampled from a mixture of C' arbitrary distributions,
P = {P;}icc], where corresponding to the y,, we have X, ~ P, for all v € [n]. For a
feature-decorated graph G = (A,X) = ({@uw }u,vefn]s {Xu}uen) sampled from the model
described above, we say that G ~ CSBM(n, P, Q) or G ~ CSBM(n,P,B/n), where B;; is
seen as the expected number of neighbours in class j, of a node that is in class 7. In a lot
of places, we will reduce the model to the simpler case with two symmetric classes C, and
C1, in which case, P = {P}, the distributions of the two classes, and Q = (p — q)I> + ¢J>
where p and ¢ are the intra and inter-class edge probabilities. In this case, I use the
notation CSBM(n,p, ¢,6) where 6 represents the parameters of PL. For example, for
a binary Gaussian mixture model coupled with a two-block symmetric SBM, we write
CSBM(n, p,q, p,0).



2.3 Neural Network Architectures

For the first part of my thesis where I analyze existing GNN architectures, I use the
following general family of neural networks where any number of graph convolutions can
be placed in any layer. In particular, for a network with L layers, here’s the definition:

Architecture 1. Given input data (A, X) where A € {0,1}"*" is the adjacency matrix
and X € R™ 4 is the node feature matrix, define:
H" =X,
f(l)(X) — (DflA)sz(Zfl)W(l) + b
H® = ReLU(f?(X))
¥ =o(fP(X)).

Here, p(z) = 5 +i*z and ReLU are applied element-wise. The final output of the network
is represented by § = {#. }icp)- Note that D~ !A is the normalized adjacency matrix and
k; denotes the number of graph convolutions placed in layer [. In particular, for a simple

MLP with no graphical information, we have A =1,,.

} for [ € [L],

For the second part of the thesis, we need the following additional notation and pre-
processing. Let £ > 0 and L > 0 be fixed integers. Let C' > 2 be the number of classes. For
given data (A, X) where A € R™" is the adjacency matrix of an unweighted undirected
graph, and X € R"*? is the node feature matrix, we perform a pre-computation on the
graph to construct a tensor A as follows:

k—1
A =1 A® = F(AF) A <ﬁf (Z Am>> for k€ {1,...,¢},

where f(M) for a matrix M returns the entry-wise flattened matrix with f(M);; = 1(M;; >
0), and (A, =) denote the entry-wise bit-wise operators (‘and’, ‘negation’) respectively. Note

here that A® is an n x n binary matrix with Agf,) = 1 if and only if v is present in the
distance k neighbourhood of u but not within the distance (k — 1) neighbourhood. The
idea behind this pre-processing step is the following: for each node u and each k € [¢], we
want to divide the radius ¢ neighbourhood of u into ¢ groups of nodes, where each group
k € [f] consists of nodes that are within discovered the neighbourhood at each distance
from a given node. Agf) models a non-backtracking walk of length &k that considers new
nodes in the distance-k neighbourhood that were not discovered.

I now propose the graph neural network architecture for the second part of the thesis.
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Architecture 2. Given input data (A, X) where A € {0,1}"*" is the adjacency matrix
and X € R™? is the node feature matrix, define:

HO =X, HY = g, HYWO +1,b0) for 1 € [,
Q = sigmoid(Z), M) = log(HP), QF)) for k € [],u € [n],i € [C].

Then the predicted label is given by ¥ = {9 }uefn, where

Here, H®) is viewed as the output of a simple L-layer MLP with {01}1e) being a set
of non-linear activation functions. We have (W® bW) lez) as the learnable parameters of
this MLP, with suitable dimensions so that H®) € R™*¢. In addition, we introduce the
learnable parameter Z € R€*¢ which is used to model edge connectivity among all pairs
of classes. The quantity Aq(f)l\/[('f) = 2 vein] A%ijkl) is viewed as the sum of messages

Mgfi) passed by all distance k neighbours of node wu.

2.4 Elementary Results

Let us start by stating some standard definitions and probability tools which will be used
throughout this work. The first definition is regarding sub-Gaussian random variables.
Those random variables are characterized by their tail decay.

Definition 2.4.1 (SubGaussian tails, [Ver18]). We say that a random variable z follows
sub-Gaussian distribution if there are positive constants C, v such that for every ¢ > 0

Pr[|lz — E[z]| > #] < Cexp(—vt?).

Equivalently, z is sub-Gaussian if E[exp(a(z — E[2])?)] < 2 for some a > 0 (this condition
is known as 1p-condition).

The following lemma discusses the behaviour of the maxima of sub-Gaussian random
variables.
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Lemma 2.4.1 (Max of subGaussian [RH15]). Let x1,..., @, be sub-Gaussian random
variables with the same mean and sub-Gaussian parameter 62. Then,

E {max (x; — ]E[zci])} < 5+/2logn.

i€[n]

Moreover, for any t > 0

Pr [max (z; — Blz,)) > t] < 2nexp <_i) .

i€[n] 262
Next, we define Lipschitz functions and state that the function LeakyRelu, i.e., f(z) =

max(ax,x) where a is typically a very small number, is Lipschitz.

Definition 2.4.2 (Lipschitz functions). Let (X,dy) and (),dy) be metric spaces. A
function f : X — Y is called L-Lipschitz if there exists L € R such that for every u,v € X

dy(f(u), f(v)) < L-dx(u,v).

Fact 2.4.2. LeakyRelu is L-Lipschitz with L < 1.

Next are a few concentration inequalities used in this work.

Lemma 2.4.3 (Hoeffding’s inequality, Theorem 2.2.6 in [Ver18]). Let X;, Xs,..., X, be
mdelwndent random variables such that a; < X; < b; for each i. Define the sample mean
as: X = 15" X,. Then, for anyt > 0,

Pr[X — E[X] > ] < exp <_ zv_fflif_ a»z) .

Similarly,

Pr [X —E[X] < —t] <exp (— 207t )
B B doica(bi—ai)? )
Lemma 2.4.4 (Chernoff bound [AS04, Hanl4, Ver18]). Let x1, ..., Xn be independent and

identically distributed (iid) random variables ranging in [0, 1], and let p = E[x1]. Then for
any € € (0,1), it holds that

2

1 en
P —§ i— Dl >e€| <2 -,
r n Xi — D € exp( 4)

i€[n]
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and for any vy € (0, 2], it holds that

1 72pn
r n ‘EE[ ]X p P exp ( 1

The following statement considers the optimal Bayes classifier for data generated by
the Gaussian mixture model.

Lemma 2.4.5. Let G = (A, X) ~ CSBM(n, p,q, b, o). Then, the optimal Bayes classifier
for X is realized by the linear classifier.

h(x) =

0 ifxfpu<0
1 ifx"p>0

Proof. For a given data point « and label y € {0, 1}, the Bayes classifier is given by

h(x) =argmaxPr[y =c | x].
ce{0,1}

Note that since the class membership variables €1, ..., €, ~ Ber(1/2) are independent, we
have Pr [y = 0] = 1 and Pr[y = 1] = 5. Therefore, by Bayes rule

Prly =c| ]
Priy=d fuy(@|y=0 i

Prly =0 fomol@ | 5= 0) + Prly = 1] fopa(@ [y =1) | 4 a0

Assume that x € Cj, we have that h(x) = 0 if and only if Pr{y =0 || > 1/2.

Therefore, if we consider class ¢ = 0 we need that % < 1. That is,
x|y -

Jopy(x [y =1) _ exp (—gzlle — pllf) _
fapy(@ [y =10)  exp (—5=llz+ pl3)

1
exp (=50 (e~ i~ o+ ul)) <1,

which implies that 7 p < 0. Similarly, for label ¢ = 1 we get that 7 p > 0. Hence, the
Bayes classifier is given by
0 ifz"u<0
na) = R
1 ifxefp>0

which is a linear classifier. ]
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I now note the elementary results that supplement the proofs of the main results.

Proposition 2.4.6 (Degree concentration). Consider G ~ CSBM(n, {P+}, (p—¢)Ia+qJ>)
with y, € {0,1} for all u € [n| and the density p,q = Q(@) Then for any ¢ > 0, with
probability at least 1 — 2n~¢, we have for all u € [n] that

n 1 2
deg(u) = 5 (p-+4)(1 % 0,(1), Togt = Ty o)

<Z Qo Z auv) 2yu - 1) Sgn(p - Q)’V(p, Q)<1 + On(l))a

Yo=0

deg

logn

where the error term o0,(1) = O ( - )

Proof. Note that deg(u) is a sum of n Bernoulli random variables, hence, we have by the
Chernoff bound [Ver18, Section 2| that

Pr [deg(u) € [E

S0+ 0)(1=0), 5 (p+q)(1+6)] | < 2exp(=Crlp +)9?),

for some C' > 0. We now choose 6 = ((é;l&fg" for a large constant ¢ > 0. Note that since
p,q = Qg n/n), we have that § = O(, /5e7) = 0n(1). Then following a union bound over

u € [n], we obtain that with probability at least 1 — 2n~°,

deg(U)Zg(}?JrQ) (110(\/@)) for all u € [n],
de;(u) = n(pi 5 (110(\/@)) for all u € [n].

Note that m > y=b Quw for any b € {0,1} is a sum of independent Bernoulli random

variables. Hence, by a similar argument, we have that with probability at least 1 — 2n=¢,

= — P4 (@) or all u n
T (Z n Zaw>—<2yu DEZ(0 4+ 04(1)) for all w € [n),

Yyu=0

which completes the proof. O]
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Proposition 2.4.7 (Number of common neighbours). Assume that the graph density is
D, q= Q(b%) Then for any constant ¢ > 0, with probability at least 1 — 2n~¢,

[N1(u) N Ny (v)] = (p +¢*)(1 £ 0,(1)) for all y, = y,,
|N1(u) N Ny(v)| = npq(l +0,(1)) for all y, # yy,

where the error term 0,(1) = O ( 1ogcn)'

Proof. For any two distinct nodes u, v € [n] we have that the number of common neighbours
of uw and v is |Ny(u) N Ny (v)| = Zwem (uwyw- This is a sum of independent Bernoulli
random variables, with mean E|Ny(u) N Ni(v)| = 2(p* + ¢*) for y, = y, and E|N;(u) N
Ni(v)| = npq for y, # y,. Denote i, = E|Ny(u) N Ni(v)|. Therefore, by the Chernoff
bound [Verl8, Section 2], we have for a fixed pair of nodes (u,v) that

Pr HNl(u) N Nl(v)| € [”uv(l - 5uv)’ ,uuv(l + 5uv)]c] < 2exp(—0uuv5iv)

for some constant C' > 0. We now choose 0, = (cgﬂljg" for any large ¢ > 0. Note that
since p,q = Q(en/ym), we have that du, = O(, /) = on(1). Then following a union

bound over all pairs (u,v) € [n] X [n], we obtain that with probability at least 1 — 2n~¢,
for all pairs of nodes (u,v) we have

|N1(u) N Ny(v)| = E(p + ) (1 £ 0,(1)) for all v, = .,
|N1(uw) N Ny(v)] = npg(1 £ 0,(1)) for all y, # Y.
This completes the proof. O]

Fact 2.4.8. For any v € [0,1], § <log(1+ ) <

Fact 2.4.9. For any non-negative numbers u,v,x,y such that x,y <1,

1
xu+yv—§(xu+yv)2gl—(l—x)“(l—y)vgxu—iryv.
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Chapter 3

Effects of Graph Convolutions

The first set of results is presented in two parts. In the first part, we analyze the binary
CSBM data model and develop the intuition behind the effects of graph convolutions. We
characterize the precise change in the threshold for linear separability of the data when a
graph convolution is used with this data model. In the second part, we extend the idea to
multi-layer networks and work with the more complex data model, the XOR-CSBM. Here,
we also analyze the effects of graph convolutions in different combinations across multiple
layers of a neural network.

3.1 GNN Architecture

For this part, we shall work with Architecture 1. Let 6 denote the set of all learn-
able parameters of the network, (W(Z),b(l))lem. For a dataset (A,X,y), denote the
binary cross-entropy loss of a multi-layer network with parameters 6 by /(A,X,y,0) =
—% Zie[n] yilog(y;) + (1 — y;) log(1 — ;), and the optimization problem as

OPT(A, X.y) = min ((A,X,y,0), (3.1)
S

where C denotes a suitable constraint set for 6. For our analyses, we take the constraint set
C to impose the condition HVV(UH2 < R and HW(”H2 <lforalll << L, i.e., the weight
parameters of all layers [ > 1 are normalized, while for [ = 1, the norm is bounded by some
fixed value R. This constraint is necessary for the optimization algorithm to terminate
because, without the constraint, the value of the loss function can go arbitrarily close to
0 in the case of perfect classification. Furthermore, the parameter R helps us concisely
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provide bounds for the loss in the theorems for various regimes by bounding the Lipschitz
constant of the learned function. In the rest of this chapter, I use ¢{(X,y,d) to denote
((1,,X,y,0).

3.2 Binary CSBM with One-layer Networks

Let (yx)rep be iid Ber(3) random variables that are latent class labels to be learned. Let
y denote the vector with coordinates y;. Corresponding to these, consider the adjacency
matrix A = (a;;) € R™" of a graph drawn from a symmetric stochastic block model
with two classes, Cy = {i € [n] : y; = 0} and C; = C§. Additionally, consider a feature
matrix X € R™? (also referred to as node covariates in the literature) drawn from a two-
component Gaussian mixture model. The distribution of the data conditioned on latent
variables (yi)repn) is given by

Pr(aij = ].) = {p i = yj_ s Xz ~ N((2y2 - 1)/1/70-21(1)7
q otherwise

where p,q, p, 0 are parameters of the model. A sample drawn from this model is de-
noted as (A, X) ~ CSBM(n,p, q, u, o), where A ~ SBM(n, p,q) and X ~ GMM(n, u, o).
Furthermore, we denote the convolved data matrix, i.e. the transformed feature matrix
obtained after applying a graph convolution to the original data X as X =D 'AX. We
say that two models CSBM(n, p, ¢, p, o) and CSBM(n/, p', ¢, i/, 0’) are in the same family
if u=p', 0 =0c"and sgn(p — q) = sgn(p’ — ¢'), i.e., the underlying Gaussian mixture has
the same distribution and the homophilic/heterophilic nature of the underlying graph is
the same.

3.2.1 Linear Separability

We find that graph convolutions can dramatically improve the separability of a binary
CSBM dataset. In particular, adding the graph structure to a dataset and using the
corresponding convolution, i.e., working with X = D'AX as opposed to simply X, can
make a dataset linearly separable when it was not so previously. More precisely, given a
sample (A, X) ~ CSBM(n,p, q, p,0), we say that (X;)ic is linearly separable if there is
some unit vector v such that (X;, v) < 0 for all i € Cy and (X;,v) > 0 for all i € C;. We

say that (X;)cn is linearly separable if the same holds for X. Let us begin by defining

17



two quantities of interest:

_p— ey
v(p,q) = FE C(p,0) = o (3.2)

Here, v(p, q) is viewed as the signal in the graph, while ((u, o) is viewed as the signal in the
GMM. In the rest of this section, we will denote ¢ = ((p, o), making the dependence on
p and o implicit. Note that intuitively, a larger gap between the intra-edge and inter-edge
probabilities signifies a stronger signal in the graph. When p = ¢, the SBM collapses to
the Erdos-Rényi model. Similarly, a larger ratio of the distance between the means of the
GMM to the standard deviation signifies a stronger signal in the mixture. Note that our
definition of v is similar to the signal identified by several theoretical works on community
detection and GNNs [AS15, Abb18, LS20, WY J*22].

Theorem 1 (Linear separability). Let u € R? and o > 0. Then for any data sample
G = (A, X) ~ CSBM(n, p, q, u, o) where p,q = Q(log®>n/n), we have the following:

1. If ¢ < K for any constant K > 0 then Pr({X,}icin are linearly separable) = o,(1).

2. Ify(=w ( %) then Pr((f(i)ie[n] is linearly separable) =1 — 0,(1).
3. Consider a training dataset (A, X’) ~ CSBM(n,p,q, u,0). Let w be a linear clas-
sifier produced by any arbitrary learning algorithm that takes as input the dataset
(A", X"). Additionally, consider a test dataset (A, X) ~ CSBM(n,p,q, u, o) drawn

independent of (A’, X"). If the product of the two signals yv¢ < er ) for a constant
n\prq

K >0 and p,q <1 —¢€ for any constant € € (0,1), then

Pr((f(i)ie[n] is linearly separable by w) = 0,(1).

This is a statement about the fundamental classification threshold of the data X, and
how a graph convolution improves that threshold. The first part of this theorem shows that
if we consider a two-component GMM in R¢ with the same variance but different means,
then if the signal ¢ is 0,(1), that is, the means +p are O(o) apart, with overwhelming
probability it is impossible to linearly separate the data. For the second part we find

that the convolved data, X = D7'AX, is linearly separable provided the means are a bit
logn
n(p+q)
of the product of the two signals v and (. Furthermore, on this scale the loss decays

exponentially in Ry(. Consequently, as n(p + q)/2 is diverging, this regime contains the

more than o apart. In other words, we identify the separability regime in terms
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regime in which the data (X;);c[n) is not linearly separable and logistic regression fails at
perfect classification. We note here that our arguments show that this bound is essentially
sharp (within a small logarithmic factor). Finally the third part of the theorem shows that
the convolved data is not linearly separable below the identified threshold.

3.2.2 Generalization

Let us now turn to the related question of generalization. Here, we are interested in
the performance of the optimizer of (3.1), call it w*, on out-of-distribution data. In
particular, we are interested in an upper bound on the loss achieved for new data (A, X') ~
CSBM(n',p', ¢, u,0). We find that the graph convolution performs well on any out-of-
distribution example. Given that the attributes of the test example are drawn from the
same Gaussian mixture as the attributes of the training sample, the graph convolution
makes accurate predictions with high probability even when the graph is sampled from a
different distribution, i.e., w* performs nearly optimally even when the values of n’, p/, and
¢ are substantially different from those in the training set.

Theorem 2 (Generalization). Let (A, X) ~ CSBM(n,p, q, s, o) and assume that the prod-

uct of the signals v(p, q)¢ € 2 (, /%). Let w* be the optimizer of (3.1) on the sample

(A, X). Then for any test sample (A’,X’) ~ CSBM(n/,p/, ¢, u, o) independent of (A, X)

such that sgn(p’ — ¢') = sgn(p — q) and v(p', ¢ )¢ € Q (, / nt‘;i%), we have for any ¢ > 0

that

Pr(X’ is linearly separable by w*) =1 — O(n™°).

Note here that while the result for generalization is stated in terms of the binary-cross
entropy, the arguments immediately yield that the number of nodes misclassified by the
half-space classifier defined by w* must vanish with probability tending to 1.

3.2.3 Proof of Theorem 1

Let us briefly discuss the intuition behind the proof of Theorem 1. To show that the data
(X,)ic[n) is not linearly separable, we observe that we can decompose the data in the form
X, = (2y; — \)p + 0Z;, where Z; ~ N(0,1I) are iid. The key observation is that when the
distance between the means is 2 ||p||, = O(¢) then the intersection of the high probability
regions of the two components of the mixture is most of the mass of both so that no plane
can separate the high probability regions.
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To make this precise, we state an elementary lower bound on the misclassification
error for the Gaussian mixture alone, i.e., in the absence of the graph. The proof re-
lies on the fact that we can easily compute the Bayes optimal classifier for the Gaussian
mixture model. A Bayes classifier, denoted by h*(x), maximizes the posterior probabil-
ity of observing a label y = b, given the input data x = x. More precisely, h*(x) =
argmax,e oy Prly =0 |x = x|, where x € R? represents a single data point. For a sam-
ple drawn from the GMM, we compute the precise fraction of data points misclassified by
the Bayes classifier in terms of the GMM signal (, and hence, provide a lower bound on
the misclassification error for any arbitrary classifier.

Proposition 3.2.1 (Misclassification error in a GMM). Let {X;}cn) be a dataset sampled
from a Gaussian misture with means £pu € R? and variance 0*1;. Let  be the GMM
signal in (3.2). Then for every classifier h(z) : R* — {0,1}, we have for any constant
c > 0 that with probability at least 1 —n~¢, the fraction of data points misclassified by h is

Mi(n) > () — 1/ ZE".

Proof. Note that Prly = 0] = Pr[y =1] = ;. Let fx(x) denote the density function of a
continuous random vector x. Therefore, for any b € {0, 1},

Pry =] fxp(z |y =10) 1
Prly=b|x=x] = _ .
2y Priy=dfp@ly=c 14 %

A direct calculation using the densities gives Puy(@l=1) exp <2<m’“ >>.

fx\y(wlyzo) - o?
The decision regions are identified by: Pr[y =0 | x| > /2 and Pr|y =0 | x| < /2 for
assigning labels 0 and 1 respectively. Thus, we obtain the classifier

0 (x,a)<

B (@) = 1((z, f1) > 0) = {1 ok 8 | (3.3)

We now consider a sample of n data points, {X;}icf,, drawn from the binary GMM
with means +p € R? and variance 0?1,;. For perfect classification by the Bayes classifier,
we require for every i € [n] that (X;, ) < 0 for y; = 0 and (X;, #) > 0 for y; = 1.
Note that the random variable Y; = (X;, ft) is Gaussian with mean (2y; — 1) ||p||, and

variance o2. Consider the case i € Cy. We have for all ¢t € R that Pr (M < t> = d(1).
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Puttingt = ( = ”*;”2, we have that Pr (Y; < 0) = &(¢). Similarly, for i € C}, we have that
Pr(Y; > 0) = ®(¢). We thus obtain that each X; is misclassified with probability ®.(().
Next, we consider the complete sample of n data points. Define Mj«(n) to be the fraction
of misclassified nodes. Let z; be the indicator random variable 1(X; is misclassified). Then
x; are Bernoulli with mean ®({), and we have that E[M-(n)] = %Zie[n} Elx;] = ®.(¢).

Using Hoeffding’s inequality [Verl8, Theorem 2.2.6], we have that for any ¢ > 0,
Pr [Mp-(n) > ®c(C) —t] > 1 — exp(—nt?).
Choosing t = \/W for any constant ¢ > 0 yields
Pr [Mp«(n) > () —on(1)] > 1 —n"".

Since the Bayes classifier minimizes the risk (expected misclassification fraction) by defi-
nition, we have for any arbitrary classifier h that E[M,(n)] > E[M)(n)]. Therefore, any
classifier h misclassifies at least ®.(() fraction of data points with high probability. m

Negative Regime without the Graph

We now prove part one of Theorem 1, i.e., the impossibility of classification of (X;)cf,) into
regions identified by their labels. Note that ®.({) is a decreasing function. It approaches
0 as ¢ — oo and /2 as ¢ — 0. The total number of misclassified data points in a sample
of size n is then roughly n®.(¢) ~ %exp(—CQ/Q). Thus, when ( is a constant, we expect
a constant fraction of misclassifications, while as soon as ( = Q,(y/2logn), we expect
perfect classification with overwhelming probability. Following this intuition, we note that
if ( < K then for any ¢ > 0, with probability at least 1 — n™¢ we have that the total
number of errors is lower bounded as follows:

n

clogn clogn
Therefore, {X;}icjn are not perfectly classified. This completes the proof.

Positive Regime with Graph Convolution

We now consider the convolved data and prove part two of Theorem 1. Let ~,( denote
the two signals in (3.2). The key observation here is that after a graph convolution, the
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convolved data points can be written as
S O'ZZ‘
Xi~ (2yi — sgn(p — vp + —F—=
v/ deg(i)
From this we see that, while the means move closer to each other by a factor of v, the

variance is reduced by a factor of Edeg(i) ~ 5 (p + ¢). This lowers the threshold for non-
separability by the same factor. Consequently, if the distance between the means is a bit

larger than 2 /—2_ or in other words, if the product of the two signals v € w (w / néﬁ;)) ,

n(p+q)
then with high probability we can separate the data by the hyperplane normal to the

direction i and passing through the origin. More precisely, it suffices to take as ansatz,
w x f1. To formalize this, we first construct a one-layer network that realizes the Bayes
classifier in (3.3).

Proposition 3.2.2. Consider a one-layer network of the form described in Architecture 1,
with parameters W = R and b = 0 for some R € R*. Then the defined network
realizes the Bayes optimal classifier given in (3.3) for the binary GMM(n, p, o).

Proof. Note that the output of the designed network is o(XW 1), which is interpreted as
the probability with which the network believes that the input is in the class with label 1.
The final prediction for the class label is thus assigned to be 1 if the output is > 1/2, and
0 otherwise. For each i € [n], we have that the output of the network on data point i is
U; = p(R(X;, v)). Thus, we have

pred(X;) = 1(R(X;, o) > 0) = 1((X;, o) > 0),

which matches the Bayes classifier in (3.3). O

We now turn to the convolved data. First, we provide a decomposition of X which we
will use frequently throughout the rest of this section. Note that conditionally on y, we
have that X; ~ N((2y; — 1), 0*I). Thus, we can write

where g; ~ N(0,I) are iid copies of a standard normal vector.

Lemma 3.2.3. Conditionally on A and 'y, we have that for any unit vector w, any ¢ > 0,
and some C' > 0, with probability at least 1 — O(n=°), we have for every i € [n] that

(X = (23— ) sgn(p — @)ym(1 + 0,(1)), w) = O (a ﬁ) -
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Proof. Consider the random variables X, = [D"'AX];. For any fixed i, we define m(i) to
be the mean of X; conditional to the adjacency matrix A and class memberships (y;) e,

1
Z ai;(2y; — p = ~(|[C1 N N;| = |Co N N pe. (3.5)

mli) = B% | 4] = G 3 - 32

deg

From (3.4) we can write for any unit vector w that

<Xi7 deg Z a;;(X = (m(2), w deg Z (8, W (3.6)

Jj€(n] Jj€n]

Note that by the Chernoff bound (see [Verl8, Section 2]), we obtain that class sizes
|Col,|C1] = 5(1 &£ o(1)) with probability at least 1 — 1/poly(n). Combining this with
Proposition 2.4.6, we have that with probability 1 — Cn™¢ for any ¢ > 0,

m(i) = (2y; — 1) sgn(p — @)yp(l +0,(1)) Vi € [n]. (3.7)

Next, we consider the deviation term F; = ﬁ(i) Zje[n] a;;{g;,w). Note that condi-

tioned on A, we have F; ~ N (0, ﬁz(i)). Then by Gaussian concentration we have
Pr(|Fj| > 6| A) < 2exp(—d*deg(i)/(20?)). (3.8)

Define the event QQ = Q(t) = |F;| <t Vi € [n]} and let the event B be where the class sizes
concentrate around n/2 and Proposition 2.4.6 holds. We have

Pr(Q°) < Pr(BNQ°) + Pr(B) < 2nexp (—C't*n(p+q)/o*) + Cn~°
for any ¢ > 0 and some C,C" > 0. Subsequently, we have

Pr(BNQ)>1-Pr(B°) —Pr(Q°) >1—Cn°—2nexp (—C'n(p+q)/c°). (3.9)

We now choose t = o (éfl()]jf; to obtain Pr(BNQ) > 1 — (C 4 2)n"¢. We then observe

that on the event B N @), we have

(%, = m(i) w)| = 7] = <o ﬁ)

from which the result follows upon recalling (3.7). O
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Next, we show that there exists a W such that the loss incurred on any sample (A, X) ~
CSBM(n, p, q, 1, 0) is exponentially small with a high probability.

Lemma 3.2.4. Consider a one-layer neural network with the architecture described in
Architecture 1, equipped with one graph convolution, and the parameter W) = w =
gsgn(p —q)pp for any R > 0. Consider a sample (A,X) ~ CSBM(n,p,q,pn,0). In the

regime y( = w ( nl(‘;iz)> and for some C € [1/2,1], we have that with probability at least

1 —0(n=°) for any ¢ > 0,

(A, X y,w) =Cexp(—Ry((1£0,(1))).

Proof. Consider the loss for a single node ¢ with label y;,

(A Xy, W) = —yilog (2((Xiw)) ) = (1= o) log (1 - o((Xi, %))
= log ( + exp < (1 —2y;)( Xl,\if)))) .

Using Lemma 3.2.3, it follows that with probability at least 1 — O(n~°) for any ¢ > 0, we
have that for all i € [n],

(Xi, W) = (24 = Dsgnlp = 9)y{p, W)(1 + 0a(1)) £0 ( 191 >>

— (2 — 0 _logn
= (25 = DRYC(1 + n<1>>i0<R n(p+q)>,

where the error terms are uniform in ¢. In the second equation we put the value of w from
the theorem statement. We now observe that if (y = w ( nt‘;%%), then for all ¢ € [n] and
all R > 0 we obtain

(X, W) = (25 — DRYC(1 % 04(1)) = (29 — 1)CRAC (3.10)

for some constant C' > 0. Hence, with the same probability, the loss incurred for each node
i€[n]is ;(A, X,y,w) =log (1 + exp(—CRY()). Thus, the total loss is given by

1

The result then follows using Fact 2.4.8. O]
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To finish the proof of Theorem 1 part two, note that from (3.10), we have that in the
said regime, with probability at least 1 — O(n™) for any ¢ > 0, the quantities <)~(Z,W)
have the correct signs, and therefore, a network with a graph convolution that outputs
©((X;, W)) obtains perfect classification with overwhelming probability. The exponentially
decaying expression for the cross-entropy is then obtained directly from Lemma 3.2.4.

Negative regime with Graph Convolution

We now provide the proof of part three of Theorem 1, i.e., the non-separability threshold
for the convolved data X. The way we define separability here implicitly includes the
desired property of generalization. In particular, consider a training dataset (A’,X’') ~
CSBM(n, p,q, i, o) and a test dataset (A, X) ~ CSBM(n, p, q, u, o) drawn independently
from (A’,X’) but from the same CSBM. Next, consider an arbitrary learning algorithm
L(A’;X") that takes as input the training dataset (A’, X’) and outputs a linear classifier
w. We will bound the probability that w is able to perfectly classify the test data (A, X).

Recall that with probability at least 1 — O(n™°) with any choice of ¢ > 0, the value of
m(i) is given by (3.7). Note that for successful classification, we require (X;, w) < 0 for
i € Cyand (X;,w) > 0 for i € C;. These conditions are equivalent to the event that

o
(W, ) (1 £+ 0,(1)) + max a;;(g;, w) <0, 3.11
(w, 1) (1 £ 0,(1)) Ze%deg()]; (g5 w) (3.11)
—'y<w,u>(1i0n(1))+gglcrlldeg Zam g, w) >0, (3.12)

where the error term o, (1) = O<\/1g@)' Denote A = Edeg = 5(p +¢) and T' = Cj if

|Co| < |Ch], T = Cy otherwise. Then we can bound the probability of the above event by
the following probability.

o
Pr | max 4o ;} aij (g, W) < —7(w, ) | (1 0,(1)) (3.13)
j€ln
<Pr max deg %:]aw g, W) <v|lplly(1£0,(1)) | using Cauchy-Schwarz (3.14)
J
< Pr > aylg,w) < ¢ £ 0,(1) ing ¢ = [lplly/ (3.15)
max ——— » a;;{g;, w) < On using ¢ = o :
- e deg(i) o & ! & Hil2
JE€Nn
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<Pr (%xm,w) < %(1 + on(l))) using ¢ < \%, (3.16)

where the random vectors Z; = @ > jeln @8 ~ N(0, @Id). We will now utilize Su-
dakov’s minoration inequality [Verl8, Section 7.4] to obtain a lower bound on the expected
supremum of the random process {(Z;, w)};er, and then use Borell’s inequality [AT07,

Section 2.1] to upper bound the probability in (3.16).
Denote the set J;; = (N; U N;) \ (V; N N;), and note that
(1 £ 0n(1))
(Zow) — (2 w) = T S g ),
leJyj

To apply Sudakov’s minoration result, we also define the canonical metric over the index
set T" for any 4,5 € T

dr(i.3) = JEI(Zow) — (2w = Y25 o, 1), (3.17)

For any 4,5 € T with ¢ # 7 and a node [, the probability of [ being a neighbor of exactly
one of ¢, j is 2p(1—p) if | € T and 2¢(1—q) if [ € [n|]\T. Thus, |J;;| is a sum of independent
Bernoulli random variables and E|.J;;| = n(p(1—p)+q(1—¢)). Hence, by the multiplicative
Chernoff bound we obtain that for any § € (0, 1),

S’E|J;;

Since p,q = w(log2n), we have that E|J;;| = n(p(1 — p) + ¢(1 — q)) = w(log® n). Therefore,

n

choosing § = Vé;‘fﬁ” for any large constant C, we obtain that with probability at least
1—0(n™°), | Iyl = n(p+q—p* —¢*)(1 = 0) =n(p+q—p*— ¢*)(1 — 0n(1)) = Q(A) since

p,q <1 — € for a fixed € > 0. Therefore, we have that

- | Ji 1
d - 140,1) =0 —).
T(Zaj) A ( % ( )) \/Z
Under the above mentioned event, let ¢y = min; jes dr(7,7). Then for an ey-covering of
the set, we need every point of the set, i.e., N(T,dr,€9) = |T|. Putting this information
in Sudakov’s minoration inequality, we obtain that E[max;(Z;, w)] > Ceyy/logn. Since
€0 = Q(1/+/A), this gives us that for some suitable C' > 0,

logn
N

]E[m;ax(Zi, w)| >C (3.18)
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We now use Borell’s inequality [AT07, Section 2.1] so that for any ¢ > 0,

Pr <maX(Zi, w) < E[max(Z;, w)| — t) < 2 exp(—t*deg(i))

1€Cp i€Coh
logn 9 . .
— Pr mgx(Zi,w) <c A —t ] < 2exp(—t-deg(i)) using (3.18).
1€Cp

Choose t = ¢ 10% — \% =0 ( logn) and combine with the event for class-size and

degree concentration from Proposition 2.4.6, so that for some constant ¢ > 0,

K
; < — ) <2n = . .
Pr <r£1€aTX(ZZ,W> < \/Z) <2n on(1) (3.19)
Thus, for any such w, we showed that the probability that w perfectly classifies the con-
volved data (A, X) ~ CSBM(n,p, q, p, o) is 0,(1). This completes the proof.

3.2.4 Proof of Theorem 2

Let us now prove Theorem 2 by characterizing w*. The key point for this result is that the
optimizer of (3.1), w*, must be close to the ansatz we construct, and should separate the
data better than the ansatz. Secondly, we observe that the chosen ansatz does not depend
on the particular values of p and ¢, but only the sign of p — q. As such, it can be shown
that w performs well on out-of-distribution data corresponding to different values of p’, ¢’
with sgn(p’ — ¢’) = sgn(p — ¢). Combining these two observations then shows that w* also
performs well on the out-of-distribution data. Define the following quantities.

my = —sgn(p — ¢)y(p, Ok,  my =sgn(p —q)y(p, Qp. (3.20)
We then have the following Lemma about the expected behaviour of w*.

Lemma 3.2.5. For any R > 0, let w* be the optimizer to the problem in (3.1) for a given
training sample (A, X) ~ CSBM(n,p, q, p, o) with u € R? and with norm constraint R.

logn
n(p+q)
with probability at least 1 — O(n=°) we have that for any R > 0,

w' = Rsgn(p — q)u(1 — 0a(1)). (3.21)

Consider the regime where v( = () ( ) Then for any ¢ > 0 fized but large enough,

Furthermore, we have that

(mg, w*) < —Rovy(p,q)C(1 £ 0,(1)), (my, w*) > Roy(p,q)¢(1 £+ 0,(1)). (3.22)
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Proof. Fix R > 0 and let w* be the solution to the problem in (3.1) with norm constraint
R. Let the training sample be (A, X) ~ CSBM(n, p, ¢, , o). Then we have that

€<A7 X'7 y? W*) S g(A7 X‘? Y7 W)?

where W is defined in Lemma 3.2.4. Let X; = (D"'AX);. Now we focus our scope to the
event that for every i € [n] and R > 0, we have (X;, W) = (2y; — 1)Ry(p, ¢)C(1 + 0,(1)).
Note that from (3.10), this event occurs with probability at least 1 — O(n~¢) for ¢ large
but constant. Since w* is a solution to (3.1) and ||W|, = R/, on this event we have for
all 7 that

(29 = D){Xs, w*) = Roy(p, q)¢(1 % 04(1)).

Now Lemma 3.2.3 implies that with probability at least 1 — O(n~¢), for all i we also have

logn
=0 | [w" _—
(H o ”(P+Q)>

Since ||w*||, < R, we conclude that (1 — 2y;)(m,,, w*) < —Roy(p,q)¢(1 £ 0,(1)), that is,
(3.22) holds as desired. Now subtracting the two inequalities in (3.22) we obtain that

(m; —my, w*) = 2sgn(p — q)v(p, q) (1, Ww*) > 2Roy(p, q)¢(1 £ 0,(1)). (3.23)

This implies that |[w*||, > R(1 — 0,(1)). Combined with the fact that [|[w*|| < R due to
the optimization constraint in (3.1), we have

(Xi = my, (1+0,(1)), w")

1—on(1)§wgl.
]l [ [l
Thus, the solution of the optimization problem is the suitably scaled vector f. O

We now consider a test sample (A’,X') ~ CSBM(n/, 7', ¢, , ). Let X’ be the corre-
sponding convolution D’"*A’X’. Similar to (3.7) and (3.20) we also define m'(i), m{ and
m/ corresponding to the sample (A’, X’). We restrict our calculations to the case where
y; = 0, since the argument for y; = 1 is similar. Note that

) ~ 2(pd —qp')
mo - mo — ; /
P+ +4)
From Lemmas 3.2.3 and 3.2.5, we see that for ¢ > 0 large but O(1), with probability at
least 1 — O((n')~¢) we have that for any R > 0

(X, w*) = (ml, , w*)(1+0,(1)) Vi€ [n].
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Therefore, by the same lemmas, we have that for any c¢,¢ > 0 large enough, with
probability 1 — O((n')™ +n~¢), when y; = 0

(X}, w*) = (mf, w*) (1 + 0,(1))
= (my — mg, w*)(1 4+ 0,(1)) + (mg, w*)(1 + 0,(1))
200 =) Wy Ry (p,g)C(1L £ onl1)

T+ +q)

2Rsgn(p — q) |pll, (bd —av) o
< TECEY) Rovy(p, q)¢(1 + 0,(1))

_ 2(pg' —qp')  p—q
= Rllalseatp — ) (220 P2 (1,1

= —R||pllysgn(p — @) sgn(p’ — ¢ (@', ¢)(1 —on(1))
= —R||pll, v, d)(1 = 0,(1)).

The first inequality above uses (3.22), while the second inequality follows from Lemma 3.2.5.
In the last equation, we used sgn(p — ¢) = sgn(p’ — ¢’). Similarly, for y; = 1 we obtain

(X, w*) = Rl|pll, 7 (', ¢) (1 — 0a(1)).

This shows that the classifier w* obtains correct signs for X/, i.e., negative for i € Cy and
positive for ¢ € C', implying perfect classification of all the nodes.

3.3 XOR-CSBM with Multi-layer Networks

In this section, we look at an XOR arrangement of CSBM, which we refer to as the
XOR-CSBM. The choice of this data model is inspired by the fact that it is not linearly
separable but is non-linearly separable. Therefore, a single-layer network fails to classify
the data from this model and a multi-layer network is required. We have two classes here
as well, Cy and C4, and the graph A is sampled from a symmetric two-block SBM as
before. However, the GMM now has four components instead of two. We also have latent
variables 1; ~ Ber(1/2) for the cluster membership. More precisely, let g and v be fixed
vectors in R?, such that ||p||, = ||[v||, and (u,v) = 0. The distribution of the data (A, X)
conditioned on latent variables (yi)ren and (9x)kepn) is given by

Pr(a; =1) = {p othermise Xi ~ N (20 = D((1 = yi)pe + yav), 071a),
q otherwise
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For data (A,X) = ({ai;}i e, {Xi}ien) sampled from this model, we say that (A, X) ~
XOR-CSBM(n, p,q, p,v,0), where A ~ SBM(n,p, q) and X ~ XOR-GMM(n, p, v, o).
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Figure 3.1: Example of a 2D Gaussian mixture with orthogonal means +p and +v.

3.3.1 Setting up the Baseline

Before stating the main result about the benefits and performance of graph convolutions,
we set up a comparative baseline in the setting where graphical information is absent. To
this end, we completely characterize the classification threshold for the XOR-GMM data
model in terms of the distance between the means of the mixture.

Theorem 3 (Misclassification error). Let X ~ XOR-GMM(n, p,v, o) be sampled from the
XOR Gaussian mixture. Then the following hold:

1. Assume that || — v|s < Ko and let h(x) : RY — {0,1} be any binary classifier.
Then for any K > 0 and any € € (0,1), at least a fraction 2P, (K/2)* — O(n=/2) of
all data points are misclassified by h with probability at least 1 — exp(—2n'~°).
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2. For any € > 0, if the distance between the means is |p — v|, = Q(o(log n)2te), then
there exist a two-layer and a three-layer network that perfectly classify the data with
probability at least 1 — O(n=°) for any ¢ > 0.

Part one of Theorem 3 shows that if the means of the features of the two classes are at
most O(c) apart then with overwhelming probability, there is a constant fraction of points
that are misclassified. Note that the fraction of misclassified points is 2®.(%/2)?, which
approaches 0 as K — oo and approaches 1/2 as K — 0, signifying that if the means are
very far apart then we successfully classify all data points, while if they coincide then we
always misclassify roughly half of all data points. Furthermore, note that if K = cy/logn
for some constant ¢ € [0, 1), then the total number of points misclassified is 2n®.(K)? <

*CQ . o, . .
%G’KQ = ’{;gn = Q(1). Thus, intuitively, K =< y/logn is the threshold beyond which
learning methods are expected to perfectly classify the data. This is formalized in part
two of the theorem, which shows that if the means are roughly w(o+/logn) apart then the

data can be perfectly classified.

3.3.2 Improvement through Graph Convolutions

We now state the results that explain the effects of graph convolutions in multi-layer
networks with the architecture described in Architecture 1. Denote § = ||u — v||2 and
B = 8/va = ||p|lz = ||[v]]2. Let erf(t) = 2®(t/2) — 1 be the Gauss error function and

b(t) = terf(t) — (1 — exp(—2))/ /7.
Let us begin by defining the signals from the two sources of information (the graph A
and the features X) in the XOR-CSBM model, given by

_lp—d (B
1= ¢ =1 (20> . (3.24)

We now state the most important result of our work.

Theorem 4. Let (A, X) ~ XOR-CSBM(n,p,q, u,v,0). Lety and ¢ be the signals defined
in (3.24). Then there exist a two-layer and a three-layer network such that:

o [f the intra-class and inter-class edge probabilities are p,q = Q(%), and it holds

that v¢ = w < nl(‘;g_:;)» then for any ¢ > 0, with probability at least 1 — O(n™°), the

networks equipped with a graph convolution in the second or the third layer perfectly
classify all the nodes.
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ND n
least 1 —O(n~°), the networks with any combination of two graph convolutions in the
second and/or the third layers perfectly classify all the nodes.

o Ifp,qg = Q™82 and 4%¢ = w( log”), then for any ¢ > 0, with probability at

To understand Theorem 4 intuitively, it helps to consider the case where v(p, ¢) = Q(1),
i.e., when the graph has a non-vanishing signal. Part one of the theorem then states
that under the assumption that p, ¢ = Q(le’n/»), a single graph convolution improves the
classification threshold for || — v||,, the distance between the means by a factor of at
least 1/ {/n(p+q) and up to 1/ /n(p+q) as compared to the case without the graph. Similarly,
part two shows that with a slightly stronger assumption on the graph density, we observe
further improvement in the threshold up to a factor of at least 1/#n and up to 1/ya.

Note that although the regime of graph density is different for part two of the theorem,
the result itself is an improvement. In particular, if p,q = Q(len/\/n) then part one of
the theorem states that one graph convolution achieves an improvement of at least 1/ ¥,
while part two states that two convolutions improve it to at least !/¢m. However, we
also emphasize that in the regime where the graph is dense, i.e., when p,q = Q,(1), two
graph convolutions do not have a significant advantage over one graph convolution. Our
experiments in Section 3.5.1 demonstrate this effect.

We also note that an artifact of the XOR-CSBM data model is that a graph convolution
in the first layer hurts the classification accuracy. Hence, we only consider networks with
no convolutions in the first layer, i.e., k; = 0.

3.3.3 Placement of Graph Convolutions

We observe that the improvements in the classification capability of a multi-layer network
depend on the number of convolutions, and do not depend on where the convolutions
are placed. In particular, for the XOR-CSBM data model, putting the same number of
convolutions among the second and/or the third layer in any combination achieves mutually
similar improvements in the classification task.

Corollary 4.1. Consider the data model XOR-CSBM(n,p,q, u,v,0) and the network ar-
chitecture described in Architecture 1. Then we have the following:

o Assume that p,q = Q(1°8°7/n), and consider the three-layer network characterized by
part one of Theorem 4, with one graph convolution. For this network, placing the
graph convolution in the second layer (ko = 1,ks = 0) obtains the same results as
placing it in the third layer (ko = 0,ks = 1).
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o Assume that p,q = Q(leen/\m), and consider the three-layer network characterized by
part two of Theorem 4, with two graph convolutions. For this network, placing both
convolutions in the second layer (ko = 2,ks = 0) or both of them in the third layer
(ko = 0,ks = 2) obtains the same results as placing one convolution in the second
layer and one in the third layer (ko = 1,ks =1).

Corollary 4.1 is immediate from Theorem 4. In Section 3.5, we also show extensive
experiments on both synthetic and real-world data that demonstrate this result.

3.3.4 Proof of Theorem 3

We begin by computing the Bayes optimal classifier for the XOR-GMM similar to that in
Proposition 3.2.1.

Lemma 3.3.1. For some fized pu,v € RY and o > 0, the Bayes optimal classifier, h*(x) :
R? — {0,1} for the data model XOR-GMM(n, p,v, o) is given by

0 |(z,p)

h*<m>=1<|<w,u>|<l<w7'/>'>:{1 (1)

where 1 is the indicator function.

Proof. Note that Prly = 0] = Pr[y =1] = ;. Let fx(x) denote the density function of a
continuous random vector x. Therefore, for any b € {0, 1},

Priy—b|x—m = — rW=tla@ly=b _ .
ZcE{O,l} Pr [y:C] fx‘y(aj ’ Yy = C) 1+%

Let’s compute this for b = 0. We have

fa(@ |y =1) _ cosh((,v)/o®) <||u||2 - ||u2||> _ cosh((@,v)/o?)

Faw(@ [y=0)  cosh((z, p)/o?) 207 ~ cosh((z, p)/0?)’

where in the last equation we used the assumption that ||p|| = ||v||. The decision regions
are then identified by: Pr[y = 0 | x] > 1/2 for label 0 and Pr [y = 0 | x| < /2 for label 1.

cosh((z,v)/0?)

Thus, for label 0, we need M < 1, which implies that === < 1. Now we
fx|y(m|y_0) COSh(<m7“>/U )

note that cosh(x) < cosh(y) = |z| < |y| for all z,y € R, hence, we have |[(x, u)| >

|(x,v)|. Similarly, we have the complementary condition for label 1. O
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Next, we design a two-layer and a three-layer network and show that for a particular
choice of parameters § = (W b®) for [ € {1,2} for the two-layer case and | € {1,2,3} for
the three-layer case, the networks realize the optimal classifier described in Lemma 3.3.1.

Proposition 3.3.2. Consider two-layer and three-layer networks of the form described in
Architecture 1, without biases (bW = 0 for all 1), for parameters W and some R € R*:
For the two-layer network,

WY =R(p —fp o —D), W® = (-1 -1 1 1)

For the three-layer network,

N
-1 -1 1 1 1
WO =R(a —p v —b wW® = W =
Rlp —p v -v), (1 1 -1 —1)’ <1)

Then for any o > 0, the defined networks realize the Bayes optimal classifier for the data
model XOR-GMM(n, p,v,0).

Proof. Note that the output of the two-layer network is o([XW M|, W®) which is inter-
preted as the probability with which the network believes that the input is in the class
with label 1. The final prediction for the class label is assigned to be 1(g; > 0.5). For each
i € [n], we have that the output of the network on data point i is

9i = ((R(|(Xq, )| = [(Xa, @)])),

where we used the fact that [t], + [—t]; = |t| for all ¢ € R. Similarly, for the three-layer
network, the output is ¢([XWM] W], W®)), Direct calculation gives

(X, )| = (X, )[4 = [[(Xs, )| = [(Xs, 2)]4))
Xi, o) = [(Xi, 1)),

where in the last equation we used the fact that [t]. — [—t], =t for all ¢ € R.

gi = ¢ (R(]
= ¢ (K(]

The final prediction is then obtained by considering the maximum posterior probability
among the class labels 0 and 1, and thus,

pred(X;) = (R [(X;, )| < R|(X, 0)]) = 1({Xs, )| < [(X5,0)]),

which matches the Bayes classifier in Lemma 3.3.1. [
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We are now ready to prove part one of Theorem 3. Recall from Lemma 3.3.1 that for
successful classification, we require for every i € [n],

(X;, )| > |(X;,v)| for i € Cy, (X, )| < |[(X;,v)| fori e Ch.

Let’s try to upper bound the probability of the above event, i.e., the probability that the
data is classifiable. We consider only class Cj, since the analysis for (' is symmetric and
similar. For i € Cy, we can write X; = p + og;, where g; ~ N(0,I). Then we have for
any fixed ¢ € Cj that

Pr[[(Xi, w)| = (X, v)|] = Pr{|§' + o(g:, )| = |o(gi, )]
<Pr[f +ol{gin)>ol{g, )| (by triangle inequality)
< Pr[{g:;, )| — (g )| < ¥/va]  (using § < Ko).

We now define random variables 7, = (g;,v) and Z, = (g;, 1) and note that Z;, Zy ~
N(0,1) and E[Z,Z,] = 0. Let K’ = K/+/2. We now have

PI'HZ1’ — ‘ZQ‘ S K/] =4Pr [Zl - ZQ S K/, ZI,ZQ Z 0]
:4/ Pr0< 7 <z+ K'| ¢(z)dz
0

_ 4/000 <<1>(z +KY) - %) 6()dz — 4/000 B(z + K') ¢(2)dz — 1

= 20(K/2) 4+ 20(K/2) D (K/2) — 1 = 1 — 2B (K /2)2.

To evaluate the integral above, we used [Owe80, Table 1:10,010.6 and Table 2:2.3]. Thus,
the probability that a point ¢ € Cj is misclassified is lower bounded as follows

Pr[X; is misclassified] > 2®, (K/2)* = 7x.

Note that this is a decreasing function of K, implying that the probability of misclassi-
fication decreases as we increase the distance between the means, and is maximum for

K =0.

Define M(n) for a fixed K to be the fraction of misclassified nodes in Cy. Define x;

to be the indicator random variable 1(X; is misclassified). Then z; are Bernoulli random
variables with mean at least 7x, and EM(n) = %Zieco Exz; > 7x. Using Hoeffding’s

inequality [Ver18, Theorem 2.2.6], we have that for any ¢ > 0,
Pr[M(n) > 75 —t] > Pr[M(n) > EM(n) —t] > 1 — exp(—nt?).
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Choosing ¢ = n~/? for any € € (0,1) yields Pr [M(n) > 7x —n~/*] > 1 — exp(—n'"),
which completes the proof.

We now turn to the proof of part two of Theorem 3, and show that there exists a
two-layer MLP that obtains an arbitrarily small loss, and hence, successfully classifies
a sample drawn from the XOR-GMM model with overwhelming probability. Consider
the two-layer and three-layer MLPs described in Proposition 3.3.2, for which we have

gi = ¢ (R((X5, 0)| = [(X, @)])-
Note that (X; —EX;, ft) and (X; —EX;, ) are mean 0 Gaussian random variables with

variance o2. So for any fixed i € [n] and m. € {u, v}, we use [Verl8, Proposition 2.1.2] to
obtain

o t?
Pr|[(X; — EX;, m,)| > t| < exp|——=].
I >t e (5 )

Then by a union bound over all i € [n] and m, € {u, v}, we have that

no |2 2
o o < o 2 B .
Pr[(X; — EX; m.,)| <tVi€[n], m.€ {u, v} >1 —\/ = exp ( —202)

Let ft,0 denote the normalized vectors p,v. We now set ¢t = 04/2(c+ 1)logn for any

large constant ¢ > 0. We now have with probability at least 1 — (”+—1C)1 that
7(c ogn

(X, by = (EX;, 1) £ O(or/clogn), (X;,v)=(EX;,v) =+ O(c\/clogn) Vi € [n].

Thus, we can write

X , c L c .
(X, p) =0 (1:&0( logn))’ (X;,v)=p -O( logn) Vi € Cp,
(3.25)
X ) c N c .
<XZ,[J,>:B O< logn)’ <XZ,I/>—B (1:':0( 10gn>) VZGOl.
(3.26)

Using (3.25) and (3.26), we obtain that the output of the networks in Proposition 3.3.2 is

o((2y; — 1)RB'(1 £ O( g ), implying perfect classification of all data points.
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3.3.5 Proof of Theorem 4

Networks with One Graph Convolution

Let us now prove part one of Theorem 4. First, let us understand the output of the (Bayes)
optimal classifier for the XOR-GMM data model.

Lemma 3.3.3. Let h(z) = [(z,0)| — [(z, )| for all x € R and recall the value of ¢ from
1-—

(3.24). Consider ¥(t) = terf(t) — - < —t2

NG > Then we have the following.

1. The expectation Eh(X;) = V2(2y; — 1)ow) (%)
2. For any B,0 > 0 such that B = Q,(c), we have that ¢(§) = Q(g)

3. For any 8,0 > 0 such that 5 = o0,(0), we have that w(g) = Q(’B—z)

[

Proof. For part one, observe that (X;, ft) and (X;, ) are Gaussian random variables with
variance 0% and means 8/v2,0 if y; = 0 and 0,8/v2 if y; = 1, respectively. Thus, [(X;, @1)]

and |(X;, D)| are folded-Gaussian random variables and we have Eh(X;) = —v/201 (
if i € Cy and Eh(X;) = v20¢ ( U) otherwise. We now write

1 2
t)=t(ef(t)— —=1—e")) =tH(t
o(t) =t (anfl) = == ) ) =100,
where H(t) = erf(t) — 7(1 —e?),
For part two, note that H(t) is an increasing function in the range [—1, 1] nd H(t)>0
for t > 0. Hence, for t > C for some positive constant C', H(t) > H(C) = C’, therefore,

W(t) =tH(t) > C't.

For part three, t = 0,(1). We use the series expansion of h(t) about ¢ = 0 to obtain
that

t t3 t t3
h(t) = —= — Ot®) > —= — —— = Q(t).
=75 6w 1OV 2 75 m =00
Hence, 9(t) = th(t) = Q(t*). Putting t = 3/0 completes the proof. O

Let us now begin the main proof by computing the output of the network when one
graph convolution is applied at any layer other than the first.
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Lemma 3.3.4. Let h(x) = |(z,0)| — |(x, )| for any x € RY. Consider the two-layer and
three-layer networks in Proposition 3.3.2 where the weight parameter of the last layer, W)
is scaled by a factor of & = sgn(p —q). If a graph convolution is added to these networks in
either the second or the third layer then for a sample (A, X) ~ XOR-CSBM(n,p,q, p,v,0),
the output of the networks for a point i € [n] is

i = (1)) = | FEE T ah(X,)
j€[n]

Proof. The networks with scaled parameters are given as follows.
For the two-layer network:

WO =R((a —p v —v), W —¢(-1 -1 1 1),

For the three-layer network:

’ 11 -1 -1) 7 1)
When a graph convolution is applied at the second layer of this two-layer MLP, the output
of the last layer for data (A,X) is f7(X) = D 'AXW®], W®. Then we have

o (%5, — 105 ) = g 3 ash(X,)

X)) =
deg(i) jeln]

Similarly, when the graph convolution is applied at the second layer of the three-layer MLP,
the output is f*(X) = [DTAXWO], W], W& and we have

_ R
~ deg(i)

F9(x) S ash(Xy)| |- ]aijh(Xj) ~ deg(i) > aih(X;).

Jj€ln] Jj€ln

+ +

Finally, when the graph convolution is applied at the third layer of the three-layer MLP,
the output is fi(?’) (X) = D'A[XWWD], W], WO and we have

3 x) = 1 ai (105 0 — 1K, i) — [[(Xs )| — (X, 0
17X = Gea@ ;em i (14X, ) = 15, w1, — (X5, )] = (X5, 2)]1)
- R ;i I) — L = Ré_ Qi s .

= dogll) jgm (X, 2} = 10X 1)) = G20 jéw iih(X;).
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Therefore, in all cases with a single convolution, the output of the last layer is fi(L) (X) =

Rfigélgpl) %) > jeln @ii(X;), where L € {2,3} is the number of layers. O

Now to complete the proof of Theor om 4 E)art one, we analyze the output conditioned
on the adjacency matrix A. Note that in Lemma 3.3.4 is Lipschitz with con-
stant ,/m, and h(X;) are mutually 1ndependent for 7 € [n]. Therefore, by Gaussian
concentration [Ver18, Theorem 5.2.2] we have that for a fixed i € [n],

1 (L) (L) 52deg(i)
We refer to the event from Proposition 2.4.6 as B and define Q(¢) to be the event that
|fi(L)(X) — E[f"(X)]| < t for all i € [n]. Then we can write

()

t2
Pr[Q(t)] =Pr[Q(t) N B]+ Pr[Q(t) N B < 2nexp <—%) + Pr B9
2
< 2nexp —M + 2n~°.
82
Let £ = sgn(p—q) and note that p q) ‘p%q‘ v(p, q). We now choose t = 20 %

to obtain that with probability at least 1 —4n~¢, the following holds for all i € [n):

L) = Lep® )+ 0 < \ Cﬁz )
gy S 0 ([
_ ;/_je—% <]€ZC aij — ];co %> +0 (R1 / Czljoi 7;>> (Lemma 3.3.3)
= V2(2y: — 1) Ry(p, ¢)¢(1 £ 0,(1)) £ O (R1 / Céoiz ) (Proposition 2.4.6)

= v2(2y; — D Ry(p, 9)¢(1 £ 0,(1))

n(p+q)

where in the last equation we used the assumption that v(p,¢){ = w <, /M) Overall,
we obtain that with probability at least 1 —4n~¢,

fi(L)(X) = (2y; — 1)CoRv(p,q)¢(1 £ 0,(1)), for all i € [n].
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Therefore, with probability at least 1 — O(n™¢), the output of the networks have correct
signs for each class, implying perfect classification of all the nodes.

Networks with Two Graph Convolutions

Let us now turn to the proof of part two of Theorem 4. We begin by computing the output
of the networks constructed in Proposition 3.3.2 when two graph convolutions are placed
among any layer in the networks other than the first.

Lemma 3.3.5. Let h(z) : R? — R = [(z, 0)|—|{z, 1)|. Consider the networks constructed
in Proposition 5.3.2 equipped with two graph convolutions in the following combinations:

1. Both convolutions in the second layer of the two-layer network.
2. Both convolutions in the second layer of the three-layer network.
3. One convolution each in the second and the third layer of the three-layer network.

4. Both convolutions in the third layer of the three-layer network.

Then for a sample (A, X) ~ XOR-CSBM(n,p,q, u,v,0), the output of the networks in all
the above described combinations for a point i € [n] is

~ L Qi A
g = o(fP(X) = ¢ deg Zm , where 7; = Z deg]

Proof. For the two-layer network, the output of the last layer when both convolutions are
at the second layer is given by fi(Q)( X) = (D7TA)2[XW! )]+W(2). Then we have

fi(2)( deg Z Z azjajk deg Z Tiih

jeln] ken ] JEN]

Next, for the three-layer network, the output of the last layer when both convolutions
are at the second layer is given by f(X) = [(DTAP[XWO, W], W®, hence, we
have

fi(g) (X) = de];(i) Z aw Z ajrh(Xe)| — |- Z a” Z a;rh(Xy)

s 9e8U) () ) s deel .
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R a;j R
dog(® 2= dog(7) 2 ") = Gogly 20 M)

Similarly, the output of the last layer when there are one convolution each at the second
and the third layer is given by f{?(X) = DTADTAXW®], W], W®  hence, we

have

IO = SIS X | - |- S aph(Xe)
G

d d
eslt jJE€[n] eg(]) ke[n] n ke[n] i
R aw R
— E E h(Xk) E h(X5).
deg(i) - @ik ) deg(z) : miih(X;)
JG[n] kE[ J€ln]

FlnaHX the output of the last layer when both convolutions are at the third layer is given
by fP(X) = (DTA2[[XWD], W], W& hence, we have

%) = g Zd“” > g (X)), = (XL,

ke[n]

R am R
= doel Z Z ajrh(Xy) = dog () > mih(Xp).

J'E[n} kE[ ]

Hence, the output for two graph convolutions is the same for any combination of the
placement of convolutions, as long as no convolution is placed at the first layer. O

We are now ready to prove the positive result for two convolutions. The proof strategy
is similar to that of part one of the theorem. Note that & fi(L) (X) in Lemma 3.3.5 is

Lipschitz with constant
2
< v T2
o= e

JEn]

L w
[FIARteS

Since h(X,) are mutually independent for j € [n], by Gaussian concentration [Verl§,
Theorem 5.2.2] we have that for a fixed i € [n],

L@y g @ __0%deg(i)*
Pr [Em (X) - Bl <X>H>5|A] szexp< 4022j€[n17i3>-
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We refer to the event from Proposition 2.4.7 as B. Note that since the graph density
2
assumption is stronger than Q(logn ), Proposition 2.4.6 trivially holds in this regime, hence,

the degrees also concentrate strongly around A = %(p + ¢). On event B, we have that

2 2
2 _ Qg QK
Z K Z Z deg(k) Z Z aixaz | (14 on(1))
jE€[n] j€[n] \k€[n] j€ln] \ke[n]
1
= (Z IN; NN+ NN Nj|2) (1£0,(1))
Jri EZ)

1
= A2 (Z (2 P+ q ) + Z npq) ) (1£0,(1)) (using Proposition 2.4.7)

Jevi Jo“i

2 3
_nofnt o 2y 2.2 2 _n 4, 4 2 2
= 5AZ (Z(p +¢)" +n'pq ) (1£0a(1)) = g5 (b + 4" +6p°¢") (1 £ 0a(1)).
Therefore, under this event we have that
1 + ¢* + 6p2¢?)
x| < AT O ).
HRfZ %) Lip \/deg Z En n(p+q)* (1=ea(1))
Note that K = K(p,q) = % < 4. We now define Q(t) to be the event that

1F (X)) = B[fP(X)]| < t for all i € [n]. Then we have

1

Pr[Q(t)] =Pr[Qt) N B]+ Pr[Q(t)°N B < 2nexp (—%) +2n"°.

We now choose t = o w to obtain that with probability at least 1 — 4n~¢,
the following holds for all i € [n]:

fi(L) (X) = E[fi(L)(X)] +0 <RU V 10%) - deg Z T ER(X (RU 107%”) '

Note that we have

O'deg Z 7 Bh(X;) deg (Z Tij Z Tij> (using Lemma 3.3.3)

jeC j€Co
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deg Z Z a“‘?aﬂ’“ Z Z (;Zkga]k

jeCi keln Jj€Co keln)

-l T (z Sy

ke(n] jeC 7€Co
_ V2(sgn(p —
deg Z i — Z ay | (14 0,(1))
keCq keCo

= V2(2y; = 1)¢v(p,0)*(1 + 0a(1)).

In the last two equations above, we used Proposition 2.4.6. Overall, we obtain that

L i) = @y — DORY(p. )*C(1 + 0a(1) £ O (R log”)

= (2y; — CRY(p, q)*C(1 + 0,(1)),

where in the last equation we used v(p, ¢)*¢ = w ( 1"%) Now that the outputs have

the correct sign, this implies perfect classification of all nodes and completes the proof.

3.4 Experiments with the Linear Model

In this section, I provide experiments to demonstrate the theoretical results in Section 3.2.
To solve problem (3.1), CVX was used, a package for specifying and solving convex pro-
grams [GB13, BBKO0S].

3.4.1 Loss against the Distance between the Means

In our first experiment, we illustrate how the training and test losses scale as the distance
between the means increases from nearly zero to 2/v/d. Note that according to Part 1
and Part 3 of Theorem 1, 1//0.5dn(p + q) and 1/4/d are the thresholds for the distance
between the means, below which the data with and without graph convolution are not
linearly separable with high probability, respectively. For this experiment, we train and
test on a CSBM with p = 0.5, ¢ = 0.1, d = 60, and n = 400 which is roughly equal
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to 0.85 - d*2, and each class has 200 nodes. We present results averaged over 10 trials
for the training data and 10 trials for the test data. This means that for each value of
the distance between the means we have 100 combinations of train and test data. The
results for training loss are shown in Fig. 3.2a and the results of the test loss are shown
in Fig. 3.2b. We observe that graph convolution results in smaller training and test loss
when the distance of the means is larger than logn/ Vdn ~ 0.035, which is the threshold
such that graph convolution can linearly separate the data (Part 2 of Theorem 1).

100 | I
-\.\I.
‘- -
v . ‘o - 10° W
o107 = - W, - o L
£ | .\I\. + =
E Lower bound without graph conv. = . g 1071 ‘._
© _-:-_ ‘lllvptnher leundr:vith ngpt'j conv. ~'*-.\ ~ —a-- Theoretical rate for graph conv. '\.\.
— ithout graph convolution
F102 = With graph convolution | N\ —e— Without graph convolution ‘_*
Threshold without h . =g . .
— Threahold with graph conv. Tim 1072 With graph convolution '
0.00 0.05  0.10 0.15 0.20 0.00 0.05  0.10 0.15 0.20
Distance of means Distance of means
(a) Training loss vs distance of means (b) Test loss vs distance of means

Figure 3.2: Training and test loss with/without graph convolution for increasing distance
between the means. The vertical dashed red and black lines correspond to the separability
thresholds from Parts 1 and 3 of Theorem 1, respectively. The green dashed line with
square markers illustrates the theoretical rate from Theorem 2. The cyan dashed line with
star markers corresponds to the lower bound from Part 1 of Theorem 1. We train and test
on a CSBM with p = 0.5, ¢ = 0.1, n =400 and d = 60. The y-axis is in the log scale.

3.4.2 Loss against the Density of the Graph

In our second experiment, we illustrate how the training and test losses scale as the density
of the graph increases while maintaining the same signal-to-noise ratio for the graph. By
density we mean the value of the intra- and inter-class edge probabilities p and ¢, since
they both control the average degree of each node in the graph. For this experiment, we
train and test on a CSBM with ¢ = 0.2p where p varies from 1/n to 0.5 and v(p, q) =~ 0.6,
d = 60, and n = 400 which is roughly equal to 0.85-d*/?, and each class has 200 nodes. For
this experiment, the distance between the means is 2/ V/d. The results for training loss are
shown in Fig. 3.3a and the results of the test loss are shown in Fig. 3.3b. In these figures,
we observe that the performance of graph convolution improves as density increases. We
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also observe that for p, ¢ < log? n/n, the performance of graph convolution is as poor as
that of standard logistic regression.

10°
1071
0 ")
§ —e— Without graph convolution 8 o —e— Without graph convolution
c =¥ With graph convolution - 10 =¥ With graph convolution
= 0
© log2(n)/n 9] log?(n)/n
~ 10—2 =
10—2 -
0.0 01 02 03 0.4 05 0.0 01 02 03 0.4 05
Density (i.e., value of p) Density (i.e., value of p)
(a) Training loss vs density (b) Test loss vs density

Figure 3.3: Training and test loss with/without graph convolution for increasing density.
The vertical dashed red line corresponds to the lower bound of p and ¢ from our assumption
on graph sparsity. The y-axis is in the log scale.

3.4.3 Out-of-Distribution Generalization on Synthetic Data

In this experiment, we test the performance of the trained classifier on out-of-distribution
datasets. We perform this experiment for two different distances between the means, 16/ Vd
and 2/\/3 We train on a CSBM with piein = 0.5, Qirain = 0.1, n = 400 and d = 60, and
we test on CSBMs with n = 400, d = 60 and varying piess and qiess While Dioss > Qres- The
results are shown in Fig. 3.4'. In this figure, we observe what was studied in Theorem 2
that is, out-of-distribution generalization to CSBMs with the same means but different p
and ¢ pairs. In particular, for a small distance between the means, i.e., 2/ V/d, where the
data are close to being not linearly separable with high probability (Part 1 Theorem 1),
Fig. 3.4a shows that graph convolution results in much lower test error than not using the
graph. This happens even when gy is close to pyes in the figure, i.e., y(Prest; Grest) from the
bound in Theorem 2 is small. Furthermore, in Fig. 3.4b, we observe that for large distance
between the means, i.e., 16/ V/d, where the data are linearly separable with high probability
(Part 1 Theorem 1), and gses is much smaller than pyes; (i.e., ¥(Prest, Qrest) is large), then
graph convolution has low test error, and this error is lower than that obtained without
using the graph. On the other hand, in this regime for the means, as ¢ approaches pses

Note that the x-axis is ¢. Another option that is more aligned with Theorem 2 is y(pyest, qrest), however,
the log-scale collapses all lines to one and the result is less visually informative.
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(i.e, as Y(Piest; Grest) decreases), the test error increases and eventually it becomes larger
than without the graph.

In summary, we observe that in the difficult regime where the data are close to linearly
inseparable, i.e., the means are close but larger than 1/ V/d, then graph convolution can
be very beneficial. However, if the data are linearly separable and their means are far
apart, then we get good performance without the graph. Furthermore, if v(piest, Grest) 1S
small then the graph convolution can result in worse training and test errors than logistic
regression on the data alone. In the supplementary material, we provide similar plots for
various training pairs pies; and ques;. We observe similar trends in those experiments.

—!-3-.-;-0—0-3—*0—&-‘0 lo-1 ay‘E = [ >
| + + & . 5 . pe <3
3 101 P 4 & 10-3 &
° o Without graph conv. ° —e-- Without graph conv.
E p —¥— With graph conv., ptest=0.5 g 10-5 L * 7 —— With graph conv., ptest=0.5
= = With graph conv., ptest=0.7 - ..ﬁ.g_i_.. o~ —® With graph conv., pest=0.7
1072 o7 With graph conv., ptest=0.9 10-7 " ¥ With graph conv., ptest=0.9
¢ %-- With graph conv., prest=1 E.w -+ With graph conv., prest=1
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
qtest qtest

(a) llna = vall = 2/Vd

(b) llka — vall = 16/vd

Figure 3.4: Out-of-distribution generalization. We train on a CSBM with pya, = 0.5,
Qirain = 0.1, n = 400 and d = 60. We test on CSBMs with n = 400, d = 60 and varying
Diest aNd Gpesy While piesy > qrese and fixed means. The y-axis is in the log scale.

3.4.4 Out-of-Distribution Generalization on Real Data

In this experiment, we illustrate the generalization performance on real data for the linear
classifier obtained by solving (3.1). Note that Eq. (3.1) is convex in the case of one-layer
networks. In particular, we use the partially labelled real data to train two linear classifiers,
with and without graph convolution. We generate new graphs by adding inter-class edges
uniformly at random. Then we test the performance of the trained classifiers on the noisy
graphs with the original attributes. Therefore, the only thing that changes in the new
unseen data are the graphs, the attributes remain the same. Note that our goal in this
experiment is not to beat current baselines, but rather to demonstrate out-of-distribution
generalization for real data when we use graph convolution.
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We use the real datasets Cora, PubMed and WikipediaNetwork. These datasets are
publicly available and can be downloaded from [FL19]. The datasets come with multiple
classes, however, for each of our experiments, we do a one-v.s.-all classification for a single
class. WikipediaNetwork comes with multiple masks for the labels, in our experiments,
we use the first mask. Moreover, this is a semi-supervised problem, meaning that only a
fraction of the training nodes have labels. Details about the datasets are given in Table 3.1.

Table 3.1: Information about the datasets, 5y and ; are defined in Section 2.2. Note that
for each dataset we only consider classes A and B and we perform linear classification in
a one-v.s.-all fashion. Here, A and B refer to the original classes of the dataset. Results
for other classes are given in the supplementary material.

H Info./Dataset Cora  PubMed Wiki.Net. H

# nodes 2708 19717 2277

# attributes 1433 500 2325
Bo, class A 5.0e—2  2.5e—3 4.7e—1
By, class A 5.6e—2  4.8e—3 4.9e—1
Bo, class B 4.8e—2 3.3e—3 4.7e—1
[, class B 9.2e—2 2.5e—3 4.7e—1
|l — v, class A 7.0e—1 1.0e—1 3.6e—1
|l —v|, class B 9.4e—1 7.2e—2  3.0e—1

The results of this experiment are presented in Fig. 3.5. We present results for classes
A and B for each dataset. This set of experiments is enough to demonstrate good and
bad performance when using graph convolution. The results for the rest of the classes are
presented in the supplementary material. The performance for other classes is similar. Note
in the plots that in this figure the y-axis (Test error) measures the number of misclassified
nodes? over the number of nodes in the graph. In all sub-figures in Fig. 3.5 except for
Fig. 3.5¢ we observe that graph convolution has lower test error than without the graph
convolution. However, as we add inter-class edges (noise increases), then graph convolution
can be disadvantageous. Also, there can be cases like in Fig. 3.5¢ where graph convolution
is disadvantageous for any level of noise. Interestingly, in the experiment in Fig. 3.5¢ the

2We do not plot the loss on the y-axis because the test loss does not differ much between using and
not using graph convolution. However, the number of misclassified nodes differs significantly as shown in
Fig. 3.5. As noted after Theorem 2, our argument for the bound on the loss immediately yields a bound
on the number of misclassified nodes.
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test errors with and without graph convolution are low (roughly ~ 0.080). This seems to
imply that the dataset is close to being linearly separable for the given labels. However,
the dataset seems to be nearly non-separable after the graph convolution, since adding
noise to the graph results in a larger test error.
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Figure 3.5: Test loss as the number of nodes increases. The test error measures the number
of misclassified nodes over the number of nodes in the graph. Moreover, p denotes the ratio
of added inter-class edges over the number of inter-class edges of the original graph. The
y-axis is in the log scale.
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3.5 Experiments with the Multi-layer Models

In this section, I provide empirical evidence that supports our results in Section 3.3. We
begin by analyzing the synthetic data models XOR-GMM and XOR-CSBM that are crucial
to our theoretical results, followed by a similar analysis on multiple real-world datasets
tailored for node classification tasks. I show a comparison of the test accuracy obtained by
various learning methods in different regimes, along with a display of how the performance
changes with the properties of the underlying graph, i.e., with the intra-class and inter-class
edge probabilities p and q.

We observe that the performance of the networks does not change significantly with the
choice of the placement of graph convolutions. In particular, placing all convolutions in
the last layer achieves a similar performance as any other placement for the same number
of convolutions. This observation aligns with the results in [GBG19].

3.5.1 Synthetic Data

In this section, we empirically show the landscape of the accuracy achieved for various
multi-layer networks with up to three layers and up to two graph convolutions. The reader
is referred to Section 3.6.3 for experiments with networks having graph convolutions in the
first layer, which provide insights into why convolutions may hurt in the first layer.

In Fig. 3.6, we see that as claimed in Theorem 4, a single graph convolution reduces
the classification threshold by a factor of 1/ ¥Edeg and two graph convolutions reduce the
threshold by a factor of 1/¢n, where Edeg = 5(p + q).

We observe that the placement of graph convolutions does not matter as long as it is
not in the first layer. Figs. 3.6a and 3.6b show that the performance is mutually similar for
all networks that have one graph convolution placed in the second or the third layer, and
for all networks that have two graph convolutions placed in any combination among the
second and the third layers. In Figs. 3.6e and 3.6f, we observe that two graph convolutions
do not obtain a significant advantage over one graph convolution in the setting where p
and ¢ are large, i.e., when the graph is dense.

3.5.2 Real-world Data

For real-world data, we test our results on three graph benchmarks: CORA, CiteSeer, and
Pubmed citation network datasets [SNBT08]. We observe the following trends: First, as
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Figure 3.6: Averaged accuracy over 50 trials for networks with and without graph convolu-
tions on the XOR-CSBM data model with n = 400,d = 4 and o = \/Lg. The x-axis denotes

the ratio || — ||, /o on a logarithmic scale. The vertical lines indicate the theoretical
classification thresholds mentioned in Theorem 3 (red) and Theorem 4 (violet and pink).

claimed in Theorem 4, networks that utilize the graph perform remarkably better than a
traditional MLP that does not use relational information. Second, all networks with one
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graph convolution in any layer achieve a mutually similar performance, and all networks
with two graph convolutions in any combination of placement achieve a mutually similar
performance. This demonstrates a result similar to Corollary 4.1 for real-world data.
Finally, networks with two graph convolutions perform better than networks with one
graph convolution, i.e., they obtain better accuracy on the same dataset.

In Fig. 3.7, we present for all networks, the maximum accuracy over 50 trials, where
each trial corresponds to a random initialization of the networks. For 2-layer networks,
the hidden layer has width 16, and for 3-layer networks, both hidden layers have width 16.
We use a dropout probability of 0.5 and a weight decay of 10~° while training.

For this study, we attribute minor changes in the accuracy to hyperparameters involving
dropout and weight decay. This helps us clearly observe the important difference in the
accuracy of networks with one graph convolution versus two graph convolutions. For
example, in Fig. 3.7a, we note that there are differences in the accuracy of the networks
with one graph convolution (red and blue). However, these differences are minor compared
to the networks with one convolution (red and blue) and networks with two convolutions
(green and yellow). Note that the accuracy slightly differs from well-known results in
the literature due to implementation differences. In particular, the GCN implementation
in [KW17] uses A = D 2AD": as the normalized adjacency matrix, however, we use
A = DA, (The proofs rely on degree concentration, and thus, generalize to the other
type of normalization as well.) In Figs. 3.8 and 3.9, I show similar results for larger datasets,
namely, OGBN-arXiv and OGBN-products [HFZ"20b].

3.6 Additional Insights

In this section, we will look at some insightful results that are not directly relevant to
the main results, yet, provide a meaningful chain of reasoning for a few of the research
decisions in this thesis.

3.6.1 Variance Reduction Through Graph Convolutions

A natural question about graph convolutions is: What is the precise variance reduction ob-
tained through relational information when a graph convolution operation is applied to the
node attribute data? The following result answers this question under some assumptions.

Lemma 3.6.1 (Variance reduction). Denote the event for Proposition 2.4.6 to be B. Let
{ X uem € R"™4 be an iid sample of data. For a graph with adjacency matriz A (including
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Figure 3.7: Maximum accuracy (percentage) over 50 trials. A network with & layers and
Ji,-- -, Jr convolutions in each of the layers is represented by the label kL-j; ... j.
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Figure 3.8: Average accuracy for OGB arXiv dataset over 10 trials. All models with one
GC (red) perform mutually similarly, while models with two GCs (blue) and three GCs
(green) perform mutually similarly and better than one GC.

self-loops) and a fired integer K > 0, define a K -convolution to be X = (D 'A)XX. Then
we have

Var(X, | B) = p(K)Var(X,), where p(K) (H+"(1>) S AR (u,0)°.
vE[n]

Here, AX(u,v) is the entry in the uth row and vth column of the exponentiated matriz A%
and A = Edeg = %(p + q).

Proof. For a matrix M, the uth convolved data point is X, = M, X, where M denotes
the uth row of M. Since X, are iid, we have

Var(X,) = ) (M,,)*Var(X,).

vE[n]

53



1 72.69 72.93 72.34 72.99 72.85
8 69.16 67.59 70.5 70.29

~—~ 704

< 201

MLP2 2L-01 2L-10 2L-02 2L-20 2L-11 2L-03 2L-30 2L-12 2L-21

Model

(a) OGBN-products with two-layer networks.

74.35 X . 74.47  74.26 7442 7402 74.19
80 1 7076 7105 go0a 73.65 73.97  73.39 o 73.05 7119

50 43.93

MLP3 3L-001  3L-010  3L-100  3L-011 3L-110  3L-002 3L-020  3L-111 3L-021 3L-012 3L-102

Model

3L-003  3L-030  3L-300

(b) OGBN-products with three-layer networks.

Figure 3.9: Average accuracy for OGB products dataset over 10 trials. All models with
one GC (red) perform mutually similarly, while models with two GCs (blue) and three
GCs (green) perform mutually similarly and better than one GC.

It remains to compute the entries of the matrix M = (D !A)X. Note that we have
D' A(u,v) = @uwv/deg(u), 50 we obtain that

Ayps @ cea a
Muv D 1A uw Ywiw2 W _owg 1 Ywg_qv ‘
( Z Z Z deg )deg(w,) - - - deg(wg_1)

wi1=1wo=1

Recall that on the event B, the degrees of all nodes are A(1 £ 0,(1)), and hence, we have

(1£0,(1))" on
Muv § § § Auawy " Qwg _swg—1 Gwg_1v)

wi=1wy=1 wg—1=1

where the error o,(1) = O(

\/@) The sum of these products of the entries of A is simply

54



the number of length-K paths from node i to j, i.e., A% (i, 5). Thus, we have

1+ o.{l) 0"(1)) S AR (i, j)2Var(X,).

J€n]

Var(X, | ) = 3 (M) Var(x,) = (14

JEM]

26
Since X, are iid, we obtain that p(K) = <1+OT"(1)> D e AT, 5)* O

Let us briefly discuss the implications of Lemma 3.6.1. Consider a sample (A, X) drawn
from XOR-CSBM(n, p, ¢, b, v, 0) for the symmetric case where exactly n/2 nodes are in
each of the two classes. We have that

qIn/? pIn/2

This gives us Ep(K) = %(1 + v(p, q)*) for any K > 2. Recall that a single graph
convolution reduces the distance between the means by a factor of v(p,q). Hence, to
comment on the performance of an arbitrary number of convolutions, K, we might hope
to compare the reduction in this distance, v(p,¢)* with the reduction in the variance,
p(K) to obtain a condition on K in terms of n, p, and g. The challenge, however, lies in
the fact that in deeper layers, computing p(K) is non-trivial due to node features being
highly correlated. Moreover, an argument to claim that p(K) ~ Ep(K) is needed for this
approach, which seems to require strong density assumptions on the graph.

3.6.2 Thresholds for a Simpler Case

Although Theorem 4 encapsulates the general condition for networks with up to two graph
convolutions to achieve perfect classification, let us understand the theorem in a simplified
setting where (p, ¢) = (1). In this regime, one can analyze two cases:

1. Case f = Q(0): Using part two of Lemma 3.3.3 implies that ( = Q(g) Hence,

for one graph convolution, the condition v(p,q)( = w < nt‘;i%) is satisfied when
B _

C=w ( nt‘;i%), implying that § = w (0 n&i%). Similarly, for two graph convo-

lutions, the condition ~(p, ¢)*¢ = w (\/ 10%) is satisfied when = w (U\/ 10%)
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2. Case = o(0): Using part three of Lemma 3.3.3 implies that ¢ = Q(g—z) Hence,
n(p+q)

(§)2 =w ( ;&i%), implying that f = w (a ¢ %). Similarly, for two graph con-

volutions, the condition (p, ¢)*¢ = w (\ / 10%) is satisfied when 8 = w (‘7 \4/ lo%)

Combining both cases, we find that the theorems imply perfect classification if:

for one graph convolution, the condition v(p,q)( = w ( M) is satisfied when

Q| == Vlogn for networks wth one graph convolution,
B = n(p+q)
Q (" if”) for networks with two graph convolutions.

3.6.3 Graph Convolution in the First Layer

In this section, we show precisely why a graph convolution operation in the first layer is
detrimental to the classification task. This effect is visualized in Fig. 3.10, and is attributed
to the averaging of data points in the same class but different components of the mixture
that have means with opposite signs. As n (the sample size) grows, the difference between
the averages of node features over the two classes diminishes (see Figs. 3.10a and 3.10b). In
other words, the means of the two classes collapse to the same point for large n. However,
in the last layer, since the input consists of transformed features that are linearly separable,
a graph convolution helps with the classification task (see Figs. 3.10c and 3.10d).

In Fig. 3.11, we empirically show that placing a graph convolution in the first layer
makes the classification task difficult since the means of the convolved data collapse towards
0.

Proposition 3.6.2. Fiz a positive integer d > 0, 0 € R* and p,v € RY. Let (A, X) ~
XOR-CSBM(n, p,q, u,v,0). Define X to be the transformed data after applying a graph
convolution on X, i.e., X = D YAX. Then in the regime where p,q = Q(log:"), with
probability at least 1 — 1/poly(n) we have that

p#_Jqu_On(l) i€,
= J2p+q)
EXi= 0w+ ‘
——0,(1) 1€’
2(p+q) @ '

Hence, the distance between the means of the convolved data, given by Q(Z;;fq)ﬁ ~on(1) di-
minishes to 0 for n — oo.
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(a) Original node features at the first layer. (b) After GC at the first layer.

(c) Feature representation at the last layer. (d) After GC at the last layer.

Figure 3.10: Placement of a graph convolution (GC) in the first layer versus the last layer
for data sampled from the XOR-CSBM. For this figure we used 1000 nodes in each class
and a randomly sampled stochastic block-model graph with p = 0.8 and ¢ = 0.2.

Proof. Fix p,v € R? and define the following sets:

:{i|yi

={ily=

= 0;771 = 0}7
17771' = 0}7

:{i|yi

:O)’)’h:
17771':

Denote X = D~'AX and note that for any i € [n], the row vector

Y ayX; =
j€

deg

JEC_,

— Zai]’ +v Zaij—
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(a) Test accuracy.

Figure 3.11: Comparing the accuracy and loss for various networks with and without graph
convolutions, averaged over 50 trials. Networks with a graph convolution in the first layer
(red and orange) fail to generalize even for a large distance between the means of the data.

e
K_T

10°

(b) Test loss.

For this experiment, we set n = 400 and d = 4, with ¢ = 1/d.

where we used the fact that X; = (2n; —1)((1 —y;)p+y,;v + 0g;) for a set of iid Gaussian

random vectors g; ~ N (0,1,).

Note that since ¢;,n; are Bernoulli random variables, using the Chernoff bound [Ver18,

Section 2|, we have that with probability at least 1 — 1/poly(n),

We now use an argument similar to how we obtained Proposition 2.4.6 to observe that
for any ¢ > 0, with probability at least 1 — O(n~°), the following holds for all i € [n]:

1

deg(i

1

~—

deg(i)

n
Coul = 1Cu] = O = |G| = 7 (1 £ 0u(1)).

(L =y)p+yiq
2 0 2 _O( 2(p+q)

FEC, JEC_,,

c
logn /)’

- yip+ (1
2w D _O( 2(p+q)

jECV jEC—V

Hence, we have that for all i € [n],

(

(1 _yi)p+yiQ> (Z/z‘p-l- (1—wi)q
2(p+q) 2(p +q)

o8

)1 of

—yi)q\/@).

C

logn

)




P+ qU _
PRETOY 5(1) i€ C
2(p+q) W)

pv +qp .
—.0,(1) 1€’
2(p+q) M) '

Using the above result, we obtain that for fixed u, v and o, the distance between the means
after convolution diminishes to 0 as n — oo. O]
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Chapter 4

Analysis of Graph Attention

4.1 Preliminaries

This section describes the Graph Attention mechanism [VCCT18a] along with notations
and terms that are frequently used throughout this chapter.

Define two classes as C, = {u € [n] | y, = b} for b € {0,1}. For each index u € [n], set
the feature vector X, € R? as X; ~ N((2y; — 1)p, 0*I), where pp € R This is a binary
CSBM with means +u. The results can be easily generalized to general means, however,
we will look at the symmetric case here. For a given pair p, ¢ € [0, 1], we look at the graph
G = (A,X) ~ CSBM(n,p,q, u,0).

An advantage of CSBM is that it allows us to control the noise by controlling the
parameters of the distributions of the model. In particular, CSBM allows us to control the
distance between the means and the variance of the Gaussians, which are important for
controlling the separability. For example, fixing the variance, we see that the closer the
means are, the more difficult the separation of the node features becomes. Another notable
advantage of CSBM is that it allows us to control the structural noise and homophily level
of the graph. The level of noise in the graph is controlled by increasing or decreasing the
gap between the intra-class edge probability p and the inter-class edge probability ¢, and
the level of homophily in the graph is controlled by the relative magnitude between p and
q. For example, when p is much larger than ¢, then a node is more likely to be connected
with a node from the same class, and hence we obtain a homophilous graph; when ¢ is
much larger than p, then a node is more likely to be connected with a node from a different
class, and hence we obtain a heterophilous graph. There are several recent works exploring
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the behaviour of GNNs in heterophilous graphs [LHL"21a, YHS™22, BDGC"22, LHL"22].
Interestingly, the results presented in this thesis for graph attention’s behaviour over the
CSBM data model do not depend on whether the graph is homophilous or heterophilous.

Given node representations h, € R for v € [n], a (spatial) graph convolution for node
u produces the output h!, as follows:

B 1
~ deg(u

/
hu = E Cuvaquh’Ua Cuv

vE[n]

I

~—

where W € RF*F is a learnable matrix. Throughout this chapter, we refer to this oper-
ation as simple graph convolution or standard graph convolution. Our definition of graph
convolution is essentially the mean aggregation step in a general GNN layer [HYL17]. The
normalization constant c¢,, in our definition is closely related to the symmetric normal-
ization c,, = (deg(u))~*/?(deg(v))~"/? used in the original Graph Convolutional Network
(GCN) introduced by [KW17]. Our definition does not affect the discussions or implications
we have for GCN with symmetric normalization due to degree concentration. More broadly,
there are other forms of graph convolutions in the literature [BBCV21, DBV16, LMBB18],
which are not compared within this work.

A single-head graph attention applies some weight function on the edges based on their
node features (or a mapping thereof). Given two representations h,, h, € R " for two
nodes u,v € [n], the attention model/mechanism is defined as the mapping

U(hy, hy) < a(Wh,, Wh,)

where a : RF x RF — R and W € RF* is a learnable matrix. The attention coefficient
for a node v and its neighbour v is defined as

e exp(b(hu,h)
" Zwem(u) exp(\ll(hu, hw)) ’

where 7;(u) is the set of neighbours of node u that also includes node u itself. Let f be
some element-wise activation function (which is usually nonlinear), the graph attention
convolution output for a node u € [n] is given by

(4.1)

h; = Z AuvTquhva
ven] (4.2)
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A multi-head graph attention [VCCT18a] uses K € IN weight matrices W1, ..., W& ¢
R7*F" and averages their individual (single-head) outputs. We consider the most simplified
case of a single graph attention layer (i.e., F" = d and F' = 1) where « is realized by an MLP
using the LeakyRelu activation function. The LeakyRelu activation function is defined as
LeakyRelu(z) = z if > 0 and LeakyRelu(z) = Sz for some constant 8 € [0,1) if x < 0.

A natural requirement of attention architectures is to maintain important edges in
the graph and ignore unimportant edges. For example, important edges could be the set
of intra-class edges and unimportant edges could be the set of inter-class edges. In this
case, if graph attention maintains all intra-class edges and ignores all inter-class edges,
then a node from a class will be connected only to nodes from the same class. More
specifically, a node v will be connected to neighbour nodes whose associated node features
come from the same distribution as node features of v. Given two sets A and B, we denote

AxBYE {(i,j):ic€AjeB}and A2 Ax A

4.2 Edge Separation in the Hard Regime

In this regime (||p|| = ko for k < O(y/logn)), we show that every attention architecture
U fails to separate the edges if k < /2logn. The goal of the attention mechanism is to
decide whether an edge (u,v) is an inter-class edge or an intra-class edge based on the
node feature vectors X, and X,. Let X/ denote the vector obtained from concatenating

X, and X, that is,
X/ 9 (};) . (4.3)

We want to analyze every classifier ' which takes as input X/, and tries to separate
inter-class edges and intra-class edges. An ideal classifier would have the property

0, if (u,v) is an inter-class edge,

1, if (u,v) is an intra-class edge. (4:4)

y= X = |
To understand the limitations of all such classifiers in this regime, it suffices to consider
the Bayes optimal classifier for this data model, whose probability of misclassifying of
an arbitrary edge lower bounds that of every attention architecture which takes as input
(X4, X,). Consequently, by deriving a misclassification rate for the Bayes classifier, we
obtain a lower bound on the misclassification rate for every attention mechanism ¥ for
classifying intra-class and inter-class edges. The following Lemma 4.2.1 describes the Bayes
classifier for this classification task.
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Lemma 4.2.1. Let (A,X) ~ CSBM(n,p,q, p,0) and let X!, be defined as in (4.3). The
Bayes optimal classifier for X!, is realized by the following function,

W (a) = { 0, zfpcosh(

1, otherwise,

) = qCOSh( ) ’ (4.5)

Proof. Note that X/ is a mixture of 2d-dimensional Gaussian distributions,

(—p/,0’T) we CyuveCy
(w,0’T) welC,vel
(—v/ (72]:) u € Co,v € Cy
N, oT) weCve

X!~

uv

NG
N
N

The optimal classifier is then given by

h*(x) = argmax Pr [y = c| x| .
ce{0,1}

Note that Pr |y = 0] = and Pr [y = 1] = -£-. Thus, by Bayes rule, we obtain that

Pr [y = C] Sa(@ |y =)
Prly =0] foy=o(x |y =0) +Prly =1] fop=1(x |y =1)
1

Pr[y:l_c]'fwm(m‘y:l_c) :
Pr[y:C]'faﬂy(w‘y:C)

p+q

Prly=clz]=

1+

Suppose that = X/, such that y, # y,. Then h*(x) = 0if and only if Pr[y =0 | =] > 1.
Hence, for ¢ = 0 we require that

Pr[yzl—c]-fw|y(a:|y:1—c):Efw‘y(aﬂy:l) pcos.h(—2 ,u,)<1
Priy=c|- foy(x|y=c) q fap(x |y =0) qeosh( 1/) -
Similarly, we obtain the reverse condition for h*(x) = 1. O

Using Lemma 4.2.1, we can lower bound the rate of misclassification of edges that every

attention mechanism ¥ exhibits. Below we define ®. defy _ ®, where ® is the cumulative

distribution function of N (0, 1).
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Theorem 5. Suppose ||| = ko for some k > 0 and let ¥ be any attention mechanism.
Then with probability 1 — o0,(1), we have that,

1. U fails to correctly classify at least 2 - ®.(k)?* fraction of inter-class edges;

2. For any K >0 if ¢ > Klog® 1 pen with probability at least 1 — O(n=8K%(x)*logn) "

n®. (k)27
masclassifies at least one inter-class edge.

Part 1 of Theorem 5 implies that if ||| is linear in the standard deviation o, that is if
k = O(1), then with overwhelming probability the attention mechanism fails to distinguish
a constant fraction of inter-class edges from intra-class edges. Furthermore, part 2 of
Theorem 5 characterizes a regime for the inter-class edge probability ¢ where the attention
mechanism fails to distinguish at least one inter-class edge. It provides a lower bound on
q in terms of the scale at which the distance between the means grows compared to the
standard deviation o. This aligns with the intuition that increasing the distance between
the means makes it easier for the attention mechanism to correctly distinguish inter-class
and intra-class edges. However, if ¢ is also increased with the right proportion, in other
words, if the noise in the graph is increased, then the attention mechanism would still fail
to correctly distinguish at least one inter-class edge. For instance, for kK = /2loglogn
and K = log®n, we get that if ¢ > Q(@), then with probability at least 1 — o(1), ¥
misclassifies at least one inter-class edge.

The proof of Theorem 5 relies on analyzing the behaviour of the Bayes optimal classifier
n (4.5). We compute an upper bound on the probability with which the optimal classifier
correctly classifies an arbitrary inter-class edge. Then the proof of part 1 of Theorem 5
follows from a concentration argument for the fraction of inter-class edges that are mis-
classified by the optimal classifier. For part 2, we use a similar concentration argument to
choose a suitable threshold for ¢ that forces the optimal classifier to fail on at least one
inter-class edge. The formal arguments are provided in the next section.

4.3 Proof of Theorem 5

Proof. From Lemma 4.2.1, we observe that for successful classification by the optimal
classifier, we need

peosh (Z4) < geosh () for yi # ;.
p cosh (i;’) > ¢ cosh <‘”;”/> for y; = y;.
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We will split the analysis into two cases. First, note that when p > ¢ we have for y; # y;

that
/) < cosh (““;,"

In the first implication, we used that p > ¢, while the second implication follows from the
fact that cosh(a) < cosh(b) = |a| < |b] for all a,b € R. Similarly, for p < g we have for

Yi = Yj that
/> > cosh <m;”/

Therefore, for each of the above cases, we can upper bound the probability for either y; = y;
or y; # y; that Xi; is correctly classified, by the probability of the event |Xgu’ | < |Xg1/’
or equivalently |XU wl > |X/T '|. We focus on the former as the latter is equivalent and
symmetric. Writing X; = pu+o0g; and X; = —p+o0g;, we have that for 7 € C; and j € Cy,

pcosh( ) < g cosh (w ") — cosh (w;“ /) = |z /| < |2V

T T,/ T
p cosh <ma2u’> > ¢ cosh (g;) = cosh (mﬁ“ ) — |z > |z

Pr [h*(X};) = 0] < Pr [ Ju| < X
=Pr X pn+X]p| < X[ = X[ pl]
= Prolg/ n+ g/ ul < | £20ulP + og/ n—og] ul]

n
<Pr[lgzu+gju\ 9/ 1 — g 1] < HU”

=Pr(lg/p+g/ il -9/ p—gfnl <2x],

where we denote 1 = p/||pe]|. In the second to last step above, we used triangle inequality
to pull 2||u||? outside the absolute value, while in the last equation, we use ||u| = ko
Let z; = g, fu for all i € [n]. Then the above probability is Pr [|2; + z;| — |2; — 2;] < 2k],
where z;, z; ~ N(0,1) are independent random variables. Note that we have
Pr [h*(X};) = 0] <Prf|z + 2| — |z — 2| < 25]
=Prlz + 2| — |z — 25| < 2k, 2] < K]
+Pr|z; + zj| — |z — 2] < 2k, |2] > K]

= Pr([lz)| < k] + @(k)Pr[|z;] > K]. (4.6)

To see how we obtain the last equation, observe that if |z;| < k then we have

2 + 2| = |2i — 2] = [z + 25| = |25 — =i
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<zl + |z — |7 — = by triangle inequality

<zl + Iz5] = |Izi] = |=il| by reverse triangle inequality
< [ail + 2] = (1] = [2i]) = 2|zi]
< 2R,

hence, Pr||z; + z;| — |z — 2| < 2k, |2zi| < k] = Pr[|z| < &]. On the other hand, for |z;| >
k, we look at each case, conditioned on the events z; > k and z; < —k for each of the
four cases based on the signs of z; + z; and z; — z;. We denote by E the event that

|zi + zj| — |zi — z;] < 2k, and analyze the cases in detail. First consider the case z; < —k:
r(E,zi+2>0,2s—2>0] 2z < —k]| =Prz; < z,2 > —2| 2z < —k| =0,
Pr(E zi+2;>0,2,—2; <0z < —k| =Prz; > |zi], 2 < k| z; < —k] = P(z),
r[E,zi+2<0,2,—2>0| 2 < —k] =Prlz; < —|z|,z > -k |2 < —k] =0,
r[Ezi+2<0,2s—2<0| 2z <=k =Prlz <z < —2z,2 > —Kk | 2 < —K]

= ®(k) — P(z).

The sum of the four probabilities in the above is Pr[E | z; < —k| = ®(k). Similarly, we
analyze the other case, z; > k:

PriE zi+2>0,2—2>0|2 >k =Pr[—z <z <z, < K|z > K|

= ®(r) — Dc(2),
PrE,zi+2>0,2s—2;, <02z >k =Prlz; > |2,z <k |2 >r|=0,
PriE z+2<0,z—2>0| 2>k =Prlz; < —|z|,z > —k |z > K] = c(2:),
Pr(E, z+2<0,2—2;<0| 2>k =Prz; < —z,2; > 2 |z >k]=0.

The sum of these four probabilities is Pr [E | z; > k| = ®(k). Therefore, we obtain
Pr |z + zj| — |z — 2| <2k | |zi] > &] = ®(K),

which justifies (4.6).

Next, note that Pr[|z;| < k] = ®(k) — ®c(k) and Pr(|z;| > k| = 2®.(k), so we have
from (4.6) that

Pr [h*(X};) = 0] < ®(k) — Pe(k) + 20 (k) D(k)
=120 (k) + 20, (k)P(r) = 1 — 2®.(k)*.

Thus, Xj; is misclassified with probability at least 2d.(r)?.
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We will now construct sets of pairs with mutually independent elements, such that the
union of those sets covers all inter-class edges. This will enable us to use a concentration
argument that computes the fraction of the misclassified inter-class edges. Since the graph

operations are permutation invariant, let us assume for simplicity that Cy = {1,...,%

and Cy = {5 +1,...,n} for an even number of nodes n. Also, define the function
L+ 1 +1<Z
m@)=4""H  tHISw
i+l—=3, 1+1>73.

We now construct the following sequence of sets for all [ € {0,...,5 — 1}:
Sy = {(Xm(izy, Xiyn) for all i € Cp such that (m(i,1),i +n/2) € E}.

Fix [ € {0,...,5 — 1} and observe that the pairs in the set S; are mutually independent.
Define a Bernoulli random variable, f3;, to be the indicator that (X, Xi+g) is misclas-
sified. We have that |E[3;] > 2®.(x)?. Note that the fraction of pairs in the set S; that are
misclassified is ﬁ Zi:( Kooty Kssny2)EST B;, which is a sum of independent Bernoulli random
variables. Hence, by the additive Chernoff bound, we obtain

Pr| Y B >2(8®c(k) — [Sift]| >1— exp(—2[S[t?).

iECOﬁNm(i’l)
Since p, q = Q(%), we have by the Chernoff bound and a union bound that with proba-
bility at least 1 —1/poly(n), |S;| = ng(1£o0(1)) for all I. We now choose t = , /% =o(1)

to obtain that on the event where |S;| = ng(1 £ o(1)), we have the following for any large
C>1

Pr . Z B > 2®.(k)* —o0(1)| >1—n"C.

|Sl| 7:GC’OOJ\["L(LZ)
Following a union bound over all I € {0,...,% — 1}, we conclude that for any ¢ > 0,
1
Pri— > 5>20r)—o(l) Ve {og - 1} >1-0(n™).

Thus, out of all the pairs X}, with j < i, with probability at least 1 — o(1), we have that
at least a fraction 2®.(k)? of the pairs are misclassified by the attention mechanism. This
concludes part 1 of the theorem.
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For part 2, note that by the additive Chernoff bound we have for any ¢ € (0, 1),

Pr| > Bi>2[8)®c(r)” — [Silt| >1— exp(—2|S[*).

iECOQNyn(i’l)

K®.(xk)2log?n
ng

Since |Sj| = % (1£0(1)) with probability at least 1/poly(n), we choose t = 2
to obtain

Pr Z Bi > ng®.(k)*(1 £ 0(1)) — \/anQ)C(K)Q log?n| > 1— O(n 8K%:(x)logny,

iGCOHNm(i’l)

Klog?n
n®q(k)?2

Now note that if ¢ > then we have ng®.(x)? > K log? n, which implies that

nq®o(r)” - \/K”q@c(/ﬁ)2 log®n > 0.
Hence, in this regime of ¢,
Pr Z Bi>0] >1— O(n_SKCDC(H)Zlogn).
ieCOmNm(i,l)

This completes the proof. O

4.4 Attention Coefficients

As a motivating example of how the attention mechanism would fail and how exactly the
attention coefficients would behave in this regime, we focus on one of the most popular
attention architecture [VCC™18a], where « is a single-layer neural network parameterized
by (w,a,b) € R? x R? x R with LeakyRelu activation function. Namely, the attention
coefficients are defined by

-
iy exp <LeakyRelu (a |:WTXJ + b))
Tij = T .
256771 (i) XD (LeakyRelu (aT |:WTXg:| + b))
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We show that, as a consequence of the inability of the attention mechanism to distinguish
intra-class and inter-class edges, with overwhelming probability most of the attention co-
efficients 7;; given by (4.7) are going to be ©(1/|n:1(¢)]). In particular, Theorem 6 says
that for the vast majority of nodes in the graph, the attention coefficients on most edges
are uniform irrespective of whether the edge is inter-class or intra-class. As a result, this
means that the attention mechanism is unable to assign higher weights to important edges
and lower weights to unimportant edges.

Theorem 6. Assume that ||u|| < Ko and o < K’ for some absolute constants K and K,
and the parameters (w,a,b) € R? x R? x R are bounded. Then, with probability at least
1 —o(1) over the data (A,X) ~ CSBM(n,p,q, u,0), there exists a subset A C [n] with
cardinality at least n(1 — o(1)) such that for all i € A the following hold:

1. There is a subset J; o C mi(i) N Cy with cardinality at least %|771 (1) N Cyl, such that
Tij = @(1/|?71(Z)D fOT’ Gll] < Ji,O-

2. There is a subset J;1 C m1(i) N Cy with cardinality at least %ml (1) N C4|, such that
Tij = @(1/‘771(2)‘) fOT' all] € Ji,l-

Theorem 6 is proved by carefully computing the numerator and the denominator in
(4.7). In this regime, |||l is not much larger than o, that is, the signal does not dominate
noise, so the numerator in (4.7) is not indicative of the class memberships of nodes i, j but
rather acts like Gaussian noise. On the other hand, denote the denominator in (4.7) by ¢;
and observe that it is the same for all 7;, where ¢ € 1;(7). Using concentration arguments
about {w ' X,}ep, vields 7; = ©(1/6;) and 6; = O(|n;(¢)]) finishes up the proof.

4.5 Proof of Theorem 6

The proof requires the following assumption on graph sparsity.
Assumption 1. p,q = Q(log®n/n).
Let us now define the following high-probability events which will be used in the proof.

Each of these events holds with probability at least 1 — o(1), which follows from straight-
forward applications of Chernoff bound and union bound, e.g., see [BFJ21a].

Definition 4.5.1. Define the following events over A, X and {e; }icp:
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£, is the event that |Cy| = § & O(y/nlogn) and |Cy| = § £ O(y/nlogn).

&, is the event that for each i € [n], D;; = "(pTJ”’) <1 + 10 >

Vlogn
e &3 is the event that for each i € [n], |Co N N;| = Dy; - (1_;)% (1 + \/1100@) and

_ (1—ei)gteip 10
|Cl ﬁN,| = D” BT <1im)

&, is the event that for each i € | }WTX E [ X, ] ’ < 100+/logn.

o £7 is the intersection of the above 4 events.

For i € [n] let us write X; = (2¢; — 1) + 0g; where g; ~ N(0,1), ¢, =0 if i € Cy and

e; = 1if i € C;. Moreover, since the parameters (w,a,b) € R? x R? x R are

bounded,

we can write w = RW and a = R'a such that |[W|| = 1 and ||a|| = 1 and R, R’ are some
constants. We define the following sets which will become useful later in our computation

of 7;;’s. Define
At L, € n] la1w T g;] < 104/log(n(p , and
lasw ' g;| < 104/log(n(p ), Viem@) |
For i € [n] define

def

Ji7() = {j €m 7 ﬂC() | |d2Wng| < VlO},

(
oy {j em@)NC | law'g;| < \/10},
def

Bf {] €

Bf,l = {J €M

where T & [bgz (10 log(n(p + q))ﬂ

Y

)
)
()NCy |27 <ayw'g; <2'}, t=1,2,....T
(2)

HNCy |27 <asw'g; <2}, t=1,2,...,T,

We start with a few claims about the sizes of these sets.

Claim 4.5.1. With probability at least 1 — o(1), we have that |A| > n(1 —o(1)).

Proof. Because |as| < 1 we know that A is a superset of A’ where

et {z ] ’ W' g;| <104/log(n(p +q)), and }
(W 'g;| <10\/log(n(p+q)), Vj € m(i
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We give a lower bound for |A’| and prove the result. First of all, note that if p + ¢ >
Q(1/log®n), then log(n(p + q)) = logn(l — o(1)) and we easily get that with probability
at least 1 — o(1), |[w'g;| < 10+/log(n(p+ q)) for all i € [n], and thus |A| = |A'| = n.
Therefore let us assume without loss of generality that p 4 ¢ < O(1/log®n). Consider the
following sum of indicator random variables

def
Z {|ng,|>10\/10g p+q}

1€[n]

By the multiplicative Chernoff bound, for any 6 > 0 we have

2
Pr[S > nb(1+9)] < exp (_Zi— 5nb)

where b %< Pr [(] W " g;] > 10+/log(n(p + q))). Moreover, by the standard upper bound on
the Gaussian tail probability (Proposition 2.1.2, [Ver18]) we know that b < e=0les(n(p+a)),
Let us set

def !
bn(p+ q)logn’
Then by the upper bound on b and the assumption that p, g = Q(log®n/n) we know that
49
5> PPEDT 0600697 1) = (1),
logn
It follows that )
b > Q(dnbd) > Q1 .
216" " (p—i—qlogn)_ (logm)
Therefore, with probability at least 1 — o(1) we have that
n n n
S <nb(1+4+9) < + :O(—>.
U+ < G " alrr ogn ~  \alp+ g logn

Apply the concentration result of node degrees, this means that with probability at least
1 —o(1), for 6 = 104/log(n(p + q)),

[{i € [n] | [W"gi| =& or 3j € mi(i) such that [w'g;| > 6}

< 8- 30+ o) =0 (4 ) asom) o ().

n(p+ q)logn logn

n

Therefore we have
|A'| > n—0(n/logn) =n(1 —o(1)).
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Claim 4.5.2. With probability at least 1 — o(1), we have that for all i € [n],

\771( )N Col and |Ji, Im(4) N Cy.

’_10

Proof. We prove the result for J; o, the result for J; ; follows analogously. First, fix i € [n].
For each j € |n:(i) N Cy| we have that

Prila;w’g;| > vV10] < Prjw’g;| > V10] < ™
Denote J, o (m (i) N Cop) \ Jip. We have that

H H Z 1{|d2ngj|2\/E} S 6_50|771(i) N CO|7

JEM (1)NCo

Apply Chernoft’s inequality (Theorem 2.3.4 in [Ver18]) we have

eE[|J5|] |m (:)NCo|/10
(@) N Oo|/10>

< (665%71( )N Co |>"1 onculre
(@) 0 Col/10

= oo (- (3-50 - ) m@na )

1 ) e
Pr |[Jf| > 1—O|m(z)000|} <e EHJZ-,OH(

Apply the union bound we get

9
Pr |:|JZ70‘ ZE‘CQQTH( )| \V/ZE :| >1—Zexp( ‘7]1 )mC()’)

i€[n]

> Pr((&s)- [ 1- Z exp ( 4 nmin(p, q;(l — 0(1))>

i€[n]

— (1= 0(1))- (1 — nexp (_ Qnmin(pag;(l - 0(1)))>

=1-o(1).
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The second inequality follows because |1;() N Cy| > § min(p, ¢)(1 — o(1)) under the event
&3 (cf. Definition 4.5.1) for all ¢ € [n]. The last equality is due to our assumption that

(0] 2n
p,q = Q). O

Claim 4.5.3. With probability at least 1 — o(1), we have that for all i € [n] and for all
te[T],

|Blol < ElBloll + VTIm(i) N Cols and |Bf,| < E[BL, ||+ VTIm(i) n Cil5.

Proof. We prove the result for Bj,, and the result for B}, follows analogously. First fix
i € [n] and t € [T]. By the additive Chernoff inequality, we have

Pr ||BLo| = EIIBLol) + (i) N Col - VTl (i) 1 Co| 75| < em2mOncol”,
Taking a union bound over all i € [n] and t € [T'] we get

U U {|B ol > E[|B; oll + \/ﬂm(l) ﬂC’o|%}

i€[n] te[T]

3/5
< nTeXp( 2T<2 min(p, ¢)(1 —0(1))) ) +o(1) = o(1),
where the last equality follows from Assumption 1 that p,q = Q(%), and hence

nT exp ( o7 (5 minp, 4)(1 - o<1>>)‘°’/5) — T exp (—w (V2Tlogn)) = 0 (n)

for some absolute constant ¢ > 0. Moreover, we have used degree concentration, which
introduced the additional additive o(1) term in the probability upper bound. Therefore we
have

Pr [|B of S BB [] + VT (i) N Col3, Vi € [n] ¥t € [T]} >1— o).

]

We start by defining an event £ which is the intersection of the following events over
the randomness of A and {¢;}; and X; = (2¢; — 1) + 0g;,

o & is the event that for each ¢ € [n], [Co N (i) = 2((1 — &)p + €q)(1 £ 0(1)) and
|G (@) = 5((1 —€)g + ep)(1 £ 0(1)).
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e &, is the event that |A| > n — o(y/n).
e &4 is the event that |J;o| > 5|mi (i) N Co| and | ;1| > 5 |m (i) N Cy| for all i € [n].

o &) is the event that |Bly| < E[|BL,ll + VT|m(i) N Col and |BL,| < E[| B[] +
VT (i) N Cy|5 for all i € [n] and for all ¢ € [T].

By Claims 4.5.1 to 4.5.3, we get that with probability at least 1 — o(1), the event £ o
ﬂ?zl E! holds. We will show that under event E? for all i € A, for all j € Ji.. where
c €{0,1}, we have 7;; = ©(1/|n1(¢)|). This will prove Theorem 6.

Fix i € A and some j € J;o. Let us consider

B exp (LeakyRelu(aleXi +asw'X; + b))
B Zk@h(i) exp (LeakyRelu(a;w'X; + asw ' Xy, + b))

Ti j

exp (URR’ LeakyRelu(k;; + aiw'g; + asw'g; + b’))
"~ Y rem &P (0RR LeakyRelu(ky + 1w g; + azw gg + b))
B 1
D ke P(Aix — Ay)

where for [ € 1,(i), we denote

ki (2¢, — D)W pfo + (26 — DW /o,

Ay SRR LeakyRelu(ky + ayw ' g; + aow ' g; + 1),
and b = cRR'Y. We will show that

Z exp(Ai — Ayj) = O(Imu(i)])

ken (i)

and hence conclude that 7,; = ©(1/|n;(7)|). First of all, note that since ||p|| < Ko for
some absolute constant K, we know that

k| < V2K = O(1).

Let us assume that a;w'g; > 0 and consider the following two cases regarding the mag-
nitude of a;w'g;.
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Case 1. If k;; + a1w ' g; + asw'g; + b < 0, then
_ J J

ANy — Ajj =0RR (LeakyRelu(/iik + a,w'gi + asw' g, + )
— LeakyRelu(k; + a1 W' g; + aw'g; + b'))
=oRR (LeakyRelu(dlvingi +ayw' gy £ 0(1))
Bk + ar1w ' g; + asw'g; + b’))
(LeakyRelu a,w'g, +£0(1)) £ 0(1))
= ’(@ asw'gp) = O(1 ))

where (3 is the slope of LeakyRelu(x) for x < 0. Here, the second equality follows from
|k + V| < V2K + V| = O(1) and Kij + aiw'g; + asw'g; + < 0. The third equality
follows from

e We have j € J; and hence |asw'g;| = O(1);

e We have k;; +a1w ' g;+a,w'g; +b0 < 0,50 a;w'g; < |ri|+|asw g;|+ V| = O(1),
moreover, because a;w'g; > 0, we get that |a,w'g;| = O(1);

e We have |l€ij + CAL1VAVTgZ‘ + ding + b/| S |CAL1WTQZ| + |CAI,2Wng| + |I{Z‘j -+ b/| = 0(1) +
O(1) +0(1) = O(1).

Case 2. If k;; + a,w'g; + asw'g; + 0 > 0, then
Ay — Ay = oRR' (LeakyRelu(mk Y aw g+ asw gy + )
— LeakyRelu(r;; + aw' g; + dgvVng + b’))
=oRR (LeakyRelu(/fik +a,w' g+ asw' gy + )

Rij — dlvingi — CALQWng — b/)
= oRR' (LeakyRelu(ky, + a1W'g; + @xw' g +V) —aiw'g; £ O(1))
{ =oRR E@(diTgk) + O(l)) s ifk e JZ’70 U Ji,l

< oRR' (O(a;w'gy) £ O(1)), otherwise.

To see the last (in)equality in the above, consider the following cases:
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1. If k € J;p U J;1, then there are two cases depending on the sign of x;; + aw'g; +
&QWTgk + b.
o If K, + a1 W'g; + asw' g, + 0 >0, then we have that
LeakyRelu(ky + @1 W' g; + @ow' gy + ) —aw'g; = O(1)
= K+ W' g+ asw gy +0 —aw'g; +0(1)
= ayW' g+ kg +0 £ 0(1)
= ayw' g, +O(1).
o If kyp+a W' gi+asw' g, +b < 0, then because a;w ' g; > 0 and |k, +asw ' gp+
V| < k| + |aaw ' ge| + V| = O(1), we know that a,w'g; < |kix| + |@oaWw ' gi| +
V'] = O(1) and |k, + a1 W' g; + @aw ' gi, + V| = O(1). Therefore it follows that
LeakyRelu(ky + a1 W' g; + @ow ' gp + ) —aw'g; = O(1)
= LeakyRelu(£0O(1)) —O(1) £ O(1)
= +0(1)
= a,Ww'gr+O(1)
where the last equality is due to the fact that k € J;oUJ;; so |aaw ' gix| = O(1).
2. If k & JipU J;1, then there are two cases depending on the sign of x;, + aw'g; +
diTgk -+ b.
o If K, + W' g; + asw' g, + 0 >0, then we have that
LeakyRelu(ky + a1 W' g; + @ow ' gp + ) —aw'g; = O(1)
= Rk T+ dlegi + &QWTQk + b/ — &1WTgi + O(l)
= diTQk + Kik + b+ 0(1)
= a,w' g, = O(1).
o If K, + AW ' g, + asw' g, + 1 <0, then we have that,
LeakyRelu(kgy + @1w' g; + asw' g +b) —a,w'g; £ 0(1)
= Bl + Barw'g; + Basw ' g, + BV —a;w'g; + O(1)
= Bayw'gp — (1 —pBlaw'g; £ O(1)
< Basw'gr +O0(1),
where [ is the slope of LeakyRelu(-).
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Combining the two cases regarding the magnitude of a;w'g;, so far we have showed
that, for any 7 such that a;w'g; > 0, for all j € J; 5, we have

‘ o @(diTQk) + O(l), if ke Ji,O U Ji71
Bir = Bij = { O(asw'gy) & O(1), otherwise. (48)

By following a similar argument, one can show that Equation 4.8 holds for any ¢ such that
CAlll\X/'Tgi < 0.

Let us now compute

Z exp(Ajy — Ayy) = Z exp(Air — Ayj) + Z exp(Aiy — Ayy)
ken (@) keni(1)NCo keni (i)NCy

for some j € Jip. Let us focus on 37, inc, exp(Ai, — Ayj) first. We will show that
Q(In1 (1) 0 Col) < Xkens ey XP(Aik — Aij) < O(Im (@ )I)-

First of all, we have that

> exp(Ap—Ay) = D exp(Ay —Ay) = > exp (O(axw gx) £ O(1))

ken (i)nCo keJio keJio

> 3" e = |Jigle = Q(m (i) N Col).

kGJ@O

(4.9)

where ¢; is an absolute constant (possibly negative). On the other hand, consider the
following partition of (i) N C:

def A A
P = {kem(i)NCy | arw'gp <1},

def ~ A
P, = {k € 771(Z) NCy | G;QWTgk > 1}

It is easy to see that

Z exp(Aiy — Ayy) Z exp (O(aaw'gy) £ O(1)) < Z e = |P1|e® = O(|m (i) N Cyl),

kePy keP; kePy

(4.10)
where ¢, is an absolute constant. Moreover, because ¢ € A we have that P, C Utem Bi,.
It follows that

Zexp( Z Z exp(Ay — Ayj)

kePy te[T) kGB

< Z Z exp (O(ayw ' gi) + O(1)) (4.11)

T) keB;,

< Z |B; 0‘6632
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where c3 is an absolute constant. We can upper bound the above quantity as follows.
Under the Event £, we have that

|Bf,0| <my + \/?\771(2) ﬂC’o\%, for all t € [T1,

where
my R HB ol = Z Pr((]2! < a,w'g, <2 < Z Prla,w ' g, > 2]
kem (i)NCo ken (i)NCo
< > Prfwigr =27 < [ni(i) NCole
kenl(i)ﬁoo

It follows that

> 1Bl < 3 (@0 Gole ™+ VT NGl e

te[T] te[T]

< m(d ﬂCo|Z e Z VT|ni(i) N Col5 e (4.12)

te[T]
< calm (i) N Col + of|m(2)])
< O(|m(d)]),

where ¢4 is an absolute constant. The third inequality in the above follows from

. _92t—3 t
e The series > 7 e 2" "e%? converges absolutely for any constant cs;

o The sum 3",y VT|n1(i) N Col5e2" = T2y (i) N Col5e2" = o(|m(i)]) because
log <T%ec32T> = glog {log2 <1O log(n(p + C]))ﬂ +c 2[log2( log(n(p+4))) |
3
< 5 log {bga (10 log(n(p + Q))ﬂ + 20c3/log(n(p + q))

<0 (Liogtatp+9) )

for any ¢ > 0. In particular, by picking ¢ > 5 we see that Tge 2" < O((n(p—{—q))%) <
N 3 1 .
o(|m(#)[7), and hence we get T2e%2 [ (i) N Co|5 < [na(i)[7 - o(jm (8)]5) = o|m (7)])-
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Combining Equations 4.11 and 4.12 we get

S exp(Ai — Ay) < O(Im (7)), (4.13)

kePs

and combining Equations 4.10 and 4.13 we get

> exp(Ap— Ay) = > exp(Ap — Ay) + > exp(Ay — Ayy) < O(|mi(i)]). (4.14)
keni(1)NCo kePy kePy
Now, by Equations 4.9 and 4.14 we get
Qm@HNCo) < Y exp(Ai — Ayy) < O(Im(i)]). (4.15)
ken (i)NCo
It turns out that repeating the same argument for 3, oo, exp(Ai, — Ay;) yields
QmHNC) < Y exp(Ai — Ay) < O(Im(i)]). (4.16)
kE?h(i)ﬂCl
Finally, Equations 4.15 and 4.16 give us
> exp(Ai = Ay) = O(m(i)]),
keni (i)
which readily implies
B 1
Zkem (i) exp(Ai — Ayy)

as required. We have showed that for all ¢ € A and all j € J;o, 7;; = O(1/|m(3)]).
Repeating the same argument we get that the same result holds for all ¢ € A and all
J € Jia, too. Hence, by Claims 4.5.1 and 4.5.2 about the cardinalities of A, J;y and J;;
we have thus proved Theorem 6.

= 0(1/[m@)])

Tz‘j
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Chapter 5
Optimality of Message-Passing

In this chapter, I will present a theoretical analysis of the message-passing GNN given in
Architecture 2. We begin by defining a natural notion of optimality in our setting and
show that among local learning methods on graphs, Architecture 2 is optimal according
to this definition on a very general statistical model. We then compute the generalization
error and compare the architecture with other well-studied methods like a simple MLLP and
a GCN. We will view n as large and study the setting where d is fixed (does not grow with
n) and work in the extremely sparse setting where ¢;; = b;;/n for constants b;; > 1, so we
write Q = B/n where B = {b;;} je(c). Furthermore, the only assumption we need about
the distributions P; is that IP; are absolutely continuous with respect to some base measure,
in which case their densities exist, denoted by p;. For ease of reading, we encourage the
reader to consider the case where IP; are continuous or discrete, therefore, the base measure
is simply the Lebesgue measure on R or the counting measure on Z respectively.

5.1 Local Weak Convergence

We briefly recall here the notion of local weak convergence of random rooted graphs. The
notion of local weak convergence of random, feature-decorated, rooted graphs is defined
analogously. Let us begin first with the case of rooted graphs. A rooted graph (G,u) =
((E,V),u) is a graph G with a distinguished vertex u called the root. We say that two
rooted graphs (Gy,u1) = ((E1, V1), u1), (Go,u2) = ((Ea, Va),us) are isomorphic if there is
a bijection ¢ : V; — V5 such that ¢(u) = v and such that if (x,y) € E; then (é(z), ¢(y)) €

Es,. In this case, we write (G1,u;) = (Ge,us). For a rooted graph (G, u), we denote its
isomorphism class as [(G, u)].
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Let G. denote the set of isomorphism classes of (locally finite) rooted graphs. Here,
locally finite means that for constant depth starting from a root node in the graph, the
number of nodes in this constant-depth neighbourhood is constant. For a vertex v € G we
let . (v) denote the collection of neighbours of v of distance at most & in the canonical edge
distance metric, and G[nx(v)] denote the subgraph induced on this collection of vertices.
We then have the notion of local convergence in G,.

Definition 5.1.1 (Local convergence on G,). A sequence [(G,, u,)] € G« converges locally
to [(G,u)] € G, if for each k > 0, we have that G,,[n,(u,)] = G[nk(u)] for large enough n.

It can be shown [Borl6, Lemma 3.4] that G, equipped with the topology of local con-
vergence is a Polish space. We are then in the position to define local weak convergence on
G.. In brief, the topology of local weak convergence of random graphs is the topology of
weak convergence of measures on the space of probability measures on G,, namely M, (G,).

Definition 5.1.2 (Local weak convergence of rooted graphs). A sequence {[G,,u,]} of
random rooted graphs with corresponding laws {u,} C M;(G.) is said to locally weakly
converge to a random rooted graph [G,u] with law p € M;(G.) if p, — p weakly.

We note here that it is common to talk about the notion of local weak convergence of a
sequence of (finite) random graphs G,,. In this case G, — G locally weakly if [(G,,, u,)] —
[(G,u)] locally weakly where u,, ~ Unif(V(G,,)).

5.2 Asymptotic Local Bayes Optimality

For classification tasks, it is natural to use a notion of generalization error in a “per sample”
or online sense. Without graphical side information, the natural choice is the Bayes risk.
With graphical information, however, there is an important obstruction: the number of
samples is equal to the size of the corresponding graph. As such, a naive extension of the
Bayes risk does not have this property.

A natural approach would be to consider the Bayes risk for estimators that take in
the node, the data set, and the graph, i.e., g, = y(v, (X,G)). In this case, however, the
risk necessarily implicitly depends on the sample size, n, through G. One might try to
remove this dependence by taking the infinite sample size limit, but for a class of estimators
this general, it is not clear that such a limit is well defined. To circumvent this issue, we
restrict attention to node classifiers that are only allowed “local” information around the
node. The large graph limit of the generalization error is then naturally interpreted via
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local weak convergence, which is discussed in the following subsection. We refer the reader
to [Ram21, Chapter 1] or [Borl6, Section 3] for more detailed expositions.

In this limit, one can then interpret the generalization error as a per-sample error for
the randomly rooted graph (G, u) where u is a uniform random vertex in V' (G). With these
observations, we are led to a natural notion of Bayes optimality, namely asymptotic local
Bayes optimality which is defined below. First, let us recall the notion of ¢-local classifiers.

Definition 5.2.1 ({-local classifier). Let G = (A, X) be a feature-decorated graph of n
vertices with d-dimensional features X, for each vertex u. For a fixed radius ¢ > 0, an
¢-local node-classifier is a function h that takes as input a root vertex u € [n], the features
of all nodes within the (-neighbourhood of u, i.e., {X,}yey, () and the canonical distances
of each node from u, i.e., {d(u, v)}ven,); and outputs a classification label for w.

Let C, denote the class of f-local classifiers. Suppose now that we have a sequence of
(random) feature decorated graphs (X,,, G,) with |V(G)| = n. Let u, denote a uniform at
random vertex in G,,. Suppose finally that the rooted feature-decorated graphs (X,,, G, u,)
locally weakly converge to (X, G, u). We can then define the notion of asymptotically ¢-
locally Bayes optimal classifiers for this sequence of problems.

Definition 5.2.2. We say that a classifier h; € C, is the asymptotically ¢-locally Bayes
optimal classifier of the root for the sequence {(X,,, G, u,)} if it minimizes the probability
of misclassification of the root of the local weak limit, (X, G, u), over the class Cy, i.e.,

hz = arhgerélin Pr [h(u7 {Xv}vene(u): {d(u> U)}vEW(u)) 7£ yu] .
¢

Before turning to our data model, we note here that the reader may ask how the
asymptotically (-locally Bayes optimal classifier compares to the non-asymptotic optimal /-
local classifier of the random root, u,,. We show this in an appropriate sense in Theorem 10.

5.3 Optimal Classifier

We are now ready to state our first main result that characterizes the asymptotically ¢-
locally Bayes optimal classifier on the CSBM data described in Section 2.2. For a given
graph, let Ny (u) be the set of vertices at a distance of exactly k from node u in the graph.
Naturally, No(u) = {u}. Further, denote by ng(u) the k-hop neighbourhood of u, i.e.,

M (u) = U?:oNkW)-
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Theorem 7 (Bayes optimal message-passing). For any ¢ > 1, the asymptotically (-locally
Bayes optimal classifier of the root for the sequence (G, u,) ~ CSBM(n,d, P, Q) is

hZ(% {Xv}vem(u)7 {d(uv U)}UGW(U)) = argmax Z 10g<p(Xv)> Qgﬁum)%

w€lCl veng(u)

where {p; }icc) are the densities associated with the distributions P; € P, and p = (p;)ic(cy
and (-,-) denotes the vector inner product.

Let us briefly discuss the meaning of Theorem 7. It states that universally among all

(-local classifiers, hj is asymptotically Bayes optimal for the sparse CSBM data. We view
log({p(X,), ij"”)> as the message gathered from node v that is distance d(u, v) away from
node u, where d(u,u) = 0 by convention. In particular, log(p(X,), Qe computes the
alignment of the feature profile of node v in all class j € [C], p(X,) with the connectivity
profile with node w at distance d(u,v), Ziu’v). Furthermore, this optimal classifier is
realizable using Architecture 2 (see for example, [LPW 17, Theorem 1], where it is shown
that any Lebesgue measurable function can be approximated arbitrarily closely by standard
neural networks). Consequently, this result shows that in the sparse setting, the message-
passing paradigm can realize the optimal node classification scheme irrespective of the

distributions of the node features or the inter-class edge probabilities.

For an intuitive understanding of Theorem 7, it helps to consider two extreme cases.
First, if Q = pI for some p € [0, 1], then the classifier reduces to a simple convolution,

h; = argmax Z log p:i(X,)
el vemtw)

Second, if Q = p11', then ¢;; = p for all 7,j € [C], meaning that the graph component

of the data is Erdos-Rényi, and hence, completely uninformative for the purposes of node

classification. In this case, Q; is the same for all 7, so the messages are independent of the

maximization variable y,. Hence, the classifier reduces to

h; = argmax {log p;(X,)},
1€[C)

i.e., it is optimal to look at only the features of node w to predict its label since the
neighbourhood does not provide any meaningful information. We formalize this intuition
later for a simpler case (see Theorem 9).
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5.4 Comparative Study

In this section, we perform a theoretical analysis of the classifier in Theorem 7 using a
well-studied specialization of the CSBM data model described in Section 2.2. For ease of
discussion, let us restrict ourselves to the setting where there are two classes. Formally,
we have C' = 2, and without loss of generality, the class labels y, € {£1} for all u € [n].
The distributions of the node features are given by X, ~ P, with corresponding density
py.- Furthermore, Q = {¢;;} is a 2 x 2 matrix with ¢;; = p = a/n and ¢;; = ¢ = b/n with
constants a > 1,b > 0 for classes i # j. For a data sample G = (A, X) from this model,
we write G ~ CSBM(n,d, {P+},Q) or G ~ CSBM(n,d,{P.},%,2). We also recognize
the quantity associated with the signal-to-noise ratio (SNR) in the graph structure for this
case, which is given by
_Ilp—ql _Ja—1]
p+q a+b’

v (5.1)

Note that the quantity v has been recognized as the meaningful SNR in several related
works where the underlying random graph model is the binary symmetric stochastic block
model, for example, [BFJ21b, FLY 23, WY J22, BFJ23a].

Let us now state Theorem 7 in the case of two classes.

Corollary 7.1 (Optimal classifier for binary symmetric CSBM). For any ¢ > 1, the
asymptotically {-locally Bayes optimal classifier of the root for the sequence (Gp,uy,) ~
CSBM(n, d, P, %, %) is

hz (uv {XU}’UGW(U)’ {d(u> v)}UEW(U)) = sgi Z M(va d(“» U)) )

vEne(u)

where P (x) = Zig; and M(x, k) = log (ilﬁiﬂiﬁ%ﬁﬂﬁi)

In this simplified setting, we note that the messages propagated from nodes in the
(-local neighbourhood of node u are scaled proportional to a function of their distance k
from node u. In particular, this scaling can be expressed in terms of the graph SNR ~
from (5.1). It is interesting to observe that M) decreases rapidly as k increases. Since
v < 1, this means that to predict the label of node u, the importance of the information
from node v at distance k£ from u decreases as k increases.

The above simplification helps us interpret the classifier in terms of the graph SNR
~v. We will now impose an assumption on the distribution of node features. This will
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help us analyze the generalization error in terms of the SNR in both the features and the
graph, and enable us to compare the performance with other learning methods that are
well-studied in the same statistical settings. We will resort to the setting where the features
of the CSBM follow a Gaussian mixture. Note that this specialized statistical model has
been studied extensively in previous works for benchmarking existing GNN architectures,
see for example, [BFJ21b, FLY 23, WYJ"22, BFJ23a].

We report the generalization error for Gaussian features. The generalization error is
defined for a classifier h to be the probability of disagreement between the true label v,
and the output of the classifier h, for node u. We characterize the error for h; in the
case where P_, P, correspond to the Gaussian mixture with components A (—pu, 0°I) and

N (e, 0?1) for fixed p € R? and o > 0.

In this case, a notion of the signal-to-noise ratio of the features naturally exists, i.e.,
¢ = ||p|l, /o, a quantity proportional to the ratio of the distance between the means
of the mixture and the standard deviation. The log-likelihood ratio in this setting is

B(x) = log 2283 = 2 (x, ).

Consider a sequence {(G,, u,)}n>1 with Gy, = (V(G,,), E(G)) from this model where
un ~ Unif(V(G,)). In this setting, in the absence of features, it is known that (G, u,)
converges locally weakly to a Poisson Galton-Watson tree (see for example, [MNSI15b,
Section 4]). Here, for every node, we additionally have features that are independent of
the graph, and hence, as a straightforward consequence of [MNS15b, Section 4], (G, u,)
in our case converges to a feature-decorated Poisson Galton-Watson tree (G, u).

For the root node u, let o and (5 denote the number of children at generation k in
class y, and —y,, respectively, where y, denotes the label of node u. Then {ay}r>0 and
{Bk}r>0 are characterized by

(]-/0:1750:07

ay, ~ Poi (%) , B ~ Poi (w) for k € [/]. (5.2)

For a classifier h acting on G, let £(h) denote the probability of misclassification of the
root u in G, i.e., £(h) = Pr(h,y, < 0). Correspondingly, in the case of finite n, we denote
by &.(h) the probability of misclassification of a uniform random node u, in G,. We are
now ready to state the generalization error of h;.

Theorem 8 (Generalization error (population risk)). For any ¢ > 1, the generalization
error of the asymptotically (-locally Bayes optimal classifier of the root for the sequence
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(Gp,up) ~ CSBM(n, d, P, Q) with Gaussian features is given by

* 1 a
g =Prlor g 3| T AT+ 3 40 >
kel \i€lou] i€ [Br]

where oy, By, are as in (5.2), Z,E?.) = o(=2¢* + 2 gk, cr), Z,S’) = ©(2¢* + 2¢gri, k), and

9,{gr.i} are mutually independent standard Gaussian random variables.

Let us now understand how the error described in Theorem 8 behaves in terms of the
two SNRs ¢ (for the features), and + (for the graph). Note that £(h;) — 0 as ( — oo, and
E(h;) — /2 as ¢ — 0. This means that if the signal in the features is large, the number
of mistakes made by the classifier vanishes, while if the signal is very small, then roughly
half of the nodes are misclassified (equivalent to making a uniform random guess for each
node).

To see how 7 affects the error, we begin by looking at two extreme settings: first, where
the graph is complete noise, i.e., v = 0, and second, where the graph signal is very strong,
ie., v — 1, followed by a discussion on how hj interpolates between these extremes. Let
¢+ denote the Gaussian density functions with means g and variance o2I;. Define the
random variable

L+ 3 e — Byl
1+ S (o + )

where ay, By follow (5.2). In the following, we denote the vanilla GCN classifier from
[KW17] by hgen. We then have the following result.

& = &(a,b) = (5.3)

Theorem 9 (Extreme graph signals). Let hj be the classifier described in Corollary 7.1,
hi(u) = sgn((Xy, p)) be the Bayes optimal classifier given only the feature information of
the root node u, and hgen be the one-layer vanilla GCN classifier. Then we have that for
any fized (:

1. If v =0 then E(h}) = E(hG) = P(—(), where @ is the standard Gaussian CDF.

2. If v — 1 then & > 1 almost surely (a.s.) and E(h}) — Pr(g > (&), where g ~
N(0,1).

3. E(hgen) = Pr (g > (&).
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Theorem 9 shows that in the regime of low graph SNR, the optimal classifier h; reduces
to a linear classifier h§(u) = sgn((X,, p)), which can be realized by a simple MLP that
does not use the graph component of the data at all. On the other hand, in the regime of
strong graph SNR, hj reduces to a simple convolution over all nodes in the ¢-neighbourhood
and is comparable to a typical GCN. Furthermore, we note that in the strong graph SNR
regime v — 1, E(h)) — Pr(g > (&) < &(—() since § > 1. The clip operation during the
propagation of messages makes things interesting between these two extremes, where hj
interpolates between a simple MLP and an ¢-hop convolutional network. This interpolation
is characterized by the graph signal v, since the messages are clipped in the range [—cy, ¢x],

14 k)

b
1—~k

where ¢, = log (

In addition, Theorem 9 concludes that if & (a,b) > 1, then a GCN can perform better
than every classifier that does not see the graph. On the other hand, if & (a,b) < 1,
then a GCN incurs more errors on the data than the best methods that do not use the
graph. Interestingly, but not surprisingly, this result aligns with the Kesten-Stigum weak
recovery threshold for the community-detection problem on the sparse stochastic block
model [Mas14, MNS18], meaning that if weak recovery is possible on the graph component
of the data, then a GCN is able to exploit it to perform better than methods that do not
use the graph, e.g., a simple MLP.

We now demonstrate our results through experiments using pyg (torch-geometric)
[FL19]. The following simulations are for the setting n = 10000 and d = 4 for binary
classification on the CSBM. We implement Architecture 2 for the binary case, and perform
full-batch training on a graph sampled from the CSBM with certain signals (mentioned in
the figures), followed by an evaluation of the architecture on a new graph sampled from
the same distribution.

> >
O O
E 08 E 0.8+
3 —=— Bayes Optimal 3 —=— Bayes Optimal
<7 MLP <" MLP

0s —— GCN 05 —— GCN

0.0 0.5 1.0 GMlh54 SigZF]aI YZS 3.0 35 0.0 0.1 GOZr.aph (gignalollr 0.5 0.6
(a) Varying ¢ with fixed v = 0.42. (b) Varying ~ with fixed ¢ = 1.

Figure 5.1: Comparison of Architecture 2 against an MLP and a vanilla GCN.

87



In Fig. 5.1, we show that the accuracy obtained by the optimal classifier is higher than
both a simple MLP and a vanilla GCN [KW17]. We plot the test accuracy of Architecture 2
against the SNR in the node features, ( = ||p| /o in Fig. 5.1a, and against the graph
SNR v = |a — b|/(a + b) in Fig. 5.1b. We fix v = 0.42 and ¢ = 1 for the two plots,
respectively. We chose these specific values because they generate relatively clearer plots
where the accuracy metrics for the three architectures are easily visible and distinguished
from each other. The results are similar for other values for v and (, i.e., the Bayes optimal
architecture is superior to both MLP and GCN.

Finally, we observe that for the binary setting when the parameters of the architec-
ture are initialized uniformly at random, gradient descent converges and the neural net-

work learns the right parameters such that Architecture 2 realizes the optimal classifier in
Corollary 7.1.

5.5 Non-asymptotic Setting

We now turn to the non-asymptotic regime and argue that for fixed n, the classifier in
Corollary 7.1 is still in a formal sense, Bayes optimal for an overwhelming fraction of
nodes. We begin by exploiting the fact that for up to logarithmic depth neighbourhoods,
a sparse CSBM graph is tree-like.

In particular, Proposition 5.6.4 states that for £ = clogn for a suitable constant c,
the f-neighbourhood of an overwhelming fraction of nodes is a tree. This implies that the
classifier h; is Bayes optimal for roughly all of the nodes. Moreover, since the diameter of a
sparse graph (as in our setting) is O(logn) a.s. [CLO1, Theorem 6], any learning mechanism
can only look as far as O(logn)-hops away from a node to gather new information. This
shows that for such graphs, GNNs that are not very deep and look at only up to logarithmic
distance in the neighbourhood are sufficient.

Let us now turn to the misclassification error in the non-asymptotic setting. Recall
that for a classifier h € Cy, we denote by &,(h) and £(h) the misclassification error of h on
the data model with n nodes, and on the limiting data model with n — oo, respectively.
Furthermore, recall from Corollary 7.1 that mingee, £(h) = E(h}). Our next result shows
that the optimal misclassification error in the non-asymptotic setting across all /-local
classifiers, i.e., minyee, £,(h), is close to the misclassification error obtained in the non-
asymptotic setting by hj. Moreover, minyec, £,(h) is also close to £(h;) which is explicitly
computed in Theorem 8.
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Theorem 10 (Misclassification error for fixed n). For any 1 < ¢ < clogn such that the
positive constant ¢ satisfies clog(“£?) < 1/4, we have that
1
log”n

1
-0 (i)
log”n

Recall that Corollary 7.1 implies that h; performs optimally on the limiting data model
(asymptotic setting) among the class of ¢-local classifiers Cy, but it may not be optimal
for the non-asymptotic data model where we have a finite feature-decorated graph with n
nodes. However, Theorem 10 helps us conclude that even in the non-asymptotic setting,
h; performs almost as well as the actual optimal classifier among C, in this case, as long
as we compare with classifiers that can only look at moderate logarithmic depths in the
local neighbourhood, i.e., ¢ < clogn for a suitable c.

min &, (h) — &, (hy)

heCy

min &, (h) — E(h})

heCy

5.6 Proofs of Results

In this section, we will look at the proof of the results in this chapter. First, I will state
two important preliminary results and a fact that are used to establish all our results.

Lemma 5.6.1. [DKLX" 18, Lemma 3]. Let G ~ CSBM(n,d,{P_,P,},2,2) and r be a

fixed constant. Then the probability that there exists an r-neighbourhood in G with m more
edges than the number of vertices is bounded as follows:

(2(r(m + 1))%(a + b))?r(m+D+m

nm '
Lemma 5.6.2. [Mas1/, Lemma 4.2]. Assume ¢ = clog(n) with clogA < 1/4, where
A = (a+b)/2. Then with high probability, no node i has more than one cycle in its (-

neighbourhood. Moreover, for any m > 0, with probability at least 1 —O(1/m?) the number
of nodes i whose £-neighbourhood contains at least one cycle is bounded by O(mlog®(n)A%).

Pr(3G, C G st. |E(G,)| > |V(G,)| +m) <

5.6.1 Proof of Theorem 7

In this section, we compute the asymptotically ¢-locally Bayes optimal classifier for the
general CSBM described in Section 2.2 and establish Theorem 7, followed by a proof
of Corollary 7.1. Next, we compute the generalization error for the two-class case with
arbitrary node features.
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For the proofs, we introduce the notation Ny (u) for a given graph to mean the set of
vertices at a distance of exactly k from node u in the graph. Thus, ng(u) = U?ZONk(u). We
begin by writing the MAP estimation for this problem. Note that the features X, € R?
for every node v € [n] follow the law P; if y, = i € [C]. In addition, recall that we have the
edge-probability matrix Q = {gi;}ijejc] with Pr((u,v) is an edge | yu = 4,9 = J) = a3,
where ¢;; = b;;/n for absolute constants b;;. Then we can write the likelihood of the
{-neighbourhood of node u as the joint function:

(s me(w), AX o Foene s {40 0) hoem), ¥) = Pryc 1] 20 (X)Qpu. (5.4)

veng(u)

In the above, Py,, denotes the prior distribution of the node labels, which by our as-

Yoeng(w)
sumption is uniform; éfj denotes the 7, j-th entry of the matrix Q¥ and quantifies the prob-
ability that a node in class j is at a distance k from a node in class i, and d(u, v) denotes the
distance between nodes u and v. Let us now compute the MAP estimator by marginalizing
over the labels of all nodes v € ng(u)\{u}, i.e., fy, (u, ne(w), {Xs }oenw)s 1A, V) boen ), Yu) =
f fy dY _,, where Y_,, denotes the set of labels other than that of node w.

Let us recall and introduce some notation for the model with C' classes. Let the neigh-
bourhood be ny(u) = {u,v;,...,v}, where L = |n(u)| — 1, the number of nodes in the
¢-neighbourhood of w other than wu itself. Let Vi, = {vy,... v} for all 1 < k < L and

define
Ty, = Z [H Py, (XU)QZ&Z;?)] : (5.5)

{Yoy s yvk}E[C}k veEVY

We now provide a result to help us compute the maximization of the marginalized

likelihood.

Lemma 5.6.3. Let i = y, and Ty be defined as in Fq. (5.5). Then we have Ty =
[Toev, (P(Xy), Qd(u’v)>, where p(x) € RY is the vector of density function outputs {p;(x)};e(c]

(2
and Q?(u’v) denotes the i™ row vector of the matriz Q).

Proof. We will prove this by induction on k. Let ¢« =y, and 7 = y,,. Then note that for
the base case, we have T} = Zje[C] pj (le)QZ(um) = (p(X,,), Qf(“’vl)>, For the induction

hypothesis, assume that T; = [, (p(X.), Q(-i(u’v)> for all | < k — 1. Then we have

To= > [H Py, (XU)QZ%;”)]

{yvl ----- yvk}E[C}k veEVL
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Y o [y (H pyv(Xv)Qiii,;”)>

yq,kG[C] {yvl ~~~~~ ykal}e[c]kil vEVR
= > o, (X ) QT (using Eq. (5.5))
Yuy, €[C]
u,, d(u,v .
= > o, (X)Qr) T (p(X.), Q1) (using LH. to replace Ty_1)
Yoy, €[C] eV
d(u,v
= [ (p(X.), Q{“").
veVY
This completes the proof of the lemma. O

Let us now return to the proof of Theorem 7 and continue with the likelihood maxi-
mization.

hig (; {Xo Foems (), {41, 0) Yoens(w))

= argmax fyu< 5 {X’U}UE’I][(U)7 {d( u, U)}venz(u)a yu)
yue[C]

= argmax ¢ gy, (X,) Z [ H Py. (Xv)QZ£ZZ})]
}

yu€[C] Yoy oy YE[CIL LoeV

= argmax py, (X,) 11, using Eq. (5.5)
yu€[C]

= argmax py, (X.) H (p(Xy), Ziu’v)) using Lemma 5.6.3
qu[C] veVr

= argmax log(p,, (X Z log(p d(“ )Y,
qu[C] veEVL

Here, log(p(X,), Qi) is seen as the information obtained from a node v in 7,(u) which
is at a distance d(u,v) from u, to estimate the label of u. Furthermore, note that an
instance of Architecture 2 with L = 1, o1 = {p;}icjc), and Q for the edge-probabilities
realizes the function A for a given root node u and its ¢-neighbourhood 7,(u), in the sense
that 9, = hj(u, {Xs boen)s 1(d(w,v)) }oeny(u))- This completes the proof of Theorem 7.

Next, we obtain a simpler version of the classifier for the two-class symmetric CSBM
with an arbitrary distribution of node features. Recall that v is the likelihood ratio. The
proof follows directly from Theorem 7, by taking C' = 2. In this two-class case, the
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features X, € R? for every node follow the law P, where the class labels y, € {F1} are
Unif({—1,41}). In addition, we have

Pr((u,v) is an edge) = b Yu= "t ,
4 YuF Yo

where p = a/n and ¢ = b/n for absolute constants a > 1,b > 0. Define the quantities pg, g
as follows for k € [(]:

k2 o w -
pr=Y_ <2j>pk‘2”q2j, a = Z (2] - 1)19'“‘2”1612]‘1. (5.6)

J=0

Now note that r, = & = (r+Q) +(p—)* _ 14+*

% (p+9)*F—(p—)F — 1—v
classifier reduces to

R (u, {Xo Foen(w), {d(, V) Yoen,(w))

= argmax log({p(X,), di“’”)
yuel1) 2 !

=, where v is given in Eq. (5.1). Then the

vEMNe(u)
= argmax log(p,, (X)) + Z log(p(X,), Z§u7v)>
vust=l) venu(w)\{u}
= argmax log(py, (X4)) + Z Z log(p >
yue{l} ke 0] ve Ny (w)
= argmax log(py, (X,)) + Z Z log </)+ 1+yu/2 1— yu/2+p (X,)p ’1€ yu/2q;+yu/2>
vuctEl) keld] ve Ny (w)
X))k + p—(Xo) g
—sen (g 22 57 Y o (245
ke[l] ve N (u) Xo)qr + p—(Xo)pr
1+ ’I“kw
=ggn | lo )+ lo
o (o) + 32 37 on (TS
kel] vENg (u

— " 4+ P(X, . 1+~
=sgn | log (X +Z Z lo (1+7k+¢Xu§§ 7;) (usmgrk:l_::k)

kel veNg (u

o (Y (1 Ifﬁﬁ >

k=0 veNy(u)



Shauba s SIEL ey
= sgn log ( = sgn M(X,, d(u, v

5.6.2 Proof of Theorem 8

Let us now compute the generalization error of h;. Formally, given a data instance
(u, {X4 Joen(u)) along with the neighbourhood n,(u), h; outputs a label g, € {1}, and the
generalization error is defined as the probability Pr(y,7, < 1). For a simple calculation, let
us assume that the latent labels y; are uniformly distributed, i.e., Pr(y; = —1) = Pr(y; =
1) = % It is straightforward to generalize to unbalanced settings. Recall that the features
in classes +1 follow the law P, and denote the likelihood ratio by ¥ (x) = p4(x)/p—(x).
Then we have that for a fixed u,

Ehy) =Pr [y [log(X)+ > Y Mi(X,) | <0

ke[f] vENg (u)
1
=3 Pr | logy(YW) —i—ZZ >0 ] +Pr|logy(Y —I—ZZ <0,
kel keld]

where YO ~P_, YO ~ P,

1 1 2 2 2 1
2 = X et MUY )Y g Mi(YLD) and 27 = 30 Me(Y )+ 5 g Mi(Y
are independent random variables with Y,gl; ~ P_ and Yl(fj) ~P,.

The above expression is not particularly insightful. For this reason, we now specialize
to the case of Gaussian features and interpret the error in terms of the natural SNRs
associated with the Gaussian mixture and the graph, i.e., the quantities ¢ and ~.

For the Gaussian mixture, the log of the likelihood ratio for a node w is given by
Z (X, @) 2 9y.C2 + 2Cg, where g ~ N(0,1). Replacing every {X;}icpm as X; = EX; +
0g; = yi4 + 08;, we obtain the expression in Theorem 8.

5.6.3 Proof of Theorem 9

Let us now turn to the next result, where we analyze the generalization error in the cases
where the graph SNR 7 takes extreme values.
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Note that when v = 0, i.e., when a = b, then a; = by for all k € [{], hence, ¢; =
log(ay/bx) = 0. This implies that all information from the k-hop neighbours is truncated
to 0 for all k& € [¢]. Thus, the classifier reduces to h; = hj(u, {Xy }oen, () = sgn (P(X,)) =
sgn (g + yuC) = hi(u, {X,}). Thus, the probability that hly, < 0 is

Pr(hiy, <0) =Pr(y.g+ ¢ <0) = ®(—=(),

where ®(-) is the standard Gaussian CDF.

For the other case where v — 1, we have two sub-cases: Either a — 0 with b # 0, or
a # 0 with b — 0. In this case, ¢, — oo for all k, so the classifier takes the form

hZ(U, {Xv}vem(u)) =sgn | g + yuc + Z Z (gk,v + yvg)

kel] vEN (u)

Hence, the probability of making a mistake is

Pr(hly, <0)=Pr | yug+(+ Z Z (YuGrw + YutuC) <0

ke[l vENE (u)

a b
s — |

a b
0 + g

=Pr|g>(

where néa), nf’) denote the total number of nodes in the ¢-neighbourhood 7,(u) that are in

the same class as u and different class as u, respectively. The last equation is obtained
by using the fact that (g, {gx.}) are iid standard Gaussians. Note that in this case since
either b — 0 or a — 0 (but not both), we have néb) — 0 or 7715“) — 0 using (5.2) for any
fixed ¢. Thus, &(a,b) > 1 a.s. Following a similar analysis, one can find that €(hgen) =
Pr(g > ¢ - & (a,b)). This completes the proof.

It is interesting to note that we may not have &;(a,b) > 1 in general, meaning that a
GCN is better than methods that do not use a graph only in the case where &;(a,b) > 1.

5.6.4 Proof of Theorem 10

First, consider the case where £, the total depth of the neighbourhood is a constant inde-
pendent of n, the number of nodes.
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Putting m = 1 in Lemma 5.6.1, we see that the probability is bounded by (8¢*(a +
b))**1/n = O(1/n). Hence, we conclude that in the limit n — oo, there are no cycles in
any constant-depth neighbourhoods in the graph. In particular, we obtain that the local
weak limit (G, u) is a tree.

We now turn to the case where the depth of the neighbourhood is logarithmic in n.

Proposition 5.6.4 (Tree neighbourhoods). Let G = (V,E) ~ CSBM(n,d, P, 2 %) for

constants a,b > 1. Then for any ¢ = clogn such that clog((a + b)/2) < 1741,1 with
probability 1 —O(1/log?n), the number of nodes u € V whose -neighbourhood is cycle-free

is n(1 = o(log'(n)/v/n)).

Proof. In Lemma 5.6.2, observe that since clog A < 1/4, we have { < %

4log A
Thus, putting m = log n, we find that with probability at least 1 —O(1/log®n), the number

of nodes whose /-neighbourhood contains at least one cycle is bounded by O(log*(n)A%) =
o(log*(n)y/n). Hence, the fraction of nodes whose f-neighbourhood is cycle-free is 1 —

o(gr). O

= ilogAn.

For a fixed node u € [n], let us denote the number of nodes at distance k (respectively
< k) from u with class label +y, by U (u) (respectively, UZ, (u)). Also let ny denote
the number of nodes with class label £, so that n = n, +n_. Note that Uy (u) = 1,
Uy (u) = 0, and conditionally on the sigma-field Fp_; = o(U (u),t < k — 1), we have

U7 (u) ~ Bin (m — Ut 11— (1—a/n)i( - b/n)Ukil) , (5.7)

U7 (u) ~ Bin (n_ —UZ,, 1— (1 —a/n)V(1 - b/n)UzL) . (5.8)

Define Sy.(u) = U, (u) + U, (u) to be the number of nodes at distance exactly k from u,
and denote A = “T*b to be the expected degree of a node. Correspondingly, recall from
(5.2) that we have

Qp = 17B0:07

ag ~ Poi (%) , By ~ Poi (M) for k € [4]. (5.9)

Let us now state a useful high-probability bound on Si(u) = U} (u) + U, (u).

Lemma 5.6.5. [Mas1/, Theorem 2.3]. For any { = clogn with clog A < 1/4, there exist
constants C,e > 0 such that with probability at least 1 — O(n~¢), Si(u) < CAFlog(n) for
all w € [n] and all k € [{].
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We now obtain a total variation bound between the sequences {U;= }r>0 and {a, Bk }r>o-

Lemma 5.6.6. Let u € [n] be fized with label y, € {£1}. Let £ = clogn with clog A < 1/4.
Then the total variation distance between the collections of variables {U; (u), Uy (u)}r<e
and {o(u), Br(u) }r<r is bounded by O(log® n/n'/*).

Proof. Define the following events for ' as in Lemma 5.6.5:
Q= {S, < CAFlogn}, 1 <k <L (5.10)

Conditionally on the sigma-field F;_; = o(Ui*(u),t < k — 1) and the event ;_;, we com-
pute the total variation distance between the variables (U, (u), U, (u)) and (ax(u), Bx(u)).
Since u is fixed, we omit it from the notation for brevity. Define the following random
variables:

+ —_
W, ~ Poi (aUkl + bUkl) ,

U, + bU;"
; W, ~ Poi (a S ’”).

2

We now apply the Stein-Chen method to bound drv (U, W), For more details on
this technique, we refer to [Ste72, Che75, BC05]. In particular, we use the fact that for
X1 ~ Bin(n, )\/n), X2 ~ POI()\) and X3 ~ POi()\/), dTv(Xl,XQ) S )\/TL and dTv(XQ,Xg) S
A — N|. Let us focus on dpv(U,5,W,") as the other case for drv (U, ,W, ) is similar.

Construct an intermediate random variable based on the distributions of U;" as in Egs. (5.7)
and (5.8),

Vi~ Poi ((ny = Uk _y) (1= (1= a/m)r(1 = /)1 ) )

Ui b\ Ui . . . . .
Denote T, =1 — (1 — 5) (1 — ;) for brevity. Note that using triangle inequality,

aU’  +bU,_
doy(Vi, W) < |(ny = U2, )Ty — —= =

2
aUl . +bU; . —nTj_
< (n+_U;rk_1_g)kal + g 5 : L
n n CLU_‘; ‘l‘bU_,
= <n+_U2_k—l_§)Tk—1 +§ kln LT
i n 1 " _ 2
< <n+—U§k_1—§> Ty +R(aUk_1+bUk_1) ’
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where in the last inequality we used Fact 2.4.9. Then we obtain the variation distance:
dov (U, W) < dov(UF, Vi) + dov (Vi W)

1
< Tk_l + ‘(n+ - U;k‘—l - g) Tk—l + = (aUIj_—l + b[]k_—l)2

4n
n

1 .
)+ 4 (U + U

= kal (1 + ‘nJr — U;_k—l —

Consider now a choice of ¢ such that clog A < 1/4. We have ¢ = clogn < ilogA n,
implying that A? < n'/4. Recalling (5.10) corresponding to Lemma 5.6.5, we have that
under the event €;_; for k£ < ¢, the number of nodes at distance k — 1 is

Sk =Ur 1 +U,, < CA*tlogn < CA*logn < Cn'/* log n. (5.11)

aU;" -
Observe now that from Fact 2.4.9, T}y < % Recalling that y, have a uniform

prior, by the Chernoff bound [Ver18, Theorem 2.3.1] on n, we have [n, — 5| = O(y/nlogn)
with probability at least 1 — 1/poly(n). Thus, we obtain that under this event,

USial | logn - 1 2
drv (U, W) <0 ( Sn =+ N A (aUy +0Uy) + in (U1 + bUy_y)

<0 (li;g_n) - max(a, b)Sk_1 + wé’k =0 (log n> ,

n 4dn 1/4

where in the last step we used the bound from (5.11). Now recall that the variables
{UFE, a, Br}rejg are defined as in Eqs. (5.7) to (5.9) for all k < ¢. For a fixed u € [n], we
have the base cases Uy = ap = 1 and U; = 5 = 0. Then following an induction argument

with a union bound over all k& € {1,...,¢}, we have that the variation distance between
the sequences {U;", U, tr<s and {au, By }r</ is upper bounded by O (f’fjf) O

We now obtain a relationship between the misclassification error on the data model
with finite n, i.e., £, and the error on the limit of the model with n — oo, i.e., &£.

Theorem (Restatement of Theorem 10). For any 1 < ¢ < clogn such that the positive
constant ¢ satisfies clog(“Ter) < 1/4, we have that
1
log”n

1
-0
(10g2n)’

min &, (h) — &, (hy)

heCy

min &, (h) — E(h})

heCy
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Proof. Consider a random feature-decorated graph G, ~ CSBM(n,d,{Pi+},a/n,b/n),
where P, correspond to the distributions N(+pu,0?I) for the node features given by
{Xu}uep)- For a classifier h € Cy, the class of all (-local classifiers, define &,(h) to be
the probability of misclassification for a uniform at random node u € [n], i.e., &,(h) =
Pr(y, - h(u, {X,}oen,u), Me(u)) < 0). Since it is known that all classifiers in C, operate
on u given the information in its ¢-neighbourhood n,(u), we will omit 7,(u) from the no-
tation and say h(u) instead of h(u, {Xy}ven, (), Me(u)) when it is understood. Let P be
the joint measure of the variables {U }1<, from Egs. (5.7) and (5.8), and P’ be the joint
measure of the variables {ay, Bk tr<e from Eq. (5.9). Then Lemma 5.6.6 gives us that

dry(P,P') < O (fgi;) = 0,(1).
Recall £(h}) computed in Theorem 8 for the limiting data model (G, u).

E(h}) = Pr g+—Z<ZZ,“+ZZ,gbZ>>C

<ZZ,“ +ZZJH> > (| {aw, Brtr<e| dP'.

Similarly, we have

Enlhi) =Pr g+ o Z ZZ;“JFZZSZ >¢
Z i=1
/Pr g—l——z ZZ,“+ZZ,§; > C{U<e | dP.
=1

Thus, we obtain that

« * p log®n
(1) ~ £(10)| < drv(P,P) £ 0 (55 ) = 0, (1), (5.12)
Let us now focus on the case with finite n. Let A denote the event from Proposition 5.6.4
where the number of nodes with cycle-free ¢-neighbourhoods is 1 — o(log;”). For a node
u € G,, let E, denote the event that the subgraph induced by the /-neighbourhood of w,
ne(u) is a tree. Then observe that for a uniform random node u € G,

min &, (h) = Pr(yuhy,, (u) < 0)
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= Pr(E,)Pr(y,hj,,(u) < 0| B,) + Pr(E)Pr(y,h ,(u) < 0| E)
— (1= 0u(1))Pr(yah} (u) < 0) + 0n(1)
= E,(h)) £ on(1).

In the above, we used from Proposition 5.6.4 that Pr(E,) = Pr(E, N A) +Pr(E,NA) =
1— O(log%n), and that &,(h;) = minyee, Pr(y,h(u) < 0| E,). This establishes the first
part:

mm&w—&mm:o(l )

hecy log*n

Combining the above display with (5.12), we obtain the second part, i.e.,

heCy heCy heCy

min &,(h) — min S(h)‘ = |min &, (h) — E(h})

= lmin &, (h) — Eu(BS) + En(hl) — E(RE)

heCy
< |min &, (h) — En(hy)| + |En(hy) — E(hy)]
heCy
1 log® n 1
=0 O(——+— ) =0 :
() +0 () =0 ()
This completes the proof. O

5.7 Additional Empirical Observations

In this section, I will describe a few empirical observations that may help understand
Architecture 2 better in terms of being practically useful, i.e., train-able and comparable
to existing graph learning methods. The complete analysis of the implementation and its
comparison with other GNN architectures is left as an open problem.

5.7.1 Convergence of Parameters
We observe empirically that gradient descent (SGD and Adam implementations in the py-

torch library) converges in the binary setting. In this case, the neural network learns the
correct parameters corresponding to the parameters of the CSBM from which the data is
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Figure 5.2: Convergence of parameters of Architecture 2.

sampled, i.e., p and Q, such that Architecture 2 realizes the optimal classifier in Corol-
lary 7.1. In Fig. 5.2, the x-axis denotes the number of epochs elapsed since the beginning
of the training process. For the first plot, the y-axis denotes the cosine similarity between
the parameters 6; € R learned by the MLP H) in Architecture 2 and the ansatz g that
realizes the optimal classifier; while in the second plot, the y-axis denotes the absolute
difference between the clip parameter ; € R and the ansatz value log(i—z). These exper-
iments are performed in the same setting as Fig. 5.1b with fixed v = 0.2. We see that the
parameters converge as the number of training iterations increases. The reported metrics

are averaged over 10 trials, and the standard deviation is shown at each iteration using the
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translucent blue region.

5.7.2 Comparison with AMP-BP

We now perform a comparison of our architecture with ¢ = 5 against the AMP-BP algo-
rithm from [DSMM18] in two different settings. We set n = 1000 and work with two values
of d € {5,500}. The case d = 5 simulates the low-dimensional case where asymptotically
d/n — 0, while d = 500 represents the high-dimensional case where d/n — ¢ for a con-
stant c¢. For the AMP-BP algorithm, we choose two values for the number of iterations,
t € {5,20}.

Tables 5.1 and 5.2 show the results for ( = 1 with varying values of v. We observe that
the classifier obtained after training Architecture 2 almost always outperforms AMP-BP
for both low-dimensional and high-dimensional cases.

Table 5.1: Accuracy metrics for Architecture 2 and AMP-BP for ( =1 and d = 5.

’ Graph signal ‘ 5-local Bayes Optimal ‘ AMP, t =5 ‘ AMP, t =20 ‘

0.3 0.870 0.753 0.858
0.4 0.954 0.816 0.890
0.5 0.988 0.819 0.916
0.6 0.996 0.892 0.952

Table 5.2: Accuracy metrics for Architecture 2 and AMP-BP for ( =1 and d = 500.

’ Graph signal \ 5-local Bayes Optimal \ AMP, t =5 \ AMP, t =20 ‘

0.3 0.916 0.554 0.848
0.4 0.995 0.558 0.877
0.5 0.998 0.626 0.920
0.6 0.998 0.657 0.940

Tables 5.3 and 5.4 show the results for ( = 0.2, i.e., for a weaker feature signal in the
data. Here, we observe that although Architecture 2 outperforms AMP-BP in the low-
dimensional regime, it exhibits worse performance than AMP-BP in the high-dimensional
regime.

It is important to note, however, that this is an apples-to-oranges comparison because
AMP-BP is not a local algorithm, i.e., the whole graph is visible to the algorithm and all
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Table 5.3: Accuracy metrics for Architecture 2 and AMP-BP for ( = 0.2 and d = 5.

’ Graph signal ‘ 5-local Bayes Optimal ‘ AMP, t =5 ‘ AMP, t =20 ‘

0.3 0.554 0.520 0.579
0.4 0.587 0.528 0.584
0.5 0.823 0.604 0.756
0.6 0.997 0.637 0.880

Table 5.4: Accuracy metrics for Architecture 2 and AMP-BP for ¢ = 0.2 and d = 500.

’ Graph signal \ 5-local Bayes Optimal \ AMP, t =5 \ AMP, t =20 ‘

0.3 0.584 0.502 0.543
0.4 0.706 0.525 0.694
0.5 0.762 0.568 0.804
0.6 0.788 0.604 0.878

nodes contribute to the classification of every other node. This is not true for Architec-
ture 2, where only the nodes in the /-hop neighbourhood contribute to this decision. Our
notion of optimality is among the class of local algorithms. Furthermore, we observe that
AMP-BP with 5 iterations does not converge and obtains a much lower accuracy compared
to 20 iterations.
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Chapter 6

Subsequent Relevant Work

Since the inception of the work presented in this thesis, there has been good progress
in the field of understanding graph neural networks and graph data using statistically
grounded techniques and tools. The most recent work in this regard is [WBEF24], which
provides a rigorous theoretical analysis of the performance of corrected graph convolutions
(corrected by removing the principal eigenvector to avoid oversmoothing). It provides
theoretical guarantees for both exact and partial linear classification, which was missing in
all previous works, including the work in this thesis.

In particular, this new set of results gives a spectral analysis for k& rounds of corrected
graph convolutions for any arbitrary k£ and shows that each round of convolution can
reduce the misclassification error exponentially for partial classification. Additionally, it
is demonstrated that the separability threshold for exact classification can be improved
exponentially as a function of the number of corrected convolutions.

6.1 Corrected Graph Convolutions

Let A be the adjacency matrix of the given graph, and D be the degree matrix. Vanilla
graph convolutions are represented using matrices such as D™*A or D~Y/2AD~/2 [KW17].
Suppose the graph is d—regular, meaning that each node has exactly d neighbours. In this
case, both graph convolutions reduce to éA. The top eigenvector of A is 1 with eigenvalue
d, where 1 is the vector of all ones. This means that limy . 5 A" = L1117, which implies
that multiplying our feature vector, x, by éA many times is essentially equivalent to
projecting our data onto the all-ones vector, x — %<X, 1)1. This means that all feature
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values will converge to the same point. Therefore, we should expect, as verified by most
real-world and synthetic experiments, that many rounds of the convolution x éAx
will lead to a large learning error. However, if we instead apply the corrected graph
convolution A := JA — 1117 instead, then the convergent behaviour of x — A* would be
equivalent to projecting x onto the second eigenvector of A. This eigenvector is known to
capture information about sparse cuts in graphs [Che70, AM85, Alo86], and so for certain
problems; like binary classification, we may expect this eigenvector to capture a larger
amount of information about our signal.

All the results in this chapter are stated in terms of the following corrected convolution
matrices:

A=D'2AD /% _ ﬁDWHTDl/2 and A= éA - %111 (6.1)
where d is the empirical average degree in A, which is equal to 2|E|/n and |E| is the num-
ber of edges in the graph. Note that A is derived from the normalized adjacency matrix,
while A is (up to a scalar multiple) its unnormalized counterpart. Briefly, in our results, we
demonstrate that when the graph is sufficiently dense and of reasonably good quality, the
corrected graph convolutions exponentially improve both partial and exact classification
guarantees. Depending on the density and quality of the given graph, improvement be-
comes saturated after O(logn) convolutions in our partial and exact classification results.
However, in comparison to a similar analysis in [WCWJ23] for vanilla graph convolutions
(without correction), we show that classification accuracy does not become worse as the
number of convolutions increases.

6.2 Data Model

A specialized version of the CSBM (see Section 2.2) is used to obtain these results. In
particular, the model is defined by parameters n,m € N, p,q € [0,1], p,v,€ R™ and

o € RT, with P = {N(u,0%L,),N(v,0°1,} and Q = (S Z) The vertices of the

feature-decorated graph G(V, E) = (A, X) are thus partitioned into two classes, denoted
by S and T', each of size n/2. The goal is to recover this partition. For each i € V| let
g; ~ N(0,0%I,,) be an iid Gaussian noise vector. For i € S, the i'® row of X is given by
p + g;, while for each j € T, the j row of X is given by v + g;. For ease of notation,
assume in this chapter that p > ¢, however, note that the results can be easily generalized

to the other symmetric case p < ¢. In the following, v(p, q) = %.
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6.3 Partial Classification

The partial classification or “detection” problem aims to correctly classify 1 —o(1) fraction
of vertices with probability 1—o(1). The following result illustrates the detection threshold.

Theorem 11. Suppose (A,X) ~ CSBM(n,p,q,{p,v},o) where p,v € R™ are means
of the Gaussian mixture, and p,q satisfy v(p,q) = =% > Q (, /%p) and p > <) (%)

p+q
Then, there exists a linear classifier such that after k rounds of convolution with A, with

probability at least 1 — %exp(—Q("H"a—}Vw)) it misclassifies at most

1 C \2¢ ¢o? )
O—+ nlogn
(7219 (%/np) I —v|? &

vertices, where C' is an absolute constant. Furthermore, if v > Q( l‘fp") then with probabil-

2
ity at least 1— % exp(— (M%””) ), the same linear classifier after k rounds of convolution
with A will masclassify at most

2

1 1 2%k
O<o§n+<0 ogn) 7 2nlogn)
S VA 1 e |

vertices.

Let us take a closer look at the error bound. First, we see that an important ratio in
the bound is the term 1/(7?np). This term is small if v? is much larger than the inverse of
the expected degree of each vertex, (p + ¢)n/2, which is at most np. The assumption that
this ratio is upper bounded by a constant means that we need the signal from the graph to
be sufficiently strong. Now, if we let p = C/(v*np) where C is a sufficiently large constant,
then we see that the fraction of misclassified vertices is at most p + pFo?logn/ || — 1/||2.
Our assumption on the parameters ensures that p < 1. Note that only the second term
depends on k, and the feature’s noise-to-signal ratio. This term measures the amount
of error introduced by the variance in the features and exponentially decreases with k.

Moreover, after about k = log, /, <02 logn/(p||p — 1/||2)> convolutions, the p term, which

only depends on graph parameters, will dominate over the variance term, indicating that
more convolutions will not improve the quality of the convolved features beyond the quality
of the signal from the graph. If ||u — v|| /o is constant, we will always reach the optimal
error bound of O(p) when k = O(loglogn). Moreover, if v = Q(1), as was assumed in
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[BEJ21b], we have 1/p > Q(np). This means that even when o/ || — v|| = \/n/logn, we
will reach optimality in a constant number of convolutions with a high probability if the
graph is moderately dense. For example, if p = 1/4/n, then we only need 3 convolutions
and if p = Q(1), then we only need 2. On the other hand, if v is on the order of ©(1/,/np),
then in the worst case, we may need logn convolutions to reach the optimal bound.

6.4 Exact Classification

The exact classification objective aims to recover S and 7" with probability 1 — o(1).

Theorem 12. Suppose (A,X) ~ CSBM(n,p,q,{p,v}, o) where p,v € R™ are means
of the Gaussian mixture, and p,q satisfy v(p,q) > € (k:,/%) and p > %. Then
after k = O(logn) rounds of graph convolution with A, the data is linearly separable with
probability 1 — n=W 4f

e ()

where C is an absolute constant.

Theorem 12 provides the minimum signal-to-noise ratio required for exact classification
as a function of n,p,q, k. Similar to the partial classification result, this function has a
term that decreases exponentially with £ and a term that is independent of k. The rate
of decrease of the dependent term is proportional to 1/(v,/np), or \/p. We see once again
that with more convolutions, the requirement on the feature signal-to-noise ratio for exact
classification becomes exponentially weaker. Moreover, because of the assumption that
v > Q(ky/logn/(np)), as long as ||u —v|| > Q(oy/logn/n), the data becomes linearly
separable after k = O(logn/loglogn) convolutions. Observe that the larger « is, the
fewer convolutions we need to obtain the optimal bound. In particular, if v = (1) and
p = (1) then one convolution already gives the optimal bound, and if p = 1/4/n, then
two convolutions are enough.

6.5 Discussion on Assumptions

For the complete proofs of Theorems 11 and 12, the reader is referred to [WBF24, Theorem
4.1 and 4.2]. Note that both the theorems require a lower bound of v > w(1/,/np) to
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ensure that the signal from the graph is strong enough so that a convolution does not
destroy the signal from the feature data. Furthermore, implicit in the probability bound of
Theorems 11 and 12 is the assumption that the signal-to-noise ratio, || — v|| /o, is at least
w(1/4/n) so the feature signal is sufficiently strong. The lower-bound assumption on p is
to ensure the concentration of degrees and the adjacency matrix towards its expectation.
In Theorem 12, it is also assumed that k¥ = O(logn), mainly for technical reasons of the
proof. Finally, note that the case p > ¢ corresponds to a homophilous graph, and the
case p < ¢ corresponds to a heterophilous graph (see [LHL™21b, MLST22] for more). For
binary classification, it has been shown [BFJ23a] that one can assume p > ¢ without loss
of generality and make corresponding adjustments in the classifier. As such, we assume
that p > ¢.

6.6 Experiments

This section demonstrates the above results empirically. For synthetic data, Theorems 11
and 12 are simulated for linear binary classification. For real data, it is shown that removing
the principal component of the adjacency matrix exhibits positive effects on multi-class
node classification problems as well.

6.6.1 Synthetic Data

For synthetic data from the CSBM, we observe the benefits of removing the principal
component of the adjacency matrix before performing convolutions for both variants of
convolution described in (6.1). The experiments are performed for n = 2000 nodes with
20 features for each node, sampled from a Gaussian mixture. The intra-edge probability
is fixed to p = O(log® n/n). Linear classification is performed to demonstrate the results,
training a one-layer GCN both with and without the corrected convolutions.

Plots are provided for two different settings: (1) Fix v = |p — ¢|/(p + q) = 2/3 and vary
signal-to-noise ratio of the node features, ||p—v||/o, for a different number of convolutions.
We observe in Fig. 6.1 that as the number of convolutions increases, the original GCN
[KW17] (in blue) starts performing poorly, while the corrected versions (in orange and
green) retain the accuracy for lower signal-to-noise ratio; (2) Fix ||u — v||/o = 1 and vary
the graph relative signal strength, v, for different number of convolutions. We observe
the same trends in this setting, as depicted in Fig. 6.2. The vertical lines represent the
threshold for exact classification from Theorem 12.
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Figure 6.1: Accuracy plot (averaged over 50 trials) against the signal-to-noise ratio of the
features (ratio of the distance between the means to the standard deviation) for a given
number of convolutions. Here, v = D21 and the “GCN with vv" removed” refers to
convolution with the corrected, normalized adjacency matrix. “GCN with 117 removed”
is the corrected, unnormalized matrix.

108



1.0 1 1.0 A
0.9 | 0.9 1 |
9 | 9 |
O (O]
© 0.81 i (G 0.8 - :
= | = |
35 H -] H
O 0.7 . O 0.7 | —
(U] —o— Original GCN (O] - —o— Original GCN
< 064 === GCN with vv" removed < 0.64 I === GCN with vv" removed
=+ GCN with 117 removed ' | =+ GCN with 117 removed
0.5 — Exaclt recovery threshold 0.5 1 | — - Exact recovery threshold
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
(a) 1 convolution. (b) 2 convolutions.
1.0 | N
0.9 1 I
> > I
O O
© (M 0.8 1
o o |
-] -] H
O - 0 0.7 | —
@] —e— Original GCN @] . —e— Original GCN
< —=— GCN with vv" removed < 064 I —=— GCN with vv" removed
—— GCN with 117 removed ' | —— GCN with 117 removed
i = Exact recovery threshold 054 e —- Exact recovery threshold
: |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
(c) 4 convolutions. (d) 8 convolutions.

va

—e— Original GCN

—=— GCN with vv' removed
—+— GCN with 117 removed
= Exact recovery threshold

vas

—e— Original GCN

—=— GCN with vv' removed
—+— GCN with 117 removed
= Exact recovery threshold

7

0.6 0.8 1.0

Y Y

Accuracy
Accuracy

0.6 0.8 1.0

(e) 12 convolutions. (f) 16 convolutions.

Figure 6.2: Accuracy plot (averaged over 50 trials) against graph relative signal strength
(v=1p—4q|/(p+ q)) for various values of the number of convolutions.

The partial classification result is demonstrated in Fig. 6.3, which plots the theoretical
value of the error from Theorem 11 along with the simulated values. We observe that
for suitable values of the constants in Theorem 11, the simulated accuracy (fraction of
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correctly classified nodes) is roughly the same as the theoretical bound.
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Figure 6.3: The theoretical error as derived from Theorem 11 is shown in red.

Next, let us depict a comparison between the corrected vs uncorrected convolutions
via both linear and non-linear models for multi-class classification against the number of
convolutions. For the linear model (Section 6.6.1), we look at five 1-vs-all classifiers followed
by a softmax to predict the class label, while the non-linear method (Section 6.6.1) follows
a typical two-layer MLP-based architecture. In both cases, we observe that the corrected
convolutions do not deteriorate in performance as the number of convolutions increases.

6.6.2 Real Data

Similar to synthetic data, the results for the corrected and the original GCN are compared
on the following real graph benchmark datasets: CORA, CiteSeer, and Pubmed citation
networks [SNBT08]. It is observed in Fig. 6.5 that correcting the convolution as in Eq. (6.1)
by removing the principal component performs better as the number of layers increases,
even for a multi-class setting, where we perform one convolution at each layer.

Note that in Fig. 6.5, we see that overall the accuracy of every learning method decreases
as the number of convolutions increases but the corrected convolutions converge to an
accuracy much higher than that of the uncorrected convolution. This is attributed to the
fact that for multi-class classification, the important information about class memberships
is captured by the top C' eigenvectors (except the first one) where C' is the number of
classes [LGT14]. Since the limiting behaviour of many rounds of convolutions is akin to
projecting the features onto the second eigenvector, we only expect this to capture partial
information about the multi-class structure.
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Figure 6.4: Accuracy plot (averaged over 50 trials) on CSBM data with 5 balanced classes,
500 nodes per class and orthogonal means, with fixed p = 0.1.
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Figure 6.5: Accuracy plots against the number of layers for real datasets.
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Chapter 7

Conclusion and Future Work

This thesis attempts to build a statistically grounded methodology for understanding, eval-
uating, and developing learning methods for graph machine learning problems. It provides
a rigorous theoretical framework which enables a broader, yet fundamental understanding
of learning on graphs, using well-studied random graph models coupled with node attribute
information. There are several limitations of this work, for example, it specifically deals
with the node classification problem. However, I hope future research in this field can ex-
tend the ideas presented in this thesis to understand a wider variety of learning problems
in wider, more challenging regimes.

The first part of this thesis uses the binary contextual stochastic block model to show
that graph convolution can transform data which is not linearly separable into data which
is linearly separable. It also showed empirically that graph convolution can be disadvan-
tageous if the intra-class edge probability is close to the inter-class edge probability. Fur-
thermore, a classifier trained on the convolved data can generalize to out-of-distribution
data with different intra and inter-class edge probabilities. The study of binary models is
then extended to understand the fundamental classification thresholds for graph convolu-
tions when placed beyond the first layer in a multi-layer network. The XOR-CSBM data
model is used to provide theoretical guarantees for the performance of graph convolutions
in different regimes of the signal in the data. Through experiments on both synthetic and
real-world data, it is shown that the number of convolutions is a more significant factor
for determining the performance of a network, rather than the number of layers in the
network. Furthermore, placing graph convolutions in any combination achieves mutually
similar performance enhancements for the same number of them. Multiple graph convolu-
tions are advantageous only when the underlying graph is relatively sparse. Intuitively, this
is because, in a dense graph, a single convolution can gather information from a large num-
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ber of nodes, while in a sparser graph, more convolutions are needed to gather information
from a larger number of nodes (Chapter 3).

In the second part, the impact of graph attention on edges and its implications for
node classification are studied. It is shown that graph attention may not be very useful
in a “hard” regime where the node features are noisy by proving that a single-layer graph
attention convolution is limited when it comes to distinguishing intra-class from inter-class
edges (Chapter 4). Given the empirical successes of graph attention and its many variants,
a promising future work is to study the power of multi-layer graph attention convolutions
for distinguishing intra-class and inter-class edges. Variants of graph attention networks
have been successfully used in tasks other than node classification, such as link prediction
and graph classification. These tasks are typically solved by architectures that add a final
aggregation layer which combines node representations generated from graph attention
convolution. It is an interesting future direction to develop a good understanding of the
benefits and limitations of the graph attention mechanism for these tasks.

Our analysis in these two parts is limited to a regime where the graph is relatively
dense, i.e., p,q = Q(log? n/n). To fully understand the limitations of graph convolutions, a
study of their effects in the case of very sparse graphs (up to p,q = O(1/n)) is warranted.
This problem is hard because degree concentration does not provide a useful bound in this
extremely sparse regime. Without degree concentration, it is difficult to argue about the
nature of the output of the neural networks with overwhelming probability. Consequently,
it is difficult to show a classification result. However, this level of sparsity comes with a
benefit: the local neighbourhoods of every node are tree-like. This fact is crucial to the
work in part three of this thesis, where it is made precise and used to design the optimal
message-passing architecture for sparse graphs.

Part three presents a comprehensive theoretical characterization of the Bayes optimal
node classification architecture for sparse feature-decorated graphs and shows that it can
be realized through a GNN using the message-passing framework. Utilizing the well-
established and well-studied statistical model CSBM, its performance is interpreted in
terms of the SNR in the data, along with a validation of the findings through empirical
analysis of synthetic data (Chapter 5). The following limitations are identified as prospects
for future work: (1) Neighbourhoods only up to distance ¢ = clogn are considered for
a small enough ¢. Extending ¢ to the graph’s diameter (known to be O(logn) with high
probability) by removing the restriction on ¢ poses challenges due to the presence of cycles,
which add a lot of correlation. (2) More insights can be provided through experiments on
real data to benchmark the architecture in cases where we have a significant gap between
the theoretical assumptions (sparse and locally tree-like graph) and the real-world data.
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