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Notation

The next list describes some of the notation used throughout this thesis.

Graph Signal Processing

G=MW,&A,X) An attributed undirected graph
NeN Number of nodes in the graph
V=A{v,...,uon} Vertex set of the graph
EeN Number of edge types
ECH{l,...,E} xVxV Edge set of the graph

A € REXNXN Adjacency tensor

FeN Number of features

X € RVxF Matrix of node features

Xi. € RIXF Features of node 4

X.; € RVX! Feature j of all nodes
z:V—-R Graph signal

x € RV st x; = 2(i) Graph signal

Graph Convolutional Networks

F Input dimension: number of features
freN Number of features at layer k

L. Number of convolutional layers

X (k) ¢ RN*fk Matrix of node features at layer k
x® ¢ givx1 Feature j at layer k of all nodes

:7‘7

Multi-Layer Perceptron
L-layer MLP MLP with L hidden layers

Quantum Chemistry
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Ha Hartree energy
eV Electronvolt

kcal /mol Kilocalorie per mol



Chapter 1

Introduction

Graph Convolutional Networks

Graphs are extensively used to model systems in a wide range of scientific fields. For
example, graphs have been employed to model social networks in social sciences, functional
networks in brain imaging, molecules in cheminformatics and regulatory networks in genetics
[Bro+16; Duv-+15]. In recent years the enormous success of Deep Learning has produced an
increasing interest in modeling such systems using deep neural networks. This has resulted
in a new active field of research. This emerging field of techniques that attempt to generalize
structured deep neural models to non-Euclidean domains such as graphs and manifolds has
become known as Geometric Deep Learning [Bro+16|.

In particular, convolutional neural networks (CNNs) have been extremely successful during
the last years in practical applications for processing natural images, video and speech. This
data has been processed as a grid-like structure. However, the extension of convolutional
networks to graphs is not straightforward since the graph domain posseses several challenges.
The presence of irregular and unordered neighborhoods forces to develop a new convolution
operator [Sim19].

Based on spectral approaches from Graph Signal Processing (GSP) [Shu+13; Ort+18| and
on spatial-based methods convolution can be extended to graphs. Just as in CNNs, graph
convolutions can be stacked and combined with nonlinear activation functions to build deep
models. Different variants of these models may then be used to perform supervised or
semi-supervised tasks such as graph or node classification and regression.

Spectral-based methods define convolution by the application of filters based on the spectral
properties of the graph Laplacian, while spatial-based methods construct graph convolutions
by aggregating features from the neighbors of the vertices. Spectral-based methods have
a theoretical background on graph signal processing and have achieved remarkable results
in many tasks. Nonetheless, they have exhibited several weaknesses. Regarding efficiency,
the computational cost of performing eigenvector computation increases fast with the graph
size. Besides that, the whole graph needs to be handled at the same time. This limits
the implementation of parallel solutions and makes them difficult to scale to large graphs.
Regarding generality, spectral-based models had traditionally assumed a fixed graph . Thus
these models had limited generalization capabilities [Wu+19b].

7



8 CHAPTER 1. INTRODUCTION
LanczosNet

Due to the mentioned drawbacks of spectral-based methods, spatial-based methods have
gained more attention in the last few years. However, some spectral-based networks have
been proposed that try to tackle these issues. In [Lia+19] the Lanczos Network (LanczosNet)
is introduced as a promising spectral-based network which seeks more efficiency, generality,
representational capacity and efficient leverage of multi-scale information.

To address the efficiency issue, the LanczosNet uses the tridiagonal decomposition implied
by the Lanczos algorithm to obtain a low rank approximation of the graph Laplacian. In this
way an approximate eigenvector decomposition is obtained. This is also used to efficiently
leverage multi-scale information as it allows to approximate powers of the graph Laplacian.

A Multi-Layer perceptron is used to learn the spectral filters, instead of using a predeter-
mined class of polynomials. This increases the representational capacity of the model and
inables it to learn useful representations for particular tasks. The model assumes neither
a fix graph nor a fix graph size. Moreover, according to [Lia+19] the model has shown to
generalize well.

In [Lia+19| the model is tested on the task of document classification in citation networks,
where the graph is fixed, and also on the task of predicting properties of molecules, where
the graphs change. In this work we focus on the prediction of molecular properties and also
move on to molecule autoencoding tasks. Additionally in the appendix C the experiments
on document classification are presented and we also test the model at the task of link
prediction on citation networks.

Molecular Property Prediction

In molecule design an important task is to predict the physical, chemical or biological
properties of a novel molecule from its structure. A study from Harvard University [Duv+-15]
proposed modeling molecules as graphs and employing graph convolutional networks to learn
the desired molecule properties.

In [Che+19b] the Alchemy dataset was introduced, which contains 119,487 organic molecules
that are screened as being more likely to be useful for medicinal chemistry and that contain
up to 12 heavy atoms. It includes 12 quantum mechanical properties, that were calculated
using the DFT Kohn-Sham method at the B3LYP level with the basis set 6-31G(2df,p).
The calculation of these properties involves solving the Electronic Schrodinger’s equation
for a particle system. The average total running time for processing a molecule is 25.41
hours. It is thus a computationally expensive approach.

Various techniques from Machine Learning have been used to try to tackle this problem.
In particular Graph Convolutional Networks have achieved very good results in the last
years. Here the goal is to use a neural network that models the computationally expensive
DFT calculation and predicts the quantum properties of organic molecules faster [Gil+17].
In [Ram+14; Wu+17| other datasets known as QM8 and QM9 had been introduced. In
this work we use these three datasets and we explore the performance of the LanczosNet
and some of its variants for the prediction of properties both in single task and multi-task
settings.



Graph Variational Autoencoders

In drug discovery and material science a central problem is to design molecules with certain
optimized chemical properties. Since there is a very large number of possible molecules, it
is a very demanding task. One should be able to predict the properties of the molecules and
to generate molecules in an efficient way to optimize the target properties. In [BL19a| a
simple and efficient auto-encoder for molecule generation was introduced. It achieves good
results at basic tasks for the 250K Zinc [Irw+12] dataset. Following this framework, we
build an autoencoder which uses the LanczosNet for encoding.

Objectives and Contributions

The contributions of this work are the following;:

1.

We provide a comprehensive mathematical treatment of the LanczosNet that bridges
the gap between the current short presentation of the model and its actual structure,
and present a framework to compare it with other spectral-based methods.

. We study the robustness of the LanczosNet at the task of predicting atomization

energy with respect to random perturbations in the eigenvalues and eigenvectors of
the graph similarity matrix S.

We propose a version of the LanczosNet (LanczosDistNet) that incorporates distance
information for the prediction of atomization energy which uses a Gaussian Radial
Basis Function to compute the adjacency matrix of the molecule and to construct
the similarity matrix, and reaches chemical accuracy at the prediction of atomization
energy in the QM9 dataset.

We experiment using the LanczosNet as the encoder in the architecture of the molecule
variational autoencoder framework introduced in [BL19a] and the graph autoencoder
structure presented in [KW16].

We test the influence of the number of Ritz eigenvectors in the model for the task of
node classification and link prediction in citation networks.

Layout

e Part I Background: In Chapter 2 background knowledge regarding graphs and graph

signal processing is stated. In Chapter 3 the main postulates, concepts and equations
from Quantum Mechanics and Quantum Chemistry are presented.

Part II Graph Convolutional Networks: In Chapter 4 we discuss the setting and
the tasks we are interested in solving. In Chapter 5 some of the existent spectral-
based graph convolutional networks are analyzed, with a focus on the LanczosNet.
In Chapter 6, for the sake of comparison, spatial-based methods and the proposed
version of the LanczosNet that uses distance information are presented.

Part III Further Analysis of the LanczosNet: In Chapter 7, the details and the con-
vergence properties of the Lanczos Algorithm are discussed. In Chapter 8, the rela-
tionship between the LanczosNet, Spectral Clustering and Diffusion Maps is explored.
In Chapter 9, the locality and other properites of the LanczosNet are studied.



10 CHAPTER 1. INTRODUCTION
e Part IV Molecular Property Prediction: In Chapter 10, the results of molecular prop-
erty prediction on QMS8, QM9 and Alchemy are presented.

e Part V Graph Variational Autoencoders: In Chapter 11, the molecule variational
autoencoder structure is explained.

e Appendix C: We perform experiments on citation networks on node classification and
link prediction.



Chapter 2

Graph Signal Processing

This chapter provides some background knowledge that is required in order to understand
and develop the methods behind Graph Convolutional Networks (GCNs). There are two
main approaches to GCNs, spectral-based and spatial-based [Wu+19b]. In this thesis we
focus mainly on the former. Spectral-based approaches rely heavily on Graph Signal Pro-
cessing (GSP) methods that leverage spectral graph theory to analyze signals on graphs.
We will introduce the notation that we will use for graphs and then we will provide an
overview of Graph Signal Processing. This chapter indends to provide a basic introduction
and definitions, while a more detailed discussion of certain aspects is presented within Part
IIT of this thesis.

2.1 Graphs

First we present the most important concepts from graph theory that are fundamental for
the understanding of the Spectral Graph Convolutional Networks.

Definition 2.1.1 Graph

A Graph is G = (V,E, A) where V is a set of N nodes (vertices), £ is a set of edges and
A is the adjacency matriz. The adjacency matriz is a N x N matriz with A;; = a;; > 0 if
€ij = (’UZ',U]') €& and Aij =0 ifez-j ¢ E.

The adjacency matrix can be either binary or real valued. We consider undirected graphs,
so that A;; = Aj; for 1 <4,5 < N.

Figure 2.1: Graph Example Depiction (N = 5)

Definition 2.1.2 Graph with multiple edge types
When dealing with E edge types we consider: G = (V,E, A) where V is a set of N nodes

11



12 CHAPTER 2. GRAPH SIGNAL PROCESSING

(vertices), £ is a set of edges and A is the adjacency tensor. The adjacency tensor is an
E x N x N tensor with Atij = Q5 >0 Zf €tij = (t,vi,vj) € €& and Atij =0 Zf €tij ¢ E.

For the sake of simplicity we state most concepts without considering different edge types.

Definition 2.1.3 Diagonal degree matrix
Let’s define D € RN*N to be the diagonal degree matriz:

J

Definition 2.1.4 K-hop local neighborhood

We denote the set of nodes that share an edge with node i by N;. More generally the set
of nodes reachable from i by a path of length at most K is denoted by N (i, K). This set is
referred to as the K-hop local neighborhood of vertex 1.

Definition 2.1.5 Matriz of node features
We can associate a graph with node features X, where X € RN*F s o feature matriz.

Definition 2.1.6 Attributed Graph
A graph G together with the node features X is known in the literature as an attributed
graph. This can be denoted as (G, X) or by considering G = (V,E, A, X)

Figure 2.2: Attributed Graph Example Depiction (N = 5)

Definition 2.1.7 Feature
We use X. ; € RY to denote the j-th column of X. This corresponds to the j-th feature.

Definition 2.1.8 Feature vector of a node
For each node i € V, we denote its feature vector as a row vector X; . € RIXF

Definition 2.1.9 Graph Signal

A graph signal is a function x:V — R defined on the nodes of a graph G. The function x
can be represented by a vector x € RY | where the i component of x represents the value
of the function x at the i*" node of V.
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Figure 2.3: Graph Signal  Example Depiction (N = 5)

Definition 2.1.10 Multi-dimensional Graph Signal

A multi-dimensional graph signal is a function z: V — R defined on the nodes of a graph
G. The function z can be represented by a matrizc X € RV*F where the (7,7) component of
X, X j, represents the value of the j-th component of function z at the ith node of V.

In what follows we usually identify the node v; with its index 7.

2.2 Graph Laplacians and Similarity Matrix

A fundamental concept lying at the heart of spectral graph theory is that of the graph
Laplacian. Based on the adjacency matrix A, the graph Laplacian L can be defined in a
number of ways.

These graph Laplacians are matrices that encode the connectivity of the graph and are
difference operators which intuitively capture the difference between the value of a signal z
on a node and a weighted sum of the signal in a neighborhood of the node [Sim19]. The
graph Laplacian is thus in some sense analogous to the (negative) Laplace operator from
calculus. For a detailed treatment of this relationship the reader is referred to [Shu+13].
Consider x € RN any signal. Three of the most used Laplacians are the following:

1. Definition 2.2.1 Non-normalized Graph Laplacian
The non-normalized graph Laplacian or combinatorial graph Laplacian is defined as

Le:=D-A (2.2.1)

We obtain that:

(Lex)(i) = Y Aijla(i) — 2(f)] = di |x(i) = Y

JEN; jen;

(%) (2.2.2)

2. Definition 2.2.2 Normalized Graph Laplacian

Another option is obtained by normalizing each weight A;; by a factor of ;d_. The
iQj

normalized graph Laplacian is then defined as
Ly=D2(D—A)D 2=1-D:AD 2 (2.2.3)

We obtain that:




14 CHAPTER 2. GRAPH SIGNAL PROCESSING

3. Definition 2.2.3 Random Walk Laplacian
A third way is to use the random walk matriz P := D™'A. The asymmetric graph
Laplacian or random walk Laplacian is defined as

Lrp:=1-P (2.2.5)
We obtain that:

(Lrx)(i) =) g, [2(0) — ()] = () - >

jeN; Tt jen;

2(5) (2.2.6)

2.3 Graph Fourier Transform

The normalized graph Laplacian is real symmetric, positive semi-definite (PSD) and its
eigenvalues are in [0,2]. In the context of GCNs it was found that for some applications
changing A to A+ I =: A (adding self-loops) and using the affinity/similarity matriz S
achieves better results [KW17|. Letting D be the degree matrix of A, we consider the
following (modified) similarity matrix.

Definition 2.3.1 (Modified) Similarity Matriz

=

S:=D"2AD"z e RVN (2.3.1)

Choose L to be the non-normalized, the normalized symmetric Laplacian or the similarity
matrix S. Since L is a real symmetric matrix, it has a basis of orthonormal eigenvectors
which we denote by {u;};=1, n. The associated eigenvalues are denoted as {\;};=1,. -
Then Lu; = \ju; for I =1, ..., N.

We obtain the eigenvalue decomposition:

L=UAUT (2.3.2)
where U = [uy, ...,uy| and A = diag(A1, ..., An).

The classical Fourier transform is an expansion of a function x in terms of complex expo-
nentials which are the eigenfunctions of the (negative) Laplace operator:

#(8&) == (x, 2™ = /:c(t)e_%igtdt (2.3.3)

R

For an intuitive treatment of the classical Fourier transform the reader is referred to [Osg07].

Definition 2.3.2 Graph Fourier Transform
The graph Fourier transform X of a function x € RN is defined analogously:

(N = (x,uy) = Zx(i)ul(i) (2.3.4)
F(x)=%:=U"x (2.3.5)

It is thus the expansion of x in terms of the eigenvectors of the graph Laplacian.
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Definition 2.3.3 Inverse Graph Fourier Transform
The inverse graph Fourier Transform is given by:

x(i) :=

F L&) :

(M) (i) (2.3.6)

% L=

(2.3.7)

2.4 Graph Signal Filtering

Based on the graph Fourier transform and its inverse it is possible to equivalently represent a
signal in two different domains: the vertex domain and the domain of the Fourier transform
which is known as the graph spectral domain. Filtering may be done either in the spectral
domain or in the vertex domain. This is related to the spectral-based and spatial-based
approaches to GCNs.

1. Graph Sectral Filtering (Frequency filtering): A signal § may be directly defined in
the spectral domain. These signals are commonly referred to as kernels. As in clas-
sical signal processing, filtering of a signal x;, corresponds to multiplication in the
spectral domain with a kernel g which produces an amplification or attenuation of the
components of the Fourier basis.

iL(Al) = «’i'out()‘l) - -i”m()‘l)g(Al) (241)
In graph signal processing convolution is defined so that it directly corresponds to
multiplication in the frequency domain. If z,g : V — R are two signals we define
graph convolution via

N
h(i) = (2% 9)(i) ==Y _ #(A)g(A)wi(i) (2.4.2)

=1
h=UU'xoU"g)=F 1 (F(x)o F(g)) (2.4.3)

where © is the Hadamard (point-wise) product.

If a kernel is represented by Gy = diag(U'g) € RV*N the graph convolution can be
expressed as:
x xg Gg = UGoU "x = go(L)x (2.4.4)

where
go(A1) )
go(L) = U Go(2) § ol (2.4.5)

Go(AN)

2. Graph Spatial Filtering (Filtering in the vertex domain): In this setting the output
signal xy,:(7) at vertex ¢ is taken as a linear combination of the components of the
input signal at vertices within a K-hop local neighborhood of vertex i:

Tout = D iTin (i) + Z bi’jxm(j) (2.4.6)
JEN(4,K)

for constants {b;;}: jev-



16

CHAPTER 2. GRAPH SIGNAL PROCESSING

. Relationship between Spectral and Spatial filtering: If the kernel gg is a polynomial

of order K: P
D=0\ (2.4.7)
k=0

for some parameter 8 € RE+1:

xout me )\l )\l ul( )

N K

Z Jui(j) Z O M (i)
Z Qk Z )‘l ul ul (2.4.8)
Z Ok (L)1

<Z Or (L ]) Zin(J)

uMz TMz TMZ ”MZE

Since (L*);; = 0 whenever the shortest distance dg(i,5) between node i and node j
is greater than k& we obtain a spatial filter with coefficients:

K
> (LR (2.4.9)

k=dg (i.j)

Thus ey (7) is a linear combination of the input signal on the nodes in the K-hop
local neighborhood of node ¢ (N (i, K)). This observation will be important for the
analysis of the locality of the models in this thesis.



Chapter 3

Quantum Chemistry

In this thesis we study the use of graph convolutional networks for the prediction of molecular
properties and for the generation of molecules. These are very important tasks since the
discovery of novel molecules and materials with desired properties is crucial for applications
such as drug design [Sch+17a]. Given the incredibly large number of possible molecules
and ways they can undergo chemical transformations these are not easy tasks. Currently
according to [LMT19] to underestand chemistry we require a first-principles approach based
on quantum mechanics and statistical mechanics. The framework of quantum mechanics
is vital for the understanding of the behaviour of matter on the molecular, atomic and
nuclear scales [YFF12|. At a fundamental level, quantum mechanics describes the electronic
structure of any material compound, and thereby determines the behavior of matter at large
and dictates the mutual relationships between observable microscopic properties [LMT19].
In this chapter we provide a short overview of quantum mechanics and electronic struc-
ture theory based on [She01], [Hall3| and [YFF12] in order to provide a basic background
regarding the properties we are interested on predicting.

3.1 Quantum Mechanics

Historical Development

According to [She01| the development of quantum mechanics was originally motivated by
the so called wultraviolet catastrophe and by the discovery of the photoelectric effect. These
two observations suggested limitations of classical physics. The predictions from classical
physics had failed. There was more to the universe than previously thought.

A blackbody is an idealized physical body which absorbs and emits all frequencies. Based
on classical phyiscs the Rayleigh-Jeans law can be derived. This equation describes the
intensity of blackbody radiation as function of frequency (v) for a fixed temperature:

_ 20%kgT

BZ/(T) 2

; (3.1.1)

where kp is the Boltzmann constant and ¢ the speed of light [Kut03]. This would predict
an energy output which diverges to infinity as the frequency tends to infinity. For low
frequencies the law works well, but for higher frequencies the approximation diverges. Based
on measurements, the spectral emission reaches a maximum and then decreases as frequency
increases, making the total energy finite. In 1900 Max Planck, in order to explain this,
postulated that the energy in the electromagnectic field at a given frequency v should be

17



18 CHAPTER 3. QUANTUM CHEMISTRY

quantized. This means that this energy should only attain integer multiples of a basic unit
equal to hv. h is now called Planck’s constant and h = 6.626 x 10734 Js.

E, = nhv (3.1.2)

In 1887 Heinrich Hertz had discovered that ultraviolet light can cause electrons to be ejected
from a metal surface. According to classical wave theory, if light is just an electromagnetic
wave, then increasing the intensity of the light amounts to increasing the strength of the
electric and magnetic fields. This would increase the amount of energy transferred to the
electrons. However, experiments showed that the kinetic energy of the ejected electrons
depends on the frequency of the light. Increasing the intensity of the incident light, increases
the number of emitted electrons but their kinetic energies remain the same. In 1905, Albert
Einstein, instead of assuming that the electronic oscillators had energies given by (3.1.2),
assumed that the radiation itself consisted of packets of energy

E = hu. (3.1.3)

These packets are now called photons. In this framework, increasing the intensity of light
at a given frequency simply increases the number of photons but does not affect the energy
of each photon. If each photon has a certain likelihood of hitting an electron and causing
it to escape from the metal, then the energy of the escaping electron will be determined by
the frequency of the incident light and not by the intensity of that light.

In 1911, Ernest Rutherford proposed a model of the atom in which electrons orbit a small
nucleus that contains most of the mass of the atom. In his model each atom has a positively
charged nucleus with charge Zq where Z is a positive number known as the atomic number
and ¢ the basic unit of charge. Around the nucleus is a cloud of Z electrons and each of
them has a charge of —q.

When electricity is passed through a tube containing hydrogen gas, the gas emits light.
When the light is separated into different frequencies, only a discrete family of frequencies
are present. According to equation (3.1.3), the energy of each photon is proportional to its
frequency. The hydrogen atom consists of one almost stationary proton and one electron
orbiting it. The idea is that when current is passed through the gas some of the electrons
move to a higher-energy state. Each electron will return to a lower-energy state and will
emit a photon in the process. By observing the energies, or the frequencies, of the emitted
photons the energy change of the electron can be obtained. Each frequency corresponds to a
certain amount of energy being transferred from the hydrogen atom to the electromagnetic
field.

In 1913, Niels Bohr introduced a model of the hydrogen atom in order to explain the spec-
trum of hydrogen, the discrete set of frequencies observed. Bohr assumed the hydrogen
atom to consist of an electron that orbits a positively charged nucleus, similar to the way
in which a planet orbits the sun. Classical physics would predict that the orbiting elec-
trons experience a centripetal acceleration, and that the accelerating charges lose energy
by radiating. Thus a stable electron orbit could not exist. However, Bohr assumed stable
electronic orbits and postulated that the electron obeys classical mechanics except that its
angular momentum is quantized as:

lp, = mupr, =nh (3.1.4)

where h = h/27 is the reduced Planck constant and m the mass of the electron. In Bohr’s
model following classical physics according to Coulombs’ Law there is an electrical force of
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magnitude:
1 e?
F=—+— (3.1.5)
dmeg T2
where e is the charge of the electron and ¢y is the vacuum permitivity constant. Newton’s
second law would imply that
1 é? mu

R 3.1.6
Aeg 2 Tn ( )
So one can derive that

2h2 h2
Ty = 607172, ap := sz rn = nag (3.1.7)

Tme Tme

1 €2

— 3.1.8
Un €0 2nh ( )

The constant ag is known as the Bohr radius. As seen in the formula for 7, in this model ag
would be the distance between the nucleus and the electron in the hydrogen atom in ground
state. The kinetic and potential energy would be given by

1 5 1 met
1 —1 met
Vo= _ 2_ -7 3.1.10
" 47reorne €3 4n2h? ( )
and the total energy FE,, would then be:
B 1 met R
En—Tn—i-Vn——%m =3 (3.1.11)
where .
me
R:=—— 3.1.12
8e3h? ( )

is the Rydberg constant. Furthermore, Bohr proposed that an electron could move from one
allowed state n to another m, and in the process emit a packet of light with frequency given
by

v= %(En —En) (3.1.13)
In 1924, Louis de Broglie proposed that matter just as light can behave as a particle and as
a wave, which is known as a wave-particle duality. In this framework de Broglie interpreted
Bohr’s quantization condition on the angular momentum as a wave condition. Thinking
of an electron as a wave superimposed on the classical trajectory of the electron, for the
wave not to interfere distructively with itself, it should complete an integral number of
wavelengths during its orbit:

21r = nA (3.1.14)
Einstein had shown that the momentum of a photon is given by:
h
=— 1.1
p= (3.1.15)

Using this equation also for the electron, one obtains Bohr’s equation (3.1.4). Thus de
Broglie’s hypothesis provided a justification for Bohr’s quantization assumption. However,
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Heisenberg showed that the wave-particle duality implies the uncertainty principle in which
if the orbital radius of an electron is known, the angular momentum should be completely
unknown. In Bohr’s model the r is specified and the angular momentum is given by (3.1.4).
Therefore a new quantum theory was needed.

In 1926, Erwin Schrodinger proposed a wave theory of quantum mechanics, following de
Broglie’s hypothesis. He described how the waves evolve over time and showed that the
energy levels of the hydrogen atom (and of other systems) could be understood as eigenvalues
of a certain operator. In 1925, Werner Heisenberg proposed a matrix theory of quantum
mechanics that was later shown to be mathematically equivalent to Schrédinger’s.

Postulates of Quantum Mechanics

Here we present the six postuates of quantum mechanics following [She01] and [McQO8].

1. The state of a quantum mechanical system is completely specified by a function ¥ (r, t)
that depends on the coordinates of the particle(s) and on time. This function, called
the wave function or state function, has the important property that ¢*(r, )y (r, t)dr
is the probability that the particle lies in the volume element dr located at r at time
t.

Schrédinger had provided in 1926 the mathematical description of quantum mechanics which
is generally accepted today. However, he did not give an accepted interpretation of the
theory. It was Max Born who proposed that the wave function should be interpreted
as determining probabilities for the observations of the system. This statistical approach
developed later into the Copenahgen interpretation of quantum mechanics.

The probability of finding a single particle somewhere is 1, so we have the following nor-
malization condition:

oo
/ [ (r, t)|2dr =1 (3.1.16)
—o0

Moreover, for many-particle systems it is also custumary to normalize wavefunctions to 1.

The wavefunction must be single-valued, continuous and finite.

2. To every observable in classical mechanics there corresponds a linear, Hermitian op-
erator in quantum mechanics.

Observable Observable | Operator Operator
Name Symbol Symbol Operation
Position r r Multiply by r
Momentum p b —in (1% 455+ kg

Kinetic Energy T T —% (88—;2 + 8%22 + g—;

Potential Energy V(r) V(r) Multiply by V(r)
Total Energy E H —% <86722 + 5722 + 38722> + V(r)

Table 3.1: Some physical observables for a single particle and their corresponding quantum
operators. From [She01]
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3. In any measurement of the observable associated with operator fl, the only values
that will ever be observed are the eigenvalues a, which satisfy the eigenvalue equation:

A = arp (3.1.17)

If the system is in an eigenstate of A with eigenvalue a, any measurement of quanitity A
will yield a. An arbitraty state 1 can be expanded in the complete set of eigenvectors of A
1; such that Ay; = a;¢; via

Y= e (3.1.18)

where n may go to infinity. The third postulate states that any measurement will yield one
of the eigenvalues a;. The probability that a; will be measured is the absolute square of
the coefficient, that is |c;|?. Immediately after the measurement the wavefunction collapses
to the corresponding eigenstate 1); or in case that a; is degenerate into the projection of 1
onto the degenerate subspace.

4. If a system is in a state described by a normalized wave function ¢, then the average
value of the observable corresponding to A is given by:

(A) = / o Adpdr (3.1.19)
Notice that if the system is in an eigenstate ¢; of A then
@) = [ widvar = [ viadr=a; [ vivdr=ai [oPar—a 120)

as expected.

5. The wavefunction or state function of a system evolves in time according to the time-
dependent Schrodinger equation
- 0
Hi(r,t) = i (3.1.21)
ot
6. The wavefunction must be antisymmetric with respect to interchange of all coordinates
of one fermion with those of another. Electronic spin must be included in this set of
coordinates.

The time-dependent Schridinger equation for a single particle can be derived from the clas-

sical wave equation and the de Broglie relation. However, in general it cannot be derived

and is given as a postulate in quantum mechanics. In three dimensions the time-dependent
Schrodinger equation takes the form:

op(r,t h?

ihiw(r’ ) =——

ot 2m

The time-independent Schridinger equation can be obtained by considering the wave func-

tion to be a product of spatial and temporal terms:

P(r,t) = () f(2) (3.1.23)

V23 (r,t) + V(r)(r, t) (3.1.22)
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From this decomposition one can derive the time-independent Schrodinger equation for ¥ (r):

G + V) = BU) (3.1.2)

and
(3.1.25)

The Hydrogen Atom

In quantum chemistry it is generally dealt with solving the time-independent Schridinger
equation. However, it can only be solved analytically for a few systems, one of those being
the hydrogen atom. Even in this simple case the solution is not trivial. It can be consulted
in [She01]. The potential due to electrostatic attraction is

o2
Vir)= ~Ireor (3.1.26)
and the kinetic energy term is .
T = —@W (3.1.27)
The hydrogen atom eigenvalues are
2
E, = ~Smeoaon? n=12... (3.1.28)

which coincide with the predictions from Bohr’s model (3.1.11). In practice, for molecules
approximations are used. These are the class of problems for which we use a graph convolu-
tional neural network that under the hood needs to solve Schrédinger’s equation. It is thus
a very challenging task.

3.2 Molecular Quantum Mechanics

In this section we discuss the quantum mechanics of molecules. The kinetic energy for a
system of particles is:

T= —EZLVZ (3.2.1)

The potential energy for a system of charged particles is:

V)= ZiZje” 1 (3.2.2)

i~ 47['60 ]ri—rj]

Let r refer to the electrons coordinates and R to the nuclear coordinates. We can write the
Time-independent Schrédinger equation for the system as:

Definition 3.2.1 Time-independent Schrodinger equation
Hi(r,R) = Ey(r,R) (3.2.3)

An approximation called the Born-Oppenheimr approzimation lets us write the Hamiltonian
as follows:
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Definition 3.2.2 Non-relativstic Electronic Schrodinger Equation under the Born-Oppenheimer
approzrimation

~ A~

H=TyR)+T.(r) + Van(R) + Von (1, R) + Ve (1) (3.2.4)
where

. TN(R) : Kinetic energy of the nuclei
° Te(r) . Kintetic energy of the electrons
° VNN(R) : Potential energy due to the repulsive electric forces between nuclei

° AeN(r, R): Potential energy due to the attractive electric forces between electrons and
the nuclei

° Vee(r): Potential energy due to the repulsive electric forces between electrons

Using the indices 14, j to refer to electrons, and A, B to refer to nuclei we have that:

h? K2 ZaZpe? Z 462 e?
— Vi - — v? —_— — 3.2.5
Z2MA A QmEi: ! +A§:B47F€ORAB ;47%07",41‘ +§47T607’ij ( )

)

H

In atomic units:

. 1 1 ZaZp ZA ZAZB 1
H vai—zgv%é —Z Z o 2” (3.2.6)

Figure 3.1: Molecular Hamiltonian. Based on [She03]

Due to the term ) = ZA it is not possible to write the wavefunction as ¢ (r, R) = ¢ (r)y¥n(R).
Al

The Born—Oppenheuner approximation consists on assuming that this separation is approx-

imately correct. If the nuclei coordinates R are fixed at some value R, and ¢ (r;R,) is

solved with R as a parameter, a potential energy surface along which the nuclei move can

be obtained. For a fixed nuclear configuration we have:

Definition 3.2.3 Clamped Nuclei Schrodinger Equation
Heher(1; R) = [ o(r) + Van(R) + Ven (1, R) + Vee (1) | Ya(r; R) = Eq(R)e(r; R)
(3.2.7)

It turns out that the electronic energy is the potential energy felt by the nuclei, thus min-
imizing the electronic energy with respect to nuclear coordinates gives an equilibrium con-
figuration of a molecule:

Definition 3.2.4 Schridinger’s Equation for the Nuclear Wavefunction

Hyvn(R) = (— Z 2M V4 + Ea(R )) YN (R) = By (R) (3.2.8)
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Chapter 4

Tasks of GCNs

Graph Convolutional Networks have been succesfully employed in a wide range of tasks in
which the problem can be modeled using a graph formulation. In Computer Vision they
have been used in scene graph generation, point clouds classification and segmentation, ac-
tion recognition and in other applications. In recommender systems, items and users are
treated as nodes and the different relations among the nodes along with content information
are used in the graph neural network to produce high-quality recommendations. In traffic
applications, they can be used to forecast speed, volume or density of roads on traffic net-
works. In Chemistry they have been used to predict molecular properties, to infer protein
interfaces, and to synthesize chemical compounds. Other applications include text clas-
sification, neural machine translation and combinatorial optimization problems [Zho+-18;
Wu+19b|. Since graphs are a tool that can be used in a great variety of settings, the
possible applications of graph neural networks are many and they become a very general
formulation for various machine learning tasks.

In the first section of this chapter we present some general classes of problems for which
graph convolutional networks are well suited. In the second section we discuss the case of
molecules where aditionally atom embeddings are learned.

4.1 Setting and Tasks

The general setting which we follow in this thesis is the following:

We consider a set of T' € N attributed graphs D = {G; : t € [T|} C B. All graphs G; have
the same number F € N of edge types and the same number F' € N of node feature signals.
Each graph is given by G, = (Vy, &, Ay, Xy), where:

e V; is the set of IV; vertices.
o & C [E] x V; x Vy is the edge set.
o A; € REXNeXNt i the adjacency tensor.

o X, € RVixF ig the matrix of node features.

25
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Similar as presented in [AT16] we want to solve one of the following problems:

1. Supervised Graph Regression:

We have T' > 1 graphs and each graph has M € N properties associated with it:
Y; € RM. We seek to build a model that predicts the properties of the graphs: Find
a set of parameters 6 and a function

hg : B — RM

such that hg(G) =~ Y approximates the properties of the graph.

. Superuvised Graph Classification:

We have T' > 1 graphs and each graph belongs to one and only one class ¢ € [C]. We
seek to build a model that predicts the class of the graphs: Find a set of parameters
f and a function

hg B — [C]
such that hg(G) assigns a class to the graph.

. Semisupervised Node Regression:

We have a graph (7" = 1) and each node v has M € N features associated with it:
Y, € RM. We seek to build a model that predicts the features of the nodes: Find a
set of parameters # and a function

hg : G — RVXM

such that hg(G),. ~ Y, for each node v € V.
Note: One could also have T' > 1 and learn a single model which works for different
graphs.

. Semisupervised Node Classification:

We have a graph (T' = 1) and each node v belongs to a to one and only one class
¢ € [C]. We seek to build a model that predicts the class of the nodes: Find a set of
parameters # and a function

he : G — {0, I}NXC

such that hg(G),,. assigns a class for each node v € V.
Note: One could also have T' > 1 and learn a single model which works for different
graphs.

. Semisupervised Edge Classification:

We have a graph (7' = 1) G and each edge e belongs to one and only one class s € [E].
We seek to build a model that predicts the class of the edges given a subgraph G for
which the edge types are known: Find a set of parameters # and a function

h9 . G N {0’ 1}N><(E+1)

such that hg(gA)e,: assigns a class for each possible edge e or predicts no edge.
Note: One could also have T' > 1 and learn a single model which works for different

graphs.
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In this work we focus on the prediction of real-valued molecular properties such as internal
energy, and are thus interested in performing Supervised Graph Regression. Supervised
Graph Classification includes tasks such as predicting the types of toxicity of molecules
[May-+15]. The problem of the classification of documents in a citation network given the
topic of some of the documents falls into the class of Semisupervised Node Classification.
The task of predicting citations between documents, given a subnetwork, can be treated
as a Semisupervised FEdge Classification problem. We discuss these last two problems in
Appendix C.

4.2 Molecules as Chemical Graphs

We treat molecules as chemical graphs where the vertex set V = {(i, Z;) }1<i<n consists of
N atoms identified by index and their respective atomic numbers. Usually 4 bond types
are considered: single, double, triple and aromatic. The bonds are modeled as edges in
the graph where (b,4,j) € £ (Ap;; = 1) if and only if there is a bond of type b between
atom ¢ and atom j. If there is no bond of type b then A;; = 0. The atom features
X € RNV*fo are obtained as we will describe shortly. Moreover, the hydrogen atoms may
aslo be treated implicitly and not be included in V. In addition, the atomic coordinates R
can also be considered in some of the models. We consider our set of molecules D a subset
of molecules from B (usually small organic molecules) a subset of chemical compound space
(CCS) [LMT19|. One should keep in mind that this approach from Chemical Graph Theory
[Bon91] is a simplified mathematical model of molecules.

Learning Node Embeddings

In the case of a citation network, a 0-1 bag-of-features or some other encoding indicating the
presence or frequency of the words from a dictionary can be used as the feature matrix X.
In the case molecules, there are not many natural features associated with each atom and it
is thus helpful to learn an embedding for each elemnent. We consider an embedding Emb
which associates to each atomic number a feature vector in Rf0. Then, given a molecule, to
form the feature matrix we associate each atom with its respective feature vector which is
determined by which element it is. One could define it in a more general way in which for
one Element there can be more than one type of atom, based on valency for example.

Emb: Ny — R/ (4.2.1)

Algorithm 2 GetFeatures

Algorithm 1 Embedding Emb 1 Input: V = {(i, Zi) h<i<n .
1: Input: Atomic Number Z N Emb(Zy)
2: ay = Emb(Z) € R 22 X =3 ¢;®Emb(Z;)" = :

3: Output: ayz i=1 Emb(Zy)T

3. Output: X € RV*fo

The feature vectors az € R0 are learnable within each model. In addition to these feature
vectors, for each element other properties can be learned, such as the reference energies as
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we will see later on the chapter on molecular property prediction. In the case of spatial-
based methods it is also possible to learn bond embeddings e, € R? according to bond type
b.

N6
—-_C7
H13 —C:8 — — c:
Ca ™
)—I:Q
0:0

Figure 4.1: Molecule as a Chemical Graph obtained using RDkit [Rdk]



Chapter 5

Spectral-Based Graph Convolutional
Networks

In this chapter we present the general way in which a graph convolutional layer is defined
in the setting of Spectral-based Graph Convolutional Networks. We also present the other
layers and the structure of such networks. We describe and compare the following mod-
els: SpectralCNN [Bru+13|, Chebyshev Spectral CNN (ChebNet) [DBV16]|, LanczosNet
|[Lia+19] and 1st Order of the ChebNet (GCN) [KW17|, with a focus on the LanczosNet.
We develop a formulation which allows us to compare the way in which the filters are ob-
tained in each model. In the next chapter we discuss some spatial-based models in order to
compare them to the spectral-based approach. In this chapter the notation can become a
little bit heavy, but most of the time we choose not to drop the dependency in the notation
on the layers and channels so that the reader who is unfamiliar with regular convolutional
networks can still understand how the spectral convolutional layer works and in order to
get a clearer picture and calculation of the number of parameters in each model.

5.1 Structure of Spectral-Based Graph Convolutional Net-
works
5.1.1 Convolution

Spectral-based graph convolutional networks follow or approximate the definition of graph
convolution presented in equation (2.4.4) of the second chapter.

Definition 5.1.1 Conwvolution: Input, Kernel and Output

X kg g = UGUTx = g(L)x where G = diag(g) (5.1.1)

Following [GBC16], in convolutional network terminology the first argument to the convo-
lution (x) is referred to as the input, and the second argument (g) as the kernel. The result
of the convolution operator is known as the output (X *g g).

In Graph Signal Processing, as discussed in chapter 2, convolving a graph signal with a
kernel is known as (spectrally) filtering the signal. In this thesis, in the context of graph
neural networks, we reserve the term filtering for the multi-dimensional graph signals. When
considering one input signal and one kernel, we employ the term application of a kernel to a

29
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graph signal. When there are multiple inputs (input channels), and to each input we apply
a kernel and then sum the outputs to form the ouput channel, we use the term filtering and
the ordered collection of kernels is referred to as a filter. This is done to avoid any possible
ambiguity regarding the way a graph convolutional layer works.

Definition 5.1.2 Application of a kernel to a graph signal
The application of a kernel g to a signal x consists on convolving x with g. We denote it
by:

g:RY 5 RN (5.1.2)

where §(x) 1= X *g g

5.1.2 Filtering

Definition 5.1.3 Filter
We refer to an ordered collection of kernels as a filter. A filter F with C' € N input channels
18

F=(g1,---,80) (5.1.3)
where each g. is a kernel, forc=1,...,C.
Definition 5.1.4 Application of a filter to multi-dimensional graph signal

The application of a filter F = (g1, - .., &c) to a matriz of graph signals [Xl, ces ,XC] consists
on applying each kernel g. to each correspondent signal x¢ and then summing all the results.

F:RVXC L, RN (5.1.4)
Given C graph signals [xl, ,XC]
~ C C
F([x'... ,xc]) = ch(xc) = Zxc *G e (5.1.5)
c=1 c=1

The input of the filtering operation is referred to as input channels and the output as feature
map.

The purpose of applying a filter to a matrix of input channels (features, graph signals) is to
extract (or generate) a new graph signal (feature). This is the same principle that classical
convolutional networks from Computer Vision follow.

5.1.3 General Form of a Graph Convolutional Layer
A graph convolutional layer at layer k consists of generating a matrix of feature maps
X®) e RN*Jx (5.1.6)

which is obtained by applying f}, filters (Fy;) <y, to the matrix Xk=1) ¢ RNXfr-1 outputted
by the previous layer k£ — 1.

X:S];_l) are the input channels for layer k,1 <1i < fr_q (5.1.7)
(XT(LQ) ~are the output channels of layer k,1 < j < fi (5.1.8)

9,

Fij = (glfj, .. ,gfck_lj) is the j-th filter of layer k (5.1.9)
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The j-th output channel of layer £ is obtained by applying filter Fj; to the matrix X (k1)

outputted by the previous layer:
Definition 5.1.5 Net layer k

5.1.4 Transfer function

After obtaining the features ng usually a nonlinear transfer function ¢y : R — R is applied
element-wise.

Definition 5.1.6 Layer k
x® = x® (ij;i) (5.1.11)

In this way a new set of features X *) is obtained which may then be used as input channels
for layer k + 1.

5.1.5 Dropout

After applying the activation function dropout can be applied. One form of applying dropout
is the following:

1. During training:
Once X®) is obtained each feature of each node is kept with probability 0 < 8, < 1,
and dropped with probability 0 < 1 — §; < 1. That is,

XY « 0 e RY with probability 1 — o (5.1.12)

2. For validation, testing and general prediction:
The output of the features is multiplied by the probability of being kept.

X g5, x ) (5.1.13)

5.2 Obtaining the filters

The main difference between the different spectral models lies in how the filters are learned.
f filters are applied at each each convolutional layer k. Each filter j consists of fi_1 kernels.
The j-th filter is given by Fj; = (g’fj, cee g’}kilj). One has to keep in mind that there are
fi filters per layer and that each filter contains f;_1 kernels, so there are fj fi_1 kernels at
layer k.

For the purpose of explaining how F; is learned, we fix the layer £, the input channel ¢ and
output channel j and drop the dependence in the notation. We show how one kernel in one
particular layer is obtained. Based on equation (5.1.1) to apply the kernel g to a signal z
we have:

x*g g = UGU "x = §(L)x where G = diag(g)

So it is not necessary to obtain g explicitly. It is usually done by obtaining one of the
following;:
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1. Kernel defined on the spectral domain g or matrix of the kernel in the spectral basis
G = diag(g):

A

g = pg(w, ) where pg: R %2 5 RN and pg = p(spec(G)) (5.2.1)

G = ng(w, ) where mg: R4T%2  RV*N and 7g = #(spec(G)) (5.2.2)

where spec(G) refers to the eigenvalues of L. The parameters w, & may be used for
different graphs in general and for each graph the kernel is obtained by further using
its spectrum.

2. Matrix of the kernel in the standard basis: §(L)
§(L) = Bg(w, a) where fg: R4 s RV*N and g5 = (L) (5.2.3)

The parameters w, « may be used for different graphs in general and for each graph
the matrix of kernel in the standard basis is obtained by further using its respective
matrix L.

This formulation shall become clearer once with discuss the different models. Learning
consists in adapting the parameters w, a in the network to minimize a given loss function.
We now compare the different models.

5.3 Spectral CNN

The first spectral graph convolutional neural network, Spectral CNN, was introduced in
[Bru+13]. They consider the normalized symmetric Laplacian, L = Ly in equation (2.3.2).
In this network a graph convolutional layer is defined by:

(X,ﬁ’;) | ZUW wrx®D << g (5.3.1)

where Wi(jk) € RV*N is a diagonal matrix of learnable parameters. So the number of
parameters on layer k is N fr_1fr. This model learns the matrix of the kernel in the
spectral domain (5.2.2) via

W := G = ng(w) where g : RY — RY*N with ng(w) = diag(w) (5.3.2)

Advantages

1. High representational capacity: Given a single graph G, any filter can be learned since
the model learns all components of the kernels (in the spectral domain) directly from
parameters w € RV as shown in equation (5.3.2).

Disadvantages

1. High computational cost: It requires calculating the eigenvalue decomposition of an
N x N matrix which becomes expensive for large graphs. The filtering at layer k has
complexity O(N? fifr_1) due to the multiplication with the eigenvector matrix U.



5.4. CHEBYSHEV SPECTRAL CNN: CHEBNET 33

2. Non-transferable parameters: The total number of parameters is O(N). The learned
parameters are not transferable to other graphs. The weights w € RY are used
directly as the kernels (5.3.2), which only make sense for graphs with N nodes. These
parameters can’t be used for graphs with a different number of nodes and might not
generalize well to other graphs with the same number of nodes. Furthermore, even in
the case of a single graph the parameters are possibly dependent on the order of the
orthogonal basis.

5.4 Chebyshev Spectral CNN: ChebNet

Considering L = Ly, the graph Laplacian is modified to
L=2L/ \paw — I (5.4.1)

which has eigenvalues in [—1,1]. The matrix represenation of the kernels in the spectral
basis are obtained from Chebyshev polynomials C; of the diagonal matrix of eigenvalues:

T—1
Gw =Y wCi(A) (5.4.2)
t=0

where A = 2A/Amaz — I, w € R™ and the Chebyshev polynomial are defined as follows.

Definition 5.4.1 Chebyshev Polynomials
The Chebyshev polynomials are recursively defined as:

Co(s) =1,C(s) =s

5.4.3
Ci(s) = 2sCy_1(s) — Ci_a(s) Vt > 2 ( )
Convolution of a graph signal x with the kernel gy, is given by:
T—1
X *g 8w = U (Z wtCt(fX)> UTX
t=0
T—1 ~
=> wiCi(L)x (5.4.4)
t=0

- [co(i)x, o cf,l(i)x} w
= gw(f;)x

T—1 -

where gw(L) := > wCi(L). Now we define the interleaving of vectors to make the final
=0

representation of a convolutional layer more compact.

Definition 5.4.2 Interleaving

The (linear) interleaving of Q@ € N wectors y',...,y? € R? is the vector in RIQ which is
formed by concatenating the first entries of all QQ vectors, then appending the second entries
of all vectors, and so on. Consider e, € RQ the g-th vector of the standard basis of RY then

Q
interleaving (yl, . ,yQ) = Z yi® el
2 (5.4.5)

T
= (y%’y%?"'7y1Q7y%7y%7’"’yg""?yé’y;?"‘?yg)
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To apply the j-th filter of layer k: Fj; = (ngf, s Bk >, where ij € R” are vectors
J

fr—13
of learnable parameters V1 < i < fx_1, the general graph convolutional equation (5.1.10)
is followed.

(<), =5 ()

.

=1 (5.4.6)

where

wh .= interleaving (W]fj, . ’W?kqj) € Rk

In compact notation the complete graph convolution layer can be expressed as:

net —

Xk = [CO(E)X(’“_I), . .,CTfl(fl)X(k_l)} Wit e RIS (5.4.7)

where
AR [wkl, . ,wkf’“} € R -1/

So the total number of parameters on layer k is 7 fr_1 frx. This model learns the matrix of
the kernel in the standard basis (5.2.3) via:

T—1
§(L) = Bg(w) where fg: RT — RY*N and Bg(w) = (Z WtCt(f/)> (5.4.8)
t=0

Advantages

1. In contrast to the previous model, this model avoids the computation of the spec-
tral decomposition of L. The filtering at layer k can be evaluated in O(7|&|fifr—1)
operations.

2. The learnable parameters W) € R7/x=1%fr are in principle transferable and may be
applied to graphs with any number of vertices. As seen in (5.4.8), the parameters that
are learned to determine a kernel are w € R” which do not depend on N (O(1)) and
can be applied to any graph.
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Disadvantages

1. The structure (functional form) of the spectral filter is not learnable. Note that in
(5.4.8) the kernels (matrix of the kernel in the standard basis) is always obtained as
a polynomial of L of maximum degree 7 — 1.

2. If 7 is big, it incurs in a high computational cost of calculating

C (L)X V1<t<7-1

5.5 LanczosNet

The LanczosNet was introduced in [Lia+19]. It is introduced as a promising spectral-
based network which seeks more efficiency, generality, representational capacity and efficient
leverage of multi-scale information.

As seen before, one of the drawbacks of Spectral CNN is the high computational cost of com-
puting the eigenvalue decomposition of Ly. To address this efficiency issue, the Lanczos-
Net uses the the approximate eigenvalue decomposition implied by the Lanczos algorithm
[Lan50] to obtain a low rank approximation of the graph Laplacian. Moreover, one of
the disadvantages of the ChebNet is the cost of computing C’t(ﬂ)X when 7 is big. In the
LanczosNet the approximate eigenvalue decomposition is used to approximate powers of the
graph Laplacian in order to efficiently leverage multi-scale information.

Furthermore, in the ChebNet the functional form of the spectral filter is always constrained
to be obtained as a polynomial of maximum degree 7 — 1 of L. In the LanczosNet a Multi-
Layer perceptron is used to learn the spectral filters, instead of using a predetermined class
of polynomials. This increases the representational capacity of the model and inables it to
learn useful representations for particular tasks. This and the approximation that is used
change the locality of the model, as will be discussed on Chapter 9. In contrast to the
Spectral CNN and as the ChebNet the model assumes neither a fix graph nor a fix graph
size.

5.5.1 Motivation

The LanczosNet builds upon the previous models. Instead of using the modified Laplacian
L, the similarity matrix .S is used. Since each CY is a polynomial of degree t it follows that:

Cy(S)x € K1 1(S, x) := span{x, Sx, ..., S'x} (5.5.1)

So the convolution in the Chebyshev Net (5.4.4) could be reparametrized in terms of an
orthonormal basis of KCt11(5,%x) to make the coefficients compact. This originally motiv-
ated the use of Krylov subspace methods such as Lanczos Algorithm, which provides an
orthonormal basis of Ky 41(S,x) when x and S are given as input. This would make the
kernel applied data-dependent, meaning that for each signal x the kernel would be of the
form gy (x) € RV, One could run the Lanczos Algorithm with x and S as input to obtain
an orthonormal basis matrix Q(x) of K,(S,x). Then the application of the kernel would
take the form:

X #g gw(x) = QX)W (5.5.2)

with w € R7. This would make the kernel coefficients compact, since each component
of w would account for one of the orthonormal vectors. However, this idea is not further
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developed since in the context of a deep graph convolutional network it would imply running
the Lanczos Algorithm f; ; times at each layer k. Since one would have to compute

Q (X:(’];_l)> for each of the fj_; features ¢. This would have a high computational cost.

The Lanczos Algorithm still plays an important role in the LanczosNet but its purpose is
not the one explained above. It would be ideal to have to run the Lanczos Algorithm just
once (resp. once per graph) during inference in a convolutional neural network. It is possible
to obtain the same class of convolutions (5.4.4) as in the Chebyshev Net by using a direct
basis of K41(.5, x) instead of using an orthonormal basis as in equation (5.5.2) which yields:

X kG Bw = [X,Sx...,ST_lx]w

(S (5.5.3)

The Lanczos Algorithm can be used to obtain an approximate eigenvalue decomposition
of the matrix S which will decrease the high computational cost of either doing the eigen-
value decomposition done by the Spectral CNN or of the exponentiation of .S done by the
Chebyshev Net. The weight parameters will not be data-dependent in the sense discussed
before.

5.5.2 Approximate Spectral Decomposition

Using the K-step Lanczos Algorithm one can one obtain an approximate eigenvalue decom-
position of S € RV*N with V € RV*K whose columns are K orthonormal vectors which
are called Ritz eigenvectors, and a diagonal matrix R € RE*K whose diagonal contains the
Ritz values and S ~ VRV " is an approximate eigenvalue decomposition. The Ritz values
approximate the first highest K eigenvalues and the columns of V approximate the K re-
spective eigenvectors via the Implicitly Restarted Lanczos Algorithm (Algorithm 9). We
defer the detailed presentation of the Lanczos Algorithm to Chapter 7 in order to mantain
the flow of the explanation of the LanczosNet and to keep the focus of this chapter on the
spectral convolutional neural networks.

5.5.3 Convolution

Using the approximate eigenvalue decomposition implied by a K-step Lanczos Algorithm
St ~ VRV an approximation of the convolution in equation (5.5.3) can be obtained:

X kG Bw = [X,SX...,ST_IX]W

5.5.4
R~ |:X, VRV 'x, ... ,VRTAVTX} w ( )

Short and Long Scale Parameters

However for short diffusion scales ¢ it may still be viable to compute S'x. In addition, not
every scale from 0 up to 7 — 1 needs to be included. The scales can thus be divided into
two sets of non-negative integers:

1. §={S1,...,S8s}: aset of J short scale parameters (e.g. S ={0,2,4,5})
These scales shall be small numbers and in the authors experiments are typically less
than 10 in order to achieve a reasonable computational cost. For these scales S'x is
computed.
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2. ZT=A{Ty,...,Iy}: aset of H long scale parameters. (e.g. T = {10,20,...,50})
These are in principle larger numbers, but that is not required.

So convolution in equation (5.5.4) can be generalized to:
X %G gw = |S5%,..., 85 x, VROV Tx, ..., VRIHVTX} w (5.5.5)

where w € R/HH

Learnable Filters

The matrices of the kernels that can be obtained in this way are of the form polynomial(S)
+ approxpolynomial(S). To further increase the model’s representational capacity it is pos-
sible to design learnable kernels so that the learned kernels are not only obtained from
polynomials. In view of the universal approximation property of multi-layer perceptrons
one can use MLPs to learn these kernels. Polynomials being a particular case which could
be represented.
Consider

p:RESRYI<h<H (5.5.6)

to be each a multilayer perceptron with input dimension H and output dimension 1.
Instead of using VRV T in equation (5.5.5) which is a polynomial kernel in terms of the
Ritz values one can use the (learnable) multilayer perceptron pp. Denote the Ritz values
and vectors as {(ry,vy) € Rx RY | ¢ =1,..., K} which are the diagonal entries of R and
the column vectors of V' respectively. Moreover, let

r(Z,q) = (rl e, i) T e RY (5.5.7)
the vector which contains the H long range powers of the ¢g-th Ritz value. The h-th subkernel
associated to a long scale parameter in equation (5.5.5) is generalized to:

K
Sp(T) = th(rqzl,rqb, . ,rqIH)qu;—
q=1
ph(I‘(I, 1)) (5.5.8)
=V v’
pr(r(Z, K))

= VR (T)VT e RVN
This leads to generalized convolution:

X *G Gw 1= [Sslx, ., 85%, S1(T)x, . .. ,SH(I)X] w (5.5.9)

where w € R7TH_ If each perceptron p,: R — R is the function which maps y — y,
namely p,(y) =y - e, then equation (5.5.9) is the same as equation (5.5.5). In that case
pr(r(Z,q)) = rth and Ry(Z) = R™. Thus this formulation includes the (approximate)
polynomial kernels as a particular case, but is also capable of representing a larger class of
kernels.
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5.5.4 Graph Convolutional Layer

Using the definition of convolution of equation (5.5.9) and following the general form of a
convolutional layer (5.1.10) one obtains:

(x2) =7 ()

.

fo—1 [ fr—1 i

—1
Sl ar
=1 =1
fr—1

=3 [, 5SSO xS @)X wh

0 i

_ [SSIX(’H%...,SSMX(’“*U SO @ xE=D A}j’,‘f)(z)x%*l)] whi
(5.5.10)
where wfj € R/ and wh := interleaving (le, . Wfk 1]) e RUH) fr-1,

sze?ﬁ [S’SlX(k 1) ) .’SSIMX(IC—I) Sﬁ )( )X(k 1) S'( )( )X(k: 1)] W(k) (5.5'11)

where
W(k) = |:Wk1, .. ,ka’fi| c R(J+H)fk—1 X fr

The number of learnable parameters in layer k is: (J + H) fx—1 fx + par(k) where par(k) is
the number of parameters of the H multilayer percerptrons pﬁ in layer k.

Implementation

1. Multilayer perceptrons: The authors of the LanczosNet implement the H multilayer
perceptrons of each layer by training one unique multilayer perceptron per layer
p¥: RE — R and considering

pii(r) == (P*(x))n (5.5.12)
This sharing of parameters of the perceptrons reduces the overall number of paramet-
ers.

2. Bias Weights at the Convolutional Layer: At layer k, one bias weight term b§k) eR
is learned per filter V1 < j < fi. Considering 15 € R the vector of ones, the bias
matriz at layer k, B®) € RN*/x s given by

B® = ) g1y

fx
TERTE
k) . (k) 5.
| | e (5.5.13)
bg )L b;k)

Considering the bias matrix, equation (5.5.11) becomes:

&) _

net —

§Sx k=1 g x(k=1) g0 () x(k=1) Aﬁz)@)X(k—l)} w® 4 gk
(5.5.14)
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5.5.5 Multiple Edge Types

To deal with the case where there are multiple edge types (such as in chemical graphs,
where each type represents a different type of bond) the graph convolution layer needs to
be modified. Consider an attributed graph G = (V, &, A, X) but now E > 1 edge types. Let
A i= A... € RN be the adjacency matrix corresponding to edge type e for 1 < e < E.
In [Lia+19] they proceed as follows. The simple adjacency matriz Ay is obtained as the
sum of all adjacency matrices:

E
Agi=) A (5.5.15)
e=1

For each edge type:

S.:=D;V?AD;Y?vV1<e<E

/2 s o (5.5.16)
S:= Dy ?AyDy '?

where A, := A, + Iy and D, is its diagonal degree matrix. Convolution in equation (5.5.9)
is further augmented to:

X *G w = | SVx, ..., 8% %, 51(D)x, ..., Su(T)x, Sx,S1x,...,55x| w (5.5.17)

where w € R/HI+E+L

Convolutional Layer of the LanczosNet with Multiple Edge Types

A convolutional layer in the final model is given by:

X = [s8x =D 8 x U= g0 (g x k=S () x (D), (5518
Sx®=D g x k=D gy x k=D k) 4 gk) o
Input Features: X #~1 ¢ RNV*fi-1
Simple Modified Similarity Matrix: S € RV*V
Modified Similarity Matrix of Edge Type e: S, € RV*V
Short Scale Parameters: S := {S1,...,Ss}
Long Scale Parameters: Z := {Z;,...,Zy}

Weight Matrix: W) e RUFH+HEFDfio1xfi
Bias Matrix: B® := o). p] @ 1y € RN
h-th Multilayer Perceptron: prL: RY &5 R
Matrix of the Kernel that Corresponds to pf: S”}(Zk) (T) e RN
Output Features: X (2 e RNV*/x

n

(5.5.19)
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5.5.6 Fully Connected Layer and Attention Mechanism

If L. € N is the number of convolutional layers, for the problem of graph regression, a (for
each node) fully connected layer can be applied as follows:

y(Le +1 ZwLCJrlX(L b]Lchl (5.5.20)

At this layer we have WLt ¢ RfLeXM and bletl ¢ RM where M is the number of
properties that want to be predicted. Instead of just taking the mean for each feature an
attention mechanism can be added. A perceptron with no hidden layers p®: RM — R is
introduced, where M is the number of features that are to be predicted. At the output the
sigmoid activation function is applied. The attention weight a; corresponding to the i-th
vertex is

aii=p" (X)) er Vi<i<N (5.5.21)

Each feature of node 4 is multiplied by the attention weight a; to obtain Z € R¥*M Let
a:= (ay,...,an)T = p*(X) € RY, where p?(X) is understood as the row-wise application
of p*, as usual.

Z := diag(a)X o) ¢ RN*M (5.5.22)

Zij = a; X, (5.5.23)

The final prediction for each feature is computed by taking the average of the value of the
feature of the nodes:
Y = avgen(Z) € RM (5.5.24)

In Appendix B a graphical depiction of the LanczosNet architecture is presented. The
LanczosNet inference is presented in the following algorithm:

Algorithm 3 LanczosNet
Input: G,S,V,R,S4,...,5,5, 1
Y + GetFeatures(V)
for k=1,...L. do
X <Y
Y+ [§91X0 ..., 897 X]
Ri...,Ry + LanczosKernels(R, k,T)
Ye«Yo[VRVTX,...,VRyVTX]
Y«~Y&o [SX,SIX,,SEX]
Y « concatenate(Y')
Y < YW® 4 pk)
Y ¢i(Y)
Y < Dropout(Y, )
: end for
Y+ YWEetl) 4 plletl)
D A1, , AN AttNet(Y)
Y « diag(ay,...an)Y
2 Y — avgeq(Y)
: Output: Y

e e e e e e e
S B A vl =
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The matrix of the kernel is obtained via

§(S,51,5,...,8E) = Bg(w,a) where Bg: R/ THTEFIpar _, RNXN (5.5.25)
J H E
,BQ(W) = ZWjSSj + ZWJ+hSh(I)(Oé) + ZWJJrHJreJrlSe (5.5.26)
j=1 h=1 e=0
Advantages

1. This model computes an approximate spectral decomposition of S avoiding a complete
eigenvector decomposition. Furthermore, this also helps to approximate powers Sx
at a lower computational cost than in the ChebNet in order to perform multi-scale
diffusion.

2. The learnable parameters at the convolutional layers W) the bias parameters b(*),

the parameters at the fully connected layer W(et1) and bLet! | the parameters of
the multi-layer perceptrons p*, and the parameters of the attention network p® may
be applied to graphs with any number of vertices.

3. High representational capacity as not only polynomials are used to construct the filters,
as in the case of the ChebNet.

4. Tt includes a way of dealing with multiple edge-types. It is however a very simple
approach and one could extend the other models in the same way.

Disadvantages

1. High amount of parameters and model complexity: At each convolutional layer there
are (J+H+ E+1)fx_1 X fr + fr + par(k) to be learned, in comparison to 7 fx_1 fi
from the ChebNet and fi_1fr from the 1st order of ChebNet that we will discuss
next. Although there are many parameters at layer k, the number of parameters is
independent of the graph size in contrast to the Spectral CNN which has N fr_1 fx
parameters per layer. At layer k applying the kernels from the long-scale parameters
is O(KN fifr—1). For the short scale parameters it is linear on the number of edges
and the maximum short scale parameter. For the edge types it is linear on the number
of edge types and number of edges. The cost of running the Lanczos Algorithm for K
steps and getting an approximate eigendecomposition is O(K|€| + NK? + K?3) as we
will discuss on Chapter 7.

2. Given the approximate spectral decomposition and the multi-layer perceptrons used
for the spectral filtering the locality is no longer preserved, in contrast to the ChebNet
and 1st order of ChebNet.

5.6 1st order of ChebNet: GCN

In [KW17| a first-order approximation of the ChebNet was introduced. Due to its good
performance in many node classification tasks, the 1stChebNet is referred to as GCN, and
serves as a strong baseline in the research community.
A single convolution is given by

X% — gx =Dy ® (5.6.1)

net —
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where W®*) ¢ Rfs=1%fk Tt is thus a much simpler model than the LanczosNet (compare
with equation (5.5.18)) This model learns the matrix of the kernel in the standard basis
(5.2.3) via:

§(S) = Bg(w) where Bg: R — RY*N and Bg(w) = wS (5.6.2)

A Lc-layer GCN takes the folowing form:
Y = out(S ReLu(- - - S ReLu(SXWM)YW@)yw )y ... ke (5.6.3)

where out is some output mechanism that depends on the task.

Advantages

1. As the ChebNet this model avoids the computation of the spectral decomposition of
S. The computational complexity of evaluating layer k is O(|€|fx fr—1)-

2. Low number of parameters and model simplicity: The number of parameters at layer
kis fr—1 X fr.

3. The learnable parameters W (
graphs with any number of vertices. The parameters that are learned to determine a
kernel are w € R which do not depend on N and can be applied to any graph.

k) € Rfe-1%fr are transferable and may be applied to

Disadvantages

1. The structure (functional form) of the spectral filter is not learnable. The matrix of
the kernel (in the standard basis) is always of the form wS, a polynomial of degree 1.

2. Is not capable of performing multi-scale diffusion at a single layer. The ChebNet and
the LanczosNet apply at a single layer higher powers of approximations of L or S
which accounts to performing diffusion at higher scales.



Chapter 6

Spatial-based Graph Convolutional
Networks

The Spectral-based approach discussed in the previous chapter borrows concepts from
Graph Signal Processing and Spectral Graph Theory in order to define filtering in way
that is analogous to filtering in Signal Processing. Despite having a fancier theoretical back-
ground, these methods are routinely outperformed by spatial-based methods on many tasks
[KWG19]. Spatial-based methods follow a more direct approach to extend convolution to
graphs by considering convolution as the aggregation of features from the neighbors of the
vertices. These models can handle large graphs with less difficulty since they directly per-
form convolution in the vertex domain via aggregation of the neighboring nodes features.
Moreover, the computation can be done in a batch of nodes and the weights are easily
shared across different locations. Spatial-based models are more flexible and can deal with
edge features and edge directions. Therefore, most of the research has gone in this direction
in the last years [Wu+19b].

In this chapter we present two very general formulations of spatial-based models and the
SchNet [Sch+17a], which has achieved state-of-the-art results in many tasks in Chemistry.
This has the goal of gaining a better perspective on the whole field of graph convolutional
networks and to better understand the advantages and disadvantages of spectral-based
methods. We also present a version of the LanczosNet that also uses distance information.

6.1 Residual Gated Graph ConvNet

In [BL19b| a very general formulation of a graph convolutional network is presented. It
builds upon the structure of a regular convolutional network from Computer Vision. Con-
sider a grid structure with pixels (i, j) for 1 <i,5 < N. Considering a single input feature
hin and output feature h,,: defined on each pixel and a 2D kernel K, the cross-correlation,
which is less formally also just called convolution, is calculated via [GBC16]

hout(i,5) = (hin * K)(i,5) = > Y h(i +m, j + n)K(m,n) (6.1.1)

Here K works as a patch of weights which can be centered at each pixel on the grid. For
graphs this is no longer possible, since each node might have a different number of neighbors
and there is no natural ordering of its neighbors. Hence a new way to define convolution

43



44 CHAPTER 6. SPATIAL-BASED GRAPH CONVOLUTIONAL NETWORKS

is required. In Computer Vision in a common setting to each pixel corresponds a feature
vector
0 3
h; €R

that represents the component intensities of red, green and blue respectively. Denote
hfj € R/* the feature vector at layer k. Then hffl is obtained by applying a non linear
transformation (a linear transformation and a nonlinear activation function) for all pixels
(7', 4) in a neighborhood of pixel (7, 7). For the usual, 3 x 3 filters:

REF = pEL ({hf,’j, li—d| <1and|j— | < 1}) (6.1.2)

For a graph to update the feature vector of node ¢ one considers the feature vectors of its
neighbors j:

B = fEhn (B g = i} (6.1.3)

Residual Gated Graph ConvNets [BL19b| aggregate the result of this operation to the
previous representation of the node

B = 0 (B (Y g }) + b (6.1.4)
For instance
WE = b+ ReLU | BN [ WP+ 30 pft o Witk (6.1.5)
JEN(3)

where BN stands for batch normalization, Wy, Wa € R%*4 for hf” e R? and 7;j is obtained
with an attention mechanism. Moreover, this framework can be extended to use edge
features, as we will present on the last part of the thesis on graph variational autoencoders.

6.2 MPNN

In [Gil+17] the existing models at the time were reformulated into a single common frame-
work called Message Passing Neural Networks (MPNNs) and new variations within this
framework were explored. Consider an undirected graph G with node features x, € R% and
edge features e,,, € R?. The forward pass has two phases, a message passing phase and a
readout phase. The message passing phase runs for 7' time steps. At each step the hidden

state h! at each node is updated based on the message m!*! it receives from neighboring
nodes via:
h = x, (6.2.1)
mit = > My(hl bl eu) (6.2.2)
weN (v)
hit = Uy (h!, m! ) (6.2.3)

for some message functions M; and vertex update functions Uy. The readout phase computes
a feature vector for the whole graph using a readout function R:

y = R({hl|v € V}) (6.2.4)
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Message Functions

Some possible message functions are of the following forms:

e Matrix Multiplication

M (hy, hy, evy) = Ae,, hy (6.2.5)

€vw

e Edge Network
M(hvahwyevw) = A(GVW)hw (626)

where A(-) is a neural network which maps the edge vector eyw to a d x d matrix.

o Pair Message
m’i! = f(h! bl e,,) (6.2.7)

wv

where f(-,-,-) is a neural network.

Readout Functions

The set2set model [VBK16| can be used as the readout function instead of performing a
simple average or sum. A linear projection is applied to each tuple (hg7 Xy). After T steps
of computation, the set2set model produces a graph embedding q; which is invariant to the
order of the tuples, and then this embedding is used to calculate the output of the network
|Gil+17].

6.3 SchNet

In [Sch+17a] continuous-filter convolutional layers are used to extend convolution to data
modelling objects with arbitrary positions. The network SchNet is proposed, and it is
specifically designed to respect required quantum-chemical constraints. It has achieved
very good results in a variety of tasks and datasets.

Considering the feature representation of N vertices X*) = [x]f, . ,xm with Xf e RF

at locations R = [ry,...,ry] with r; € RP an interatomic continuous-filter convolution is
considered:

Wk RP 5 R (6.3.1)

x D = (X kD), = N X o Wk (r; —r)) (6.3.2)

J

where ©® represents point-wise multiplication. As usual an embedding dependent on atom
type is considered:
x) = a,, (6.3.3)

The model contains atom-wise layers which provide a recombination of the feature maps
and are defined by:
xFHL — btk | pk (6.3.4)

where W#+1) ¢ RF*F The interaction layers update the atomic representation based on
the molecular geometry via

x; T =x{ 4 vy (6.3.5)

where the residual vf is computed through an atom-wise layer, an interatomic continouous-
filter convolution followed by two atom-wise layers with a softplus nonlinearity. For filter the
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interatomic distances are considered and are expanded using radial basis functions located
at centers 0 A <ps < 30A every 0.1 A

dij = HI’Z — I’j” (6.3.6)
es(ri — rj) = exp(—yldij — psl?) (6.3.7)
(6.3.8)

with v = 10A. The filter weight is obtained via

W(I‘i — I'j) = W(61 (I'Z' - I‘j), NN 6301((I‘i — I‘j)) (639)

Comparison to Spectral-based methods

Spatial-based methods do not face many of the problems that spectral-based methods have.
First of all, there is no eigenvector decomposition that needs to be calculated which makes
them more scalable to large graphs/molecules. The locality of the model can be easily
controlled by performing the convolution considering just the direct neighbors or another
local K-hop neighborhood or by appropiately using the interatomic distances. This also
makes it easier to develop parallel solutions [Wu+19b].

Two other major advantages which are particularly important in Chemistry are that they al-
low to exploit distance information and to use bond/edge features in addition to node/atom
features. A network that learns to predict the distances between the atoms, or that re-
ceives them as input, and is able to use this information is in the position to attain a
better performance. Working on the spectral domain the author is not aware of efficiently
achieving this in a way that the distances can be exploited. The coordinates R constitute
an important part of the solution to Schrédinger’s Equation under the Born-Oppenheimer
Approximation. Using this information in turn to predict the energies might have the risk
of using part of the solution as input for the network. Since in most real datasets the co-
ordinates are not known it is important that the network’s performance does not heavily
depend on very accurate coordinates and that it can work with approximations or without
this information.

6.4 LanczosDistNet

Given the benefits and the results achieved by spatial-based methods the author considers
that they are the best option to deal with distance information. However, we will experiment
using the distances to define the adjacency matrix A. This model (LanczosDistNet) will be a
combination of spatial-based and spectral-based. The LanczosNet already has a component
that operates in the atom domain directly by using powers of S. Here we will use Sy, ..., Sg
based on the 0 — 1 adjaceny matrices for the different bond types as in the original model,
but instead of S we use A as the first matrix before the multiple edge-types terms.

Ay = e %/ 20%) (6.4.1)

where d;; is the distance between atoms ¢ and j and o a width parameter to be chosen.
Then we form the similarity matrix S = D~/24D~1/2 and consider a convolutional layer
via:

XW) — g5 x0-D g8 x (k=) g0 (7)1 6 (7 y (k1) (6.4.2)
) A

net —
AXED g x B g x D) gl



Chapter 7

Lanczos Algorithm

After our excursion to spatial-based models, lets come back to the main topic on spectral-
based methods. In this and the next two chapters we analyze further aspects of the Lanczos-
Net. The LanczosNet requires an approximation of the eigenvalues and eigenvectors of the
similarity matrix S of each graph. For small graphs it is possible to rapidly compute an
(exact) complete decomposition, however for bigger graphs for the LanczosNet to be scal-
able an approximation of some of the eigenvalues and eigenvectors is needed. This can
be achieved using an algorithm suitable for solving large eigenvalue problems such as the
Lanczos Algorithm, which is an orthogonal projection method based on Krylov subspaces.
In this chapter based on [Saall| and [LSY97| we present the Lanczos Algorithm [Lan50] as
a tool to approximately solve the following Figenvalue Problem:

Eigenvalue Problem:
Let S be an n X n complex matrix.
Find u € CV and X € C such that:

Su = A\u (7.0.1)

Recall that we want an approximate eigenvector decomposition S = URUT where we have
that U = [ay,...,0x] € RV*K is the matrix of orthonormal approximate eigenvectors of S
and R € RE*K is a diagonal matrix of approximate eigenvalues. The reader might recall
that in the context of the LanczosNet we had denoted the matrix U by V, here we use Vj,
for another matrix.

7.1 Orthogonal Projection Methods

Orthogonal projection methods consider K, an m-dimensional subspace of CV, and seek
to approximately solve the Eigenvalue Problem by finding an approximate eigenpair A €
C,u € K such that

Su—AalK (7.1.1)

which means that 3
(Su—Aa,v)=0 Vvek (7.1.2)
Consider {vy,...,v,,} an orthonormal basis of K and V;;, = [v1,...,V,,]. Then if we take

u = Vp,y with y € C™, equation (7.1.2) holds iff
(SVimy = AViy,vj) =0 j=1,....m (7.1.3)
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So we have that 3 )
VE(SV,y — ANVpy) =VESV,.y — Ay =0 (7.1.4)

Letting
B, :=VHSv, e cmxm (7.1.5)

we obtain the following eigenvalue problem in K:
By = \y (7.1.6)

Now let Pc: CV — K denote the orthogonal projection to K and consider the operator
S CN — K given by
S = PSPy (7.1.7)

which (orthongonally) projects to K, then applies S, and then projects back to K. Notice
that S| : K — K, the restriction of S, to K is represented by B,, with respect to the
basis V;,, of K. Hence the name orthogonal projection method.

The Rayleigh-Ritz procedure, computes the approximate eigenvectors and eigenvalues as
described above:

Algorithm 4 Rayleigh-Ritz Procedure [Saall]

Input: S;m,k<m

Compute an orthonormal basis {v;} of the subspace K. Let V,,, := [v1,...,vp].
Compute B,, = Vni] SV

Compute eigenvalues of B,,. Select the k desired ones Xi. Let R = diag(j\l, . ,S\k)
Compute the eigenvectors y; associated with \; and the approximate eigenvectors of S:
;= Vy;. Let U =[ay,..., 0

6: Output: R,U

7.2 Krylov Subspace Methods

What remains to specify in algorithm 4 is how to select the subspace IC and how to compute
the eigendecomposition of B,,. An important class of techniques for this are the Krylov
subspace methods which form one of the most important classes of methods for computing
eigenvalues and eigenvectors of large matrices [Saall|. Thus they are helpful in the quest
of making the LanczosNet scalable for large graphs.

7.2.1 Krylov Subspaces

Definition 7.2.1 Krylov Subspace
Given S € CN*N gnd v € CN, the m-th Krylov subspace is defined by

Km(S,v) := span{v, Sv,S*v,... 5™ v} (7.2.1)

If S and v are fixed we drop the dependence and denote K, := K,,,(S, v). We had mentioned
these subspaces briefly in the discussion of the motivation for the LanczosNet. We had
seen that in the ChebNet the convolution of v with some kernel would lie in the subspace
Km(i,v) and from there came the idea of using a Krylov subspace method to find an
orthonormal basis of Km(i, v) to form compact data-dependent filters, although this exact
idea was not developed further due to efficiency considerations.
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7.2.2 Arnoldi Algorithm

In the context of orthogonal projection methods one can use X = K,,,. The following Arnoldi
algorithm [Arn51] can be used to find an orthonormal basis of K, and for numerical stabil-
ity its equivalent Gram-Schmidt modified version:

Algorithm 5 Arnoldi [Arn51; Saall] Algorithm 6 Arnoldi MGS [Arn51; Saall]
1: Input: S;m 1: Input: S;m

2: Choose vy with ||vi|| =1 2: Choose v; with ||vi|| =1

3: for j=1,...,mdo 3: for j=1,...,mdo

4: fori=1,...,5do 4: w < Sv;

5 hij = (Svj,v;) 5: fori=1,...,5do
6:  end for ' 6: hij = (W, v;)

J ) b,
! Wi =5V zgl higvi ; endwf(; vt
8 hjy1y = l[will 9 hjii; = |[wl]2
9: if hj+17j =0 then 10: if hj-‘rLj =0 then
10: break 11: break
11: end if 12: end if

W

12: Vitl = ﬁ 13: Viyl = ﬁ
13: end for 14: end for
14: Output: v, h;; 15: Output: v;, h;;

It is easy to prove that the vectors v; constructed by the algorithm 5 are orthogonal and
that they lie in K,,. We obtain the following result:

Lemma 7.2.1 The vectors vi,Ve, ..., Vy form an orthonormal basis of the subspace K, =
span{vy, Svi,...,S" v}

From lines 7 and 12, the following equations can be easily proved:

Lemma 7.2.2 Denote by V,, € CNX™ the matriz whose columns aree given by the vectors
Vi,..., Vi and by H,, the Hessenberg matriz (hyj = 0 for i > j + 1) whose nonzero entries
are given by h; ; from algorithm 5. Then

SV = VinHy, + herl,meJrlef—L

7.2.2
VESV,, = Hp (7.22)

Lemma 7.2.3 Arnoldi breaks at step j, this is wj = 0 if and only if the minimal polynomial

of vi with respect to S is of degree j. In this case the subspace K; is invariant under S and
the approximate eigenvalues and etgenvectors are exact.

From equation (7.2.2) we have in this case that B, = H,, = V.¥ SV,,. Following algorithm
(m)

,  of the Hessenberg matrix Hy,.
(m) (m)

7 7

4 the Ritz approximate eigenvalues are the eigenvalues A

Moreover, the Ritz approximate eigenvector associated with A} is ugm) = Viy, ~ where

yz(m) is the associated eigenvector of H,,. In case that the algorithm breaks at step j, we
would have for i < j:
Sul(j) _ Sij(J‘) _ VjijZ(j) _ Vj)\l(j)yz(j) _ )\gj)u(j) (7.2.3)

i )

so that the eigenvalues and eigenvectors are exact.
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7.2.3 Lanczos Algorithm

In the case of interest of this thesis the matrix S is Hermitian (S = S¥), since it is real
and symmetric. In this case applying Arnoldi to S leads to a real symmetric tridiagonal
H,,. Since H,, = VISV, = VIisHy, = (VHSV, )i = HI H, is Hermitian and by
construction it is Hessenberg. Hence H,, is tridiagonal. Furthermore, h;i1; is real as it is
the norm of w; and hj; = (Sv;, v;) is real since S is Hermitian.

Lemma 7.2.4 Assume Arnoldi is applied to a Hermitian matriz S. Then

hi,j:O 1<i<j—1

. (7.2.4)
hj,j+1 = hj_;_l,j i=12,...m
H,, is real, tridiagonal and symmetric.
If in algorithm 6 we let
OéjZ:th jzl,...,m
B1:=0 (7.2.5)

Bj=hj_1j="hjj1 j=2,....m+1

we obtain the Lanczos Algorithm. To obtain the eigendecomposition, an eigenvector de-
composition of the tridiagonal matrix is calculated and we have the following algorithm:

Algorithm 7 Lanczos Algorithm Approximate Eigendecompostion

1: Input: S;m
2: Choose v with ||vi||=1,61 =0,v9 =0

3: forj=1,...,mdo

4 Wj SVj — ijj—l

5o g = (W5, v5)

6 Wj < W; — Qv

= Bip = lwjll2

8 if Bj-i—l = 0 then

9: break

10: end if

11: Vitl = %

12: end for

13: Ty = tridiag ({8,171, {og Yy, 851, )

14: Find eigenvalue decompostion R,,, By, st 1T;, = BmRmB;,[L
15: Uy = VinBum,

16: Output: U,,, R,

At step j the matrix-vector product Sv; can be done in O(|€]) operations if S is the
similarity matrix of a graph. For a connected graph this dominates the cost at step j. For
the total m steps the cost becomes O(m|€|). The eigenvector decomposition of 7' requires
at most O(m?) operations. The matrix-matrix product between V,,, and B,, can be done
in O(Nm?) operations.
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7.2.4 Convergence of the Lanczos Algorithm

It is important to study how good the approximation of the eigenvalues and eigenvectors
is, since this will impact the performance of the LanczosNet, in particular for large graphs.
In what follows we present some theoretical bounds. We also want the model not to rely
on very accurate calculations. Thus it is essential to test the robustness of the LanczosNet
in practice to small perturbations on the eigenvalues and eigenvectors. This is done in the
experiments in Chapter 10. Consider A\; > Ao > - -+ > Ay the eigenvalues of S with respect-
ive eigenvectors uy,...,uy and )\(lm) > )\;m) > > )\g,T), ﬁgm), e ,ﬁqu) the approximate
eigenvalues and eigenvectors from the Lanczos Algorithm.

Theorem 7.2.5 Convergence of eigenvalues [Saall]

The difference between the i-th exact and approrimate eigenvalues \; and )\Z(-m) satisfy
0< X =A™ < (0 —Ay) wtand(vi, )| (7.2.6)
=T = AN T T+ 2,) -
where m)
i—1 y(m
A TN AN (m) ._
Yi = m, Ry = 1;[ W 1> 1, Rq =1 (727)

and Cy,—; is the Chebyshev polynomial of degree m — i introduced in Chapter 5 (5.4.3).
Theorem 7.2.6 Convergence of eigenvectors [Saall]

2 ~§m))} < i tanf(v1,u;) (7.2.8)

Cr—i(1 4+ 2v;)

with v; and k; as in the previous tfzeorem and &; the distance between X\; and the set of
approzrimate eigenvalues other than A;.

Theorem 7.2.7 Approximation of S [Lia+19]
Let Uj = span{ui,--- ,u;}. For any j with 1 < j < N and m > j, we have:

||S—ﬁmRUnI|%szj:A§(3m( (v2: i) Ty O = M)/ Qs = ) + Z A2 (7.2.9)

— cos(0(v1,u;))Cpy—i(1 4 27;) S

7.2.5 Implicitly Restarted Arnoldi Algorithm and Filtering

It may be the case that we are interested in just a part of the spectrum. For example for the
LanczosNet, we could want to get the eigenvalues with higher magnitude. The motivation
for this might be to get a better approximation of .S and to perform low-high pass filtering,
as we will see in the next chapter. For this end there are some versions of the Lanczos
Algorithm that we present now. If there are unwanted eigenvalues 61,...,6,, one could
apply a polynomial p,(S) to the starting vector such that p,(S)v; has a small component
or no component in those eigenspaces, so that the new starting vector has a relatively
bigger component in the eigenspaces that we are interested on. The problem is that the
unwanted eigenvalues are usually not none beforehand. One could find approximations
of these eigenvalues, to define the polynomial filter p, and then perform the restart as in
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the Explicitly Restarted Arnoldi’s Method. However the cost of this algorithm can become
restrictive, and there exists an algorithm which is equivalent to applying a polynomial filter
to the initial vector without explicitly doing so. This algorithm is called the Implicitly
Restarted Arnoldi’s Method. This method is the one used in ARPACK [LSY97] which we
use in our experiments with the Lanczos Algorithm. We consider the motivation and the
algorithm as described in [Saall].

Consider the decomposition:

SVin = VinHpm + Bs1Vmire,: (7.2.10)
and apply the the factor (¢ — 61) to all basis vectors v;:
(S — 011V = Vin(Hyy — 611) + B 1Vimsre,, (7.2.11)

One can obtain a QR (Q orthogonal, R upper triangular) decomposition H,, — 611 = Q1R

(S - QII)Vm =VinQ1R1 + /3m+lvm+le;7|—1 (7212)
(S = 11) (Vim@1) = (VinQ1) R1Q1 + Brms1Vim+1€,,Q1 (7.2.13)
S(Vle) = (Vle)(RlQl + 91]) + ﬁm+1vm+1e;Q1 (7.2.14)

Then the last equation can be written as:

sy — vy g 4 Vm+1(b$i)+1)—r (7.2.15)

m m m

where:

HY = RiQ1+ 6011, (b)) = Brsien,Q1, VD = Vi@

The matrix H{ remains a Hessenberg matrix (cf. [Arb18]). The first column of Vi is a
multiple of (S — 6011)vy:

(S — 1) Vper = (VinQ1)Rie1 + B 1Vmiieher = (V@) Rier = V,\Vrie = T11V§1)

The columns of Vng) are orthonormal since they are the result of rotations to the columns

of V,,. Similarly one can obtain (H,%) — 65) = Q2 Ry and obtain:

(S = 0:1) VN Qs = (VD Qa)(RaQ2) + Vinra (b )T Qo

which can be written as:

SV = VOHS® +v,, b8 )7 (7.2.16)
where HT(,%) = RoQo + 021, Vn(f) = 77(11)622. The first column of Vn(f) is a multiple of

(S — Ggl)vgl). Thus
Ve; = c (S — 0,1V = ¢ (S — 0,1)(S — 0.1)vy

m

for a generic scalar constant ¢. ()1 and ()2 are Hessenberg matrices and

(bfﬁ)ﬂ)T = (b,(ill)TQ2 = Bnt1€,Q1Q2 = [0,0,. .., 171,72, 73]
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Let Vm_g = [V1,...,Vim—2] that consists of the first m — 2 comlumns of VW(LQ) and the matrix
H,,_9 the leading (m — 2) x (m — 2) principal submatrix of H,,. Then

Y - ] 3 o T
SVin—2 = Vin—oHym—2 + Br—1Vm—1€,,_2 where

~ 2 2
Bm—1Vm—1 = MVm+1 + h7(n)—1,m—2v7(n)—1

To extend the algorithm to other degrees [Saall] considers the implicit-shift QR procedure:

Algorithm 8 g-step Shifted QR [Saall]
1: Input: H,q,0

2: for j=1,...,qdo

3. (H—0,I)=QR

4: H « RQ + ij

5

6

: end for
: Output: H,Q

Denoting [I:I, Q] =QR(H,b,...,0;) and k := m — g the algorithm becomes:

Algorithm 9 Implicitly Restarted Arnoldi Algorithm [Saall]
Input: S,m,q

Perform an m-step Arnoldi to get: AV;, = Vi, Hyy + Vinire,)
Select the ¢ shifts 601,...,60, from the eigenvalues of H,,
[Hnm, Q] < QR(Hp,, 01, . ..,0,)

k=m—q

Hy=H,(1:k1:k)

Vi VkQ

Nk = Qm,k

Vi1 < Vieg1 + eVt

Continue SV, = V. Hj, + \Afk+1e; with ¢ additional Arnoldi steps.
. Output: Uy, Ry,

—_ =
—_ O

Filtering

Using the Implicitly Restarted Lanczos Algorithm one can approximate the eigenvalues of
higher magnitude, by using as the shifts the approximations with smallest magnititude. This
helps the approximation of S and at the same time a model that uses this approximation
will have kernels which implictly have g(A) = 0 for A of small magnitude (depending on the
graph) which as we will see in the next chapter (Figure 8.3) constitute mid-range frequencies.
However, this changes from graph to graph, so that this does not mean that g(A) = 0 for
certain range of A for all graphs.
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Chapter 8

Connection to Spectral Clustering
and to Diffusion Maps

In the last chapter we explored the Lanczos Algorithm to calculate an approximate eigen-
vector decomposition of S. On Chapter 2 we had seen how these eigenvectors are used to
define a Graph Fourier Transform and to perform spectral filtering on graphs. However, we
still need to address the meaning of such an operation that was defined in analogy to that
of Classical Signal Processing. In this chapter we explore the connections of the LanczosNet
to other methods and discuss the interpretation of the spectral domain.

The LanczosNet carries important connections to normalized spectral clustering [SMOO;
NJWO02] and to diffusion maps [CL06|. In normalized spectral clustering the coordinate
vectors constructed from the eigenvectors of the normalized Laplacian Ly are used for
clustering. In diffusion maps the eigenvectors of the random walk matrix P are used to
construct coordinates called diffusion maps that generate efficient representations of com-
plex geometric structures. The associated diffusion distances define multiscale geometries
that are useful for data parametrization and dimensionality reduction. In this chapter we
provide a motivation and discussion of spectral clustering and diffusion maps and show how
the LanczosNet relates to these two. This shall provide a partial theoretical background to
elucidate how the LanczosNet works under the hood.

As mentioned in previous chapters, working in the spectral domain in the case of molecules
makes it challenging both mathematically and from a chemical standpoint to interpret and
justify the way the network operates. What we treat in this chapter has a much more natural
interpretation for other tasks such as node classification. In the case of molecules, the idea
of running diffusion processes using the spectral decomposition to diffuse information along
the molecule is still helpful. Moreover, one could claim that the spectral approach helps to
capture substructures in the molecule and global properties.

8.1 Spectral Clustering

Finding good clusters is a very important task in machine learning and pattern recognition
with applications in many different fields. In spectral clustering methods the points are
clustered using the eigenvectors of matrices derived from the data. These methods became
popular in the early 2000’s following the work of [SMO00] and [NJWO02|, which we follow here
together with [Lux07]. The task of semi-supervised node classification stated in Chapter 4
is linked to clustering via the cluster assumption, which is that if points are in the same

55



56CHAPTER 8. CONNECTION TO SPECTRAL CLUSTERING AND TO DIFFUSION MAPS

cluster, they are likely to be in the same class, and the equivalent low density separation
assumption, which is that the decision boundary should lie in a low-density region [CSZ06].
In this setting, were some of the labels of the nodes are known, clustering algorithms are
useful for classification.

Notation and Definitions

We use the notation from Chapter 2 and additionally need the next definitions. Given a
subset B C V, we denote its complement V \ B by B and define the indicator vector

1= (xl,...,xN)T eRY
to be the vector with z; = 1 if v; € B and z; = 0 otherwise. We also consider
w(B,C) = Y a (8.1.1)
i€B,jeC

to be the sum of the weights of the edges between nodes in B and nodes in C'. To measure
the size of a subset B C V consider

vol(B) := Y d (8.1.2)

i€B

where vol(B) measures the size of B by summing over the weights of the edges with at least
one vertex on B (twice if both endpoints are in B). A subset B C V is called connected
if any two vertices can be joined by a path wih all intermediate points lying in B. A
subset B is called a connected component if it is connected and if there are no connections
between vertices in B and B. Nonempty sets Bi, ..., By, form a partition of the the graph
lfBZﬂBj = and BiU...UB,=V.

Eigenvalues and Eigenvectors of the Laplacians

It can be easily shown that the following relationships between the eigenvalues and eigen-
vectors of the matrices discussed on Chapter 2 hold:

Matrix Eigenvalues | Eigenvectors
L¢ 0= <1r<...<9N A
Ly O=m<m<...<nv<2 M
S::I—LN 1:1—’)7121—7722...1—’17]\[2—1 Vi
Lr O=m<m<...<ny<2 D~ 1/2y
P l=1—-m>1—m>...1—ny>—1 D=2y,

Table 8.1: Relationship between eigenvalues and eigenvectors

Furthermore, the following result gives the number of connected components of a graph as
the multiplicity of an eigenvalue of the matrices above.

Proposition 8.1.1 Number of Connected Components and the Spectrum of L
[Luz07]
Let G be an undirected graph with non-negative weights. Then:
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o The multiplicity k of the eigenvalue O of Lo, Ly, Lg is equal to the number of connected
components By, ..., By in the graph.

o The eigenspace of the eigenvalue 0 of Lo and Ly is spanned by the indicator vectors
1B,,...1B, of those components.

e The eigenspace of the eigenvalue 0 of L is spanned by the vectors Dl/QIlBl, .. D1/2]lBk
of those components.

o The multiplicity k of the eigenvalue 1 of S is equal to the number of connected com-
ponents By, ..., By in the graph.

o The eigenspace of the eigenvalue 1 of S is spanned by the vectors Dl/Q]lBl, e Dl/QIIBk
of those components.

Clustering and Graph Cuts
The goal is to find a partition of the graph such that the edges betweeen different groups

have a very low weight and the edges within a group have high weight. Given a number
k of desired clusters, the mincut problem consists in choosing a partition Bi,..., B that
minimizes

> w(Bi, B;) (8.1.3)

=1

| =

cut(By,...,Bg) =

the sum over the weights of the edges leaving a cluster. This approach has the disadvantage
that it favours forming small clusters of isolated nodes in the graph, since the sum in (8.1.3)
increases with the number of edges going accross two partition parts. To tackle this problem
the size of the clusters can be explicitly considered in the function to be minimized. The
normalized cut Ncut was introduced in [SM00] and it considers the size of a subset B using
vol(B) and defines the objective function:

— k —
1 B;, B; t(B;, B;
Neut(Bi,....By) =3 M =3 cut(Bi, Bi) (8.1.4)

This seeks to balance the size of the clusters by computing the cut cost as a fraction of
the total weight of the edges from nodes in the cluster to all nodes in the graph. This
balancing condition makes the problem NP-hard [SM00|. Thus in practice the problem is
solved approximately.

Ncut Relaxation and Spectral Clustering

Spectral clustering methods solve relaxed versions of the Ncut problem. For the case of
finding two clusters (k = 2) consider the cluster indicator function f € RY defined by

vol(B) icB

vol(B) . I
o tE€EB

(8.1.5)

It can be shown that (Df)'1 = 0, £' Df = vol(V), f" Lcf = vol(V)Ncut(B, B). Hence
minimizing the Ncut can by solved by the following problem:

mBinfTch subject to f as in (8.1.5), Df L 1,f' Df = vol(V) (8.1.6)
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The problem can be relaxed by allowing f to take arbitrary values:

min f'Lof  subject to Df L 1,f" Df = vol(V) (8.1.7)
€R

Letting g := D'/2f, the problem becomes

min g ' D7V2LeD7 Y2 subject to g L DY21,||g||? = vol(V) (8.1.8)
geR

In terms of Ly the problem reads as:

min g'Lyg subject to g L DY21,||g||? = vol(V) (8.1.9)
geR

This is in the form of the Rayleigh-Ritz theorem (cf. [Saall|) and the solution g is the
eigenvector corresponding to the second (lowest) eigenvalue of L.
For the case of more than two clusters (k > 2), consider indicator vectors

h; = (hyj,...,hy;)" € RY

given by
1 .
——— 1€ DB;
h,; = { VvelB) ’ (8.1.10)
0 otherwise for j =1,...,k;¢e=1,...,N.
Consider H = [hy,...,h;] € RV** the matrix which has the k indicator vectors as its

columns. Then h;-rDhj =1 and h;—LChj = cut(Bj, Bj)/vol(B;). So that the problem of
minimizing the Ncut becomes:

min Tr(H'LoH)  subject to H' DH = I and H as in (8.1.10) (8.1.11)

Bi,..., By
Relaxing the values for h; and considering T' = DY2H the problem reads as:

min Tr(T"LyT) subject to T'T =1 (8.1.12)
TERN %k

This is the standard form of a trace minimization problem, a form of the Rayleigh-Ritz
Theorem. The solution is 1" with the first k eigenvectors of L. Thus according to the
relation between the eigenvectors of Ly and Ly (table 8.1) H = D~'/2T consists of the first
k eigenvectors of Ly (largest eigenvectors of P). These eigenvectors which are constructed
to approximate indicator vectors of the classes can be used for clustering.

Normalized Spectral Clustering Methods

Remember that S and Ly have the same eigenvectors so that the next formulation follows
from the discussion above. In [NJWO02]| the normalized spectral clustering algorithm is
presented as follows.
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Algorithm 10 Normalized Spectral Clustering

: Input: A

Compute the similarity matrix S

Compute the k largest eigenvectors of S

Let U € RVN*F the matrix with uy, ..., u; as columns

Form T € RV** by normalizing the rows to norm 1.

Fori=1,...,N, let y; € R* be the vector corresponding to the i-th row of T

Cluster the points (y;)i=1,..n with the k-means or another algorithm into clusters
Ciy...,Cy

8: Output: Clusters By, ..., By with B; :={j :y; € C;}

Under specific assumptions on A and the true clusters, the rows of Y in algorithm 10 will
form tight clusters around k well-separated points at 90° from each other on the surface of
the k-sphere according to their true clusters [NJWO02].

When there is no underlying graph and just node features x; € RF are known, A € RVXN
is defined by A;; = exp(—||x; — x;]|?/20?) for i # j and A; = 0, where o2 is a scaling
parameter that controls how rapidly the affinity A;; falls off with the distance between
x; and x;. In the context of graphs, A can be taken to be the adjaceny matrix of the
graph. In this basic formulation this means that either the node features are used or the
network (graph) information. However for many tasks, both the node features and the links
between the nodes are important to obtain a good performance. One could also use the node
features as before and let A;; = 0 whenever there is no edge between the nodes, however
this approach still does not permit to use the node features to extract new features, as in
convolutional neural networks.

Models such as the one in [TL11] use a simple solution to integrate the node features via
concatenation of the node features to the coordinates given by the eigenvectors of S and
then using a support vector machine or logistic regression for classification. Spectral-based
graph convolutional networks, such as the LanczosNet, also use the spectrum of the graph
and the node features but in a different way. We discuss this at the end of this chapter, but
for this end we first need to give an overview of the general framework of diffusion maps
|CLO6].

Random Walk Point of View

The problem of Ncut minimization can also be studied in terms of a random walk on the
graph. Given a graph, select a starting node vy according to some initial distribution pg:

po(i) = P(uvo = i) (8.1.13)

and select a neighbor v at random, and move to this neighbor. Then we select a neighbor
v9 of this node at random and move to it, and so on. The random sequence of nodes selected
in this way is a random walk on the graph.

If at the t-th step we are at node vy = ¢ we move to node j with probability

. ' Qi
P(viy1 = jlog =) = % (8.1.14)
(3

Thus the sequence of random nodes is a Markov chain. Denote by p; the distribution of vy:

pe(i) = Py = i) (8.1.15)
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Consider P = D™1A = (p;;); jey the random walk matrix introduced in Chapter 2. Then
the rule of the walk (equation (8.1.14)) can be expressed as:

piy1=P'py (8.1.16)
viewing the distribution of the ¢-th node as a vector in RY. So that
p: = (P")'po (8.1.17)

Therefore the probability pﬁj that starting at node ¢, we reach j at step ¢ is given by the ¢7-
entry of Pt. In general the probability distributions pg, p1,. .. are different. A distribution
Po is called stationary or steady state for graph G if p; = pg. In this case p; = pg for all
t. This walk is called a stationary walk. If the graph is connected and non-bipartite, then
the random walk with transition probability matrix P has a unique stationary distribution
7= (m1,...,7n)" given by
d;

vol (V)
It turns out that the theory of random walks is closely related to many branches of graph
theory and basic properties of a random walk are determined by the spectrum of the graph
[Lov93]. Moreover, an equivalence between Ncut and transition probabilities of the random
walk has been established in [MSO01].

T =

(8.1.18)

Proposition 8.1.2 Ncut via transition probabilities

Let G = (V, A) be connected and non-bipartite. Assume that we run the random walk (Z;)ien
starting with Zy in the stationary distribution w. For disjoint subsets B,C C V, denote by
P(C‘B) = P(Zl S C’Zo S B) Then

Neut(B, B) — % (P(B|B) + P(B|B)) (8.1.19)

This can be proven as follows. First notice that

. . 1
P(Zy€ B,Z1 € C) = Z P(Zy=1,21 =j) = Z Wipijzw Z Qi
ieBjeC ieBjeC VOV ) ieBjec

Therefore it also holds that

P(Zy € B,Z1 € C) 1 vol(B)\ !
P(Z, € C|Zy € B) = = Z Qjj <
P(Zy € B) vol (V) ich7ec vol (V)
_ w(B,C)
~ wol(B)
Thus

— 1 (w(B,B)  w(B,B)
Ncut(B,B) = 3 ( vol(B) * vol(B) )
1

— 5 (P(BIB) + P(B/B))

Thus minimizing Ncut (for k& = 2) accounts for searching for a cut such that the random
walk seldom transitions from B to B and vice versa.
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8.2 Diffusion Maps

In the derivation of normalized spectral clustering for £ = 2 we saw that the eigenvector
corresponding to the second eigenvalue v of Ly can be used for clustering. This vector
corresponds to the top nonconstant eigenvector D~Y/2% of P the transition matrix. The
sign of the values of this vector can be used for finding clusters and computing cuts. As
seen in the case for k > 2 and in algorithm 10 further higher-order eigenvectors can also be
used as an approximation for clustering. Moreover, using multiple eigenvectors allows for a
parametrization of the datasets which can be used in other applications beyond clustering
[CLO6].

In [CLO6]| a set of tools known as diffusion maps and distances were introduced. These allow
to define multiscale geometries for data parametrization. This framework relates spectral
properties of Markov processes, such as the random walk discussed in the previous section,
to their geometric counterparts and it unifies and generalizes previous ideas in the field.
Consider (Z, A, ) to be a measure space where Z is the data set and p represents the
distribution of points on Z. Let k: Z x Z — R be a kernel that satisfies:

k(z,y) = k(y,2)
k(z,y) >0

The weight between the nodes is specified by k£ and constitutes a definition of the local
geometry of Z. Similar as in the previous section it is possible to construct a Markov chain
from the graph defined by (Z, u, k). Let

dz) = [ bz widuty) (8.2.1)

Z

be a local measure of volume and degree in the graph. Define

p(z,y) = (8.2.2)

which satisfies a normalization property:

[ vt i) =1 (8.23)

Z

p can be considered the transition kernel of a Markov chain on Z. p(z,y) represents the
probability of transition from node z to node y in one time step and is proportional to the
edge weight k(z,y). The operator P is an averaging or diffusion operator

fvuwz/fuwvwmmm (3.2.4)

Z

for a function f: Z — R. Moreover, p:(z,y) is the probability of transition from z to y in
t time steps and is given by P!. Running the chain forward in time will allow to integrate
the local geometry and to reveal relevant geometric structures of Z at different time scales.
This can be done by taking different powers of P.
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In the case of interest of this thesis, Z is finite with N points, and P has a sequence of
eigenvalues {A; };=o,... nv—1 and eigenvectors {1 };—o,.. n—1 such that

L=Xo>|M|>Xe| > .00 > | An—1]

and
Py = Ny
As seen before, if the graph is connected and non-bipartite the Markov chain has a unique
stationary distribution given by:
d(y)
T(Y) = = (8.2.5)
> d(u)
uezZ

These concepts allow to define a family of distance between points in Z.

Definition 8.2.1 Diffusion distances [CL0O6]
The family of diffusion distances {D;}ien is defined by:

Dile = () = o N = [ (00 =l P2 (5209
Dy(z,y) is a weighted L? distance between the distributions p;(z,-) and pi(y,-). Recall
that for any u € Z, pi(z,u) gives the probability of jumping from z to w in ¢ time steps.
Dy(z,y) is small if there is large probability of transition from z to y as in that case the path
probabilities between z and u and the one between u and y would tend to become similar
for w € Z. This depends on the scale paramater ¢, at each scale points are closer if they are
highly connected in the graph, so that the distances can be used for clustering. Moreover,
Dy(z,y) can be computed using the eigenvectors and eigenvalues of P:

2

Di(z,y) = [ DA\ (Wi(2) — tu(y))? (8.2.7)

>1

An approximation can be constructed. Let s(d,t) = max{l € N such that [\|" > &|\;]'}.
Then the diffusion distance is calculated to relative precision ¢ via

s(0,t) 2

Di(zy) ~ | D A (Whi(2) — u(y))? (8.2.8)

>1
Definition 8.2.2 The family of diffusion maps {¢¢}ien is defined by:

A1 (2)
Ababa(2)

Pr(z) == (8.2.9)

)\i(g,t)ws(é,t) (2)

Each component of ¢;(z) is referred to as diffusion coordinate. ¢r: Z — R*(%*) embeds the
data set into Euclidean sapce of s(d,t) dimensions. Furthermore, it holds up to relative
precision § that:

[[e(2) = he(y)l] = Di(z,y) (8.2.10)
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In our setting we have a graph G = (V, €, A) together with node features X. One approach
would be to embed the node features X at different time scales. This would mean taking
Z = X , using a kernel k and find an embedding of the data. One could also consider the
Markov transition matrix P = D™'A4 and Z =V to find diffusion maps to embed each node
at different time scales:

My ()
Moo (i)
Gi(i) = : (8.2.11)
)\Z(g’t)ws(é,t)(i)
P is similar to S,
P=D"'Y28DY? and ;=D "y (8.2.12)
where
L=Xo > A1 > A2l > ... > [ANn—1]
and

Pl/]l = )\lwl and Sul = )\lul

In the LanczosNet, and in other spectral methods, an approach related to this last one is
taken. The eigenvectors of S are used to compute frequency representations of X via:

X:=U'X (8.2.13)

@w(X):=ANUTX (8.2.14)

In the LanczosNet, one uses the Lanczos algorithm to obtain the Ritz values with biggest
magnititude and suppresses the Ritz values with smaller magnititude. The frequency rep-
resentation X is weighted by the powers of the Ritz values XE. Multiple frequency represent-
ation at different time scales ¢ are taken. This would correspond to diffusing the signals in
X using the matrix S at different scales ¢ to obtain new node features that diffuse the values
along neighborhoods at different scales. In the LanczosNet, rather than just weighting by
AL a filter is applied in the spectrum. The spectral filters are applied to the frequency rep-
resentations which are obtained by projecting the node features X onto multiple diffusion
maps (using u; instead of ;) with different time scales via:

§a (X)) = g(AWUTX (8.2.15)

The eigenvectors in U capture the geometry and the different powers of the Ritz values
allow to capture the geometry and to diffuse the information at different time scales. The
spectral filters create new node features by increasing or decreasing the components of the
projection of previous node features onto the eigenvectors of S.

8.3 Frequency Interpretation

Why are these representations called frequency representations? In classical Fourier analysis
the eigenvalues (27&)? of the Laplace operator carry a notion of frequency. For ¢ close to
zero, the associated eigenfunctions e*™%* are smooth and slowly oscillating functions. For
¢ far from zero, the associated eigenfunctions oscillate more rapidly [Shu+13]. It turns
out that for graphs, the graph Laplacian eigenvalues and eigenvectors also give a notion
of frequency. For low 7; (for S high 1 — n;), its associated eigenvector varies slowly along
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the graph, meaning that if two vertices are connected by a large weight the values of the
eigenvectors at these vertices are likely to be similar. The eigenvectors associated with larger
eigenvalues 7; (smaller for S) are more likely to have dissimilar values on vertices connected
by a high weight. For the unnormalized graph Laplacian L¢, the frequency interpretation
is more straightforward. Consider the graph Laplacian quadratic form

Py(x) :=x"Lex= Y Ajjla(j) — z(i)] (8.3.1)
(i,7)€E

This has value zero only if = is constant, and is small if x has similar at neighboring
vertices connected by high weights. From the Courant-Fischer Theorem one has that wy
minimizes Fy, is constant on each component and further eigenvectors w; minimize Fb
subject to an orthogonality constraint. Thus low eigenvalues ~; are associated with smoother
eigenfunctions and higher eigenvalues with more oscillating functions. For the normalized
graph Laplacian Ly consider

Fg(x) =x Lyx = Z Ajj
(4.4)€e€

2
z(j) ()
N \F] (8.3.2)

Again, from the Courant-Fischer Theorem u; minimizes this form and is given by HDiig%H i
the case of a connected graph, and further eignevectors minimize this functional subject to
an orthogonality constraint. To evaluate this notion of frequency lets consider the following

definition:

Definition 8.3.1 Set of zero crossings [Shu+13]
The set of zero crossings of a signal x on a graph G is defined as:

Zg(z) ={e=(4,j) € £ z(i)x(j) <0} (8.3.3)

The following plots show | Zg(v;)| for two molecules from the Alchemy dataset [Che+19b]
after adding self-loops. This illustrates the frequency notion, where higher 7; are associated
with eigenfunctions with more zero crossings.

Zero Crossings for Molecule with Alchemy Index 5119329 Zero Crossings for Molecule with Alchemy Index 1713179
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Figure 8.1: Frequency notion of the eigenvalues



Chapter 9

LanczosNet and the Desired
Properties of GCNs

According to [Brel9] four important properties that graph neural networks should have are
locality, invariance under vertex re-indexing, weight sharing and independence with respect
to graph size. For spectral-based methods possible additional concerns are the independence
with respect to the basis and the transferability of the model, which is closely related to
the stability of the filters in the case when the filters are designed and computed directly
in the spectral domain. In this chapter we analyze the LanczosNet with respect to these
desired properties and later in the chapters on experiments we test and illustrate some of
these aspects in practice.

Locality: Local Reception Field

Spectral-based methods do not just use first-hop neighbors and capture more complex graph
properties [KWG19|. However, in practice the property that is being predicted might be
known to depend only on local neighborhoods. For instance, in the problem of predicting
the potential energy of a molecule, the atomization energy is usually modelled as a sum of
atomic contributions that depend only on a local neighborhood of each atom. According
to [Bar+17a| this assumption is referred to as the atomic decomposition ansatz and can be
motivated by the nearsightedness of electronic matter.

We have seen in Chapter 2 (2.4.8) that when the kernel ¢ is a polynomial of degree K and
Zin is the input signal, the result of the convolution x,,+ = x4, * g satisfies for each node ¢
that (7)) is a linear combination of the input signal in the K-hop local neighborhood of
node 1.

If we recall the way the Lanczos convolutional layer is defined in equation (5.5.18)

xB) = [sSx kD g8 x e §W gy x ) G 7y x (),
Sxt=D g xE-D  Spxk-Dw® 4 gk

then we see that S performs a linear combination of the input signals in the Sj-hop neigh-
borhood of each node. Moreover, 5,51, ..., S aggregate information only of direct neigh-
bors. However, the transformations S’,gk) (Z) are learned via a multi-layer perceptron and
use an approximate eigendecomposition of S so that there are no locality guarantees. Even

if instead of using S’}Sk) (Z) one used the approximate polynomial filter given by VRV T as

65
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in equation (5.5.5) it may not be a local operation. In this case there would be a bound
implied by Theorem 7.2.7.
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Figure 9.1: Example Molecule from Alchemy [Che+19b| and Kernel Learned by the Lanczos-
Net on the Alchemy Dataset

Even when S operates on a one-hop neighborhood over-smoothing is a concern. As we saw
in the previous chapter by taking different powers of S the signals are being diffused at
different scales. A model with multiple layers may suffer from over-smoothing. This over-
smoothing has the effect that the representation of the atoms becomes indistinguishable
even for atoms that are far away from each other [Lual. Hence a deep model might not be
able to learn a good representation for the task at hand. The following result is known, so
that taking very high powers of S and using many layers can contribute to over-smoothing
of the signals.

Proposition 9.0.1 [Lua/
Suppose that a graph G has k connected components and {vi,...,vi} are the eigenvectors

corresponding to the eigenvalue 1 of S. If G has no bipartite components, then for any
x e RV

lim S™x = [v1,...,Vvg]0 (9.0.1)

m—0o0

for some 6 € RE.

Invariance under Vertex Re-indexing

Let x € RY be a graph signal in the original indexing, S the similarity matrix, m € N and
%X = §™x the filtered signal in the original indexing. If we change the index of atoms ¢ and
j and consider M = M (i, j) the corresponding row permutation matrix then in the new
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indexing we have:

Xnew = Mx
Spew = MSM T
Xpew = MS™M " Mx = M(S™x) = Mx

&new = S:Lréw
Thus Xpew(?) = X(7), Xnew(j) = %(4), and for the rest of indices the value of the filtered
signal is the same. Similarly the same invariance under vertex re-indexing is guaranteed for

the other terms in the Lanczos convolutional layer (5.5.18).

Invariance under Change of Basis

Here we are concerned just with the dependence on the basis. One drawback of the SpecCNN
is that the filters depend on the basis chosen. In the LanczosNet, the kernels are not learned
directly. The kernels are computed as functions of the eigenvalues based on the learnable
parameters. If one uses all eigenvectors the filters are guaranteed to be independent of
the basis and its order. However, if only K eigenvectors are taken and Ax = Ax 41 then
the projection of x into the span of the first K (highest eigenvalue magnitude) changes
depending on which eigenvector(s) one chooses for that eigenspace. So that the output of
the LanczosNet can change if two algorithms return the eigenvectors of a multi-dimensional
eigenspace in different order or if they return a different basis for the eigenspace of A\ and
not all the basis belongs to the first (highest magnitude) K eigenvectors. Moreover, if one
uses the Lanczos Algorithm to approximate the first eigenvectors then different eigenvectors
in the associated eigenspace may be approximated.

Transferability
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Figure 9.2: Original Molecule Figure 9.3: Modified Molecule

In [Bro+16] it is pointed out that a small perturbation of the graph can lead to very large
changes in the eigenvectors of S, especially those associated with high frequencies. Thus
if the magnitude of the component of the kernel on some of those frequencies is big, the
convolution may change even at other locations. Given the multi-scale approach and the
definition of filters in the spectral domain, a change in the graph in one location can cause the
filters to change at other locations. In [LIK19|, they address the transferability of spectral
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filters. They claim that spectral filters such as the ones defined on the Spectral CNN (5.3.2)
are not transferable and have a high computational complexity. The non-transferability
claim is based on the sensitivity of the Laplacian decomposition to small perturbations in
A. By defining the filters via rational functions the spectral decomposition is avoided and
is done entirely in the spatial domain. These are referred to as functional calculus filters
and include for example the ChebNet and the 1st Order of ChebNet which use polynomials
and the CayleyNets [LIK19]. The LanczosNet does not belong to this class, since the filters
are computed in the spectral domain with the use of a multi-layer perceptron. In [LIK19]
they studied the transferability of this type of filters with respect to small pertubations on
the graph as changes on the weights. We recall that the LanczosNet also uses polynomial
filtering so that changes in the filters defined via spectral filters might not cause a big change
in the prediction.

Kernel Applied to Input Channel 40 that Output Channel 1 Receives at Layer 4 Kernel Applied to Input Channel 40 that Output Channel 1 Receives at Layer 4
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Figure 9.4: Transferability: A change around carbon atom C : 7, causes the entry of the
kernel matrix in the atom domain F'(1,1) (weight from C : 1 to C : 1) to change from 0.08
to 0.005 and for O : 2 (F(2,2)) from —0.0008 to —0.0188 for a kernel with big components
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Chapter 10

Numerical Experiments: Property
Prediction

10.1 Molecular Property Prediction

We have seen in Chapter 3 that one of the fundamental tasks in quantum chemistry involves
solving Schrédinger’s equation to find equilibrium configurations for particle systems and
to calculate their associated energies. Usually the energy is separated into two contribu-
tion terms. Rather than learning the energy of the whole molecule Ei,, one learns the
atomization energy Fatomization, which is the energy required to break the molecule into its
constituent atoms |Gil+17; Bar+17al. For the calculations it is actually taken to be the
opposite of this quanitity, so that it is the energy of the molecule with respect to separate
atoms. The other term used to calculate Eyo is the sum of the reference energies Ey.cr(Z;)
of the atoms 7 in the molecule. The reference energy of an atom is taken to be the opposite
of the energy required to break it into free electrons and a nucleus. So that the total energy
can be calculated as follows:

N

Eiot = Eatomization + Z Eref(Zi) (1011)
=1

The greatest contribution to Ej,; comes from the second term. However, since the reference
energies do not change from one molecule to another, one usually predicts the atomization
energy and then sums the reference energies, which are fixed or are learnable for each atomic
number Z. The atomization energy is usually calculated as a sum of atomic contributions
as in [Bar-+17al.

N
Eatomization - Z Eatomic(i) (1012)
i=1
Atomwise Approach for the Prediction of Internal Energy

Consider Uy to be internal energy at 0K. To initialize the model with a good guess of the
energy we follow an atomwise approach [Sch-+17a] and consider the average contribution to
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atomization energy per atom and its standard deviation with respect to the training set:

Np,
1 Ntrain onn - Z onzni
i=1
= 10.1.3
a Ntrain 7; Ny, ( )
_ N, 2
1 Ntrain UO,” - Z U07Zni
2 i=1
o = — 10.1.4
Ntrain n§:1 Nn ( )

and then for each atom we predict ¢; and calculate its contribution to the atomization
energy via

Considering the reference energies, the final prediction for the internal energy of molecule
n at 0K (Up,,) becomes:

Nn, Np
UOJL = Z '21 + Z Eref(Zni) (1016)
=1 1=1

where E,.;(Z) is the learnable reference energy of the element with atomic number Z. If we
are predicting just atomization energy we omit the second sum. The training loss function
for a mini-batch B is given by the mean squared error:

1 A
Lp = 3 > " Uom — Uonl® (10.1.7)
neB

Properties

For the datasets QM9 and Alchemy the properties that are going to be predicted are the
following. The definitions are taken from |[Gil+17]:

e Energies

1. Internal Energy at 0K (U0)

2. Atomization Energy at 0K (U0-atom): Energy required to break up the molecule
into all of its constituent atoms if the molecule is at absolute zero.

3. Internal Energy at 298.15K (U)

4. Atomization Energy at room temperature (U-atom): Energy required to break
up the molecule into all of its constituent atoms if the molecule is at room tem-
perature.

5. Enthalpy at 298.15K (H)

6. Enthalpy of atomization at room temperature (H-atom): Similar to the atom-
ization energy, but it assumes the system is held at fixed pressure.

7. Gibbs Free Energy at 298.15K (G)

8. Gibbs Free Energy of atomization (G-atom): Similar to the atomization energy,
but assumes the system is held at fixed pressure and temperature.
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e Fundamental Vibrations

1. Zero Point Vibrational Energy (zpve): Here it taken to be the energy due to
vibration at OK.

e Electronic Energies

1. Highest Occupied Molecular Orbital Energy (HOMO): At 0K electrons stack in
states from lower to higher energy. The energy of the highest occupied electronic
state is referred to as HOMO.

2. Lowest Unoccupied Molecular Orbital Energy (LUMO): The energy of the lowest
electronic state that is unoccupied is known as LUMO.

3. Electron energy gap (gap): It is the difference between LUMO and HOMO. It
is thus the lowest energy transition that can occur from an occupied state to
an unocuppied state. It determines the longest wavelength (smallest frequency)
that the molecule can absorb (cf. equation 3.1.13).

e Spatial Distribution of electrons in the molecule

1. Electronic Spatial Extent (R2): Second moment of the charge distribution:
) = [ dri?p(r

2. Norm of the Dipole Moment (mu): The dipole moment approximates the electric
field far from a molecule.

p(r) = / dr' o) (r — 1)

3. Norm of static polarizability a (alpha): o measures the extent to which a mo-
lecule can spontaneously incur a dipole moment in response to an external field.

e Heat Capacity

1. Molar Heat Capacity at Constant Volume at 298.15K (Cv)

Settings

We consider the the single-task setting in which each model predicts one single property
and the multi-task setting where we use a single model to predict all properties.

Loss and Evaluation Functions

S is taken to be the validation set for early stopping and model selection and the test set
to assess the quality of the prediction. For molecule m;, P(m;) € R is the property that is
being predicted in the single task setting and for the multitask setting the properties are
given by P(m;) € RP. hy denotes the function learned by the neural network. Moreover,
oj denotes the standard deviation of property j. The most used errors are the M AFE for
evaluation and the M SFE for training:
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Definition 10.1.1 MAE: Mean Average Error

B
MAE(hg; P, S) : |S|Z|h9 Gm,) — P(m;)] (10.1.8)

Definition 10.1.2 nMAE: Normalized Mean Average Error

1 ) — P(m;
nMAE(hi P.S) i= g 3 1o (Grm;) = Pmi) (10.1.9)
g
=1
ISI p
nMAE(hy; P, S) - 52 Z Z (16 (Grmy) = P (ma)l (10.1.10)
Definition 10.1.3 MSE: Mean Squared Error
1B
MSE(hg; P,B) : ’B|Z\h9 Gm,) — P(m;)|? (10.1.11)

Definition 10.1.4 nMSE: Normalized Mean Squared Error

nMSE(hy; P, B) = — Z'h‘)(gmi>_P(mi)’2 (10.1.12)

nMSE(hg; P, B) : ‘B|Z Z (10.1.13)

Models, Baselines and Hyperparameters

We perform experiments on the LanczosNet (and the LanczosDistNet with ¢ = 2) and
expand the 1st Order Chebyshev (GCN), a very used baseline model, to also include bond
types in the same way that the LanczosNet does, we call this model GCN(+ bond type) or
GCN+. We do this since the incorporation of bond types is a simple approach and is not
the most salient feature of the LanczosNet. This enables us to focus on the gain of using
the learnable spectral filter approach of the LanczosNet and its multiscale mechanism. We
also compare to the original GCN without bond types and to other models with the results
reported in the literature.

We experimented with different number of layers, hidden dimensions, short scales, long
scales, number of eigenvectors, weight decay, learning rate and use of attention function
and output mechanisms. For the experiments on node classification and link prediction
on Appendix C we did a grid search and found different best hyperparameters than those
reported on the literature [Lia+19; KW16] for those tasks, which achieved slightly better
results in our experiments. On molecular property we experimented with different combina-
tions of hyperparameters. We found most of the original hyperparameters to work the best
on different tasks, however for the single task setting for the prediction of internal energy
or atomization energy, eliminating the attention function, and using a sum mechanism as
output yields better results.
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In addition, for better initialization of the model, we follow the approach of computing
the average contribution to atomization energy per atom (10.1.3) and predicting for each
atom the difference in its contribution to this value and then following equation 10.1.2.
Moreover, for Alchemy we add to the model learnable reference energies that are used to
predict internal energy. Regarding implemenation, using the final loss in the original unit
and thus avoiding divisions of certain parameters by small numbers in PyTorch [Pas+17],
brings more stability in learning and better performance. For single tasks on QM9 and
Alchemy we further increase the number epochs to 400, for multitask and for QMS8 the
number of epochs used was 200. We use a batch size of 64.

10.2 QMS

In the paper on which the LanczosNet was introduced [Lia+19] the model is tested on
the QM8 dataset [Ram-+15a; Wu+17]. It showed better results in the multi-task setting
than many other models at that time (cf. table 2 in [Lia+19]). However, new datasets
have become the standard benchmarks. This dataset is a subset of GDB-17 and provides
electronic properties of 21,786 molecules with up to 8 C,N,O,F atoms (and H). It gives four
excited-state properties at three different levels of accuracy (TDDFT using: CC2, PBEO
and CAM-B3LYP): energy of first excited state with respect to ground electronic state
(E1, Ha), energy of second excited state with respect to ground electronic state (E2, Ha),
oscillator strength 1 (f1, dimensionless) and oscillator strength 2 (2, dimensionless). In our
experiments on QM8 we train for 200 epochs with early stopping of window size 10 and the
best validation model is selected.

Single Task

We consider the task of predicting E1 — CC2.

Uses Distances Model Train MAE Validation MAE  Test MAE
No GCN(+bond type) 1.64 +0.09 3.09+0.02 2.97+0.01
LanczosNet 0.59 +0.03 2.47+0.03 2.394+0.01

Yes DTNN [Sch+17b] - - 5.77
MPNN [Gil+17] - - 5.27

GC [AT+16] - - 4.64

GGRNet [SM19] - - 3.58

PotentialNet [Fei+18§] - - 4.23

Table 10.1: Results for models trained on E; — CC2 (kcal/mol)

10.3 QM9

QM9 [Ram+14; Wu+17| contains 133885 organic molecules with up to 9 C,O,N,F atoms
(and H). It is a subset of the GDB-17 database and it includes the reference energies of
these elements.
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Single Task

We consider the task of predicting U0-atom.
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Uses Distances | Model Train MAE Validation MAE  Test MAE
No GCN(+bond type) 0.95£0.02 1.57+£0.03 1.61+£0.02
LanczosNet 0.47£0.01 1.29+£0.02 1.33£0.00
MPNN [Gil+17] - ; 0.72
Yes LanczosDistNet 0.48 0.93 0.92
MPNN [Gil +17] ; ; 0.45
SchNet[Sch+17a| - - 0.31
MEGNet |[Che+19a) - - 0.21
SOAP [Bar+17b] - - 0.18
DTNN [Sch | 17b)| : . 0.84
GGRNet|SM19] - - 31.1
Table 10.2: Results for models trained on U0-atom (kcal/mol) for QM9

The LanczosNet model which incoporates distance information (LanczosDistNet) reaches an
error of 0.92 kcal /mol which is below chemical accuracy for atomization energy (1 kcal/mol).
Without distance information the error achieved was 1.33 kcal /mol. Without the use of the
spectral filters, the model which we call GCN+ reaches 1.61 kcal/mol.

Multitask

No Distances Coulomb M.
Target | Property Unit | LanczosNet GCN+ MMN [Ram-+15b] MMN
0 mu D 0.444 0.480 0.602 0.519
1 alpha ap 0.603  0.821 3.10 0.85
2 HOMO Ha 0.00360 0.00414 0.0660 0.00506
3 LUMO Ha 0.00386 0.00464 0.00854 0.00645
4 gap Ha 0.0050  0.0060 0.0100 0086
5 R2 a3 32.7 37.5 125.7 46.0
6 zpve Ha 0.00127 0.00188 0.01109 0.00207
7 Uo Ha - - - -
8 U Ha - - - -
9 G Ha - - - -
10 H Ha - - - -
11 Cv el 0.28 0.39 1.77 0.39
12 U0-atom kcal/mol 10.56 16.32 15.10 2.27
13 U-atom kcal/mol 10.61 16.49 15.10 2.27
14 G-atom kcal/mol 10.67 16.59 15.10 2.27
15 H-atom kcal/mol 9.90 15.32 15.10 2.27

Table 10.3: Test MAE for Models Trained on All Targets QM9
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Training all models jointly on the 12 targets yields higher errors for the atomization energies.
Moreover, for this setting the output of the model is computed by taking an average over
all nodes as in the original LanczosNet.

10.4 Alchemy

The Alchemy dataset [Che+19b| contains 12 quantum mechanical properties of 119487
organic molecules with up to 12 C,N,O,F,S,Cl atoms (and H). It is a subset of the GDB
MedChem database which compared to GDB-17 contains molecules which are screened as
being more likely useful for medicinal chemistry. 99776 molecules constitute the training
set. In the training set, there are only 5840 molecules with more than 10 heavy atoms. The
validation set contains 3951 molecules with 11 or 12 heavy atoms. The test set conatains
15760 molecules with 11 or 12 heavy atoms.

Remark: Thus the models are mostly trained with molecules comprising either 9 or 10
heavy atoms, but are validated and tested on molecules with 11 or 12 heavy atoms.

Single Task

We consider the task of predicting internal energy at 0K (U0). We treat the atomic reference
energies as trainable parameters of the model and initialize them based on the values given

in [Kir].

Uses Distances | Model Train  Validation Test
No GCN(+bond type) | 1.84 +0.08 5.79 £0.04 4.93 +0.06
LanczosNet 0.614+0.04 4.854+0.10 4.21 +£0.01
Yes LanczosDistNet 0.46 2.50 2.21
Table 10.4: MAE for models trained on U0 in kcal /mol
H.A Train  Validation Test H.A | Train Validation Test
9 0.68 £0.04 - - 9 0.45 - -
10 0.56 +0.04 - - 10 0.46 - -
11 0.63+£0.00 4.33£0.09 3.66=+0.01 11 0.51 2.10 1.80
12 0.76 £0.04 6.43+0.16 5.88+0.06 12 0.75 3.71 3.46
Table 10.5: LanczosNet MAE on UQTable 10.6: LanczosDistNet MAE on U0 in
kcal/mol, Average over 3 runs kcal/mol
Heavy A. ‘ Train  Validation Test
9 2.04 £+ 0.07 - -
10 1.71 +0.10 - -
11 1.794+0.09 5.13+0.02 4.30+0.05
12 230+0.14 7.77+£0.08 6.85+0.10

Table 10.7: GCN(+bond type) MAE on U0 in kcal/mol, Average over 3 runs
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Validation Loss Curves - Alchemy U0
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Figure 10.2: Train Loss Curves on U0

We further trained a model up to 1000 epochs, however the validation loss stays almost
constant. We also tried changing the learning rate but the same behaviour was observed.
Recall that the molecules from the training set come from a different distribution than
those in validation and test. The training set is composed of mostly molecules with 9 and
10 heavy atoms while validation and training only have molecules with 11 and 12 heavy
atoms. Furthermore, the Alchemy dataset also contains S and Cl, we initialized the reference
energies based on [Kir|. These two factors might account for the less accuracate results in
comparison to QM9. The LanczosNet without distances reaches an error of 4.21 kcal /mol,
while the model which incorporates distances yields an error of 2.21 kcal/mol, both above
chemical accuracy. Training the LanczosNet on GPU for 400 epochs on an Nvidia GeForce
RTX 2080 Super the total training time is 13.6 h and 122.4 s/epoch.
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Multitask

No Distances Distances
Target | Property Unit | LNet* GCN-+* GCN ChebyNet MPNN MPNN
nMAE 0.1715  0.1994  0.2542 0.2598  0.1355 | 0.0655
0 zZpve Ha | 0.00484 0.00626 0.00683 0.00743  0.00259 | 0.00113
1 Cy Helo? 1.72 2.2 2.31 2.49 1.17 0.5
2 gap Ha | 0.0080  0.0078  0.0133 0.0130 0.0112 | 0.0056
3 G Ha - - - - - -
4 HOMO Ha | 0.00533 0.00505 0.01024  0.01000 0.00940 | 0.00358
5 U Ha - - - - -
6 alpha a3 2.51 3.28 3.94 4.16 2.45 1.12
7 U0 Ha - - - - - -
8 H Ha - - - - - -
9 LUMO Ha | 0.00635 0.00634 0.01121 0.01125 0.01023 | 0.00478
10 mu D | 0.557 0.579  0.778 0.769  0.716 0.194
11 R2 a3 128.3 145.1 183.7 180.0  132.1 16.9

Table 10.8: Test MAE for Models Trained on All Targets Alchemy *: our results, - : the
models were trained to predict all 12 properties, usually one does not predict these properties
directly without using or learning reference energies, therefore we omit the results as they
do not represent the true achievable performance of the models, rather a bad initializiation
of the models

10.5 Robustness with respect to Eigenvalues and Eigenvectors
of S

Given the small size of the molecules it was not necessary to use the Lanczos Algorithm for
the approximation of the eigenvalues. For the tasks of node classification and link prediction
we do use the Lanczos Algorithm and compare performance with different number of Ritz
vectors in Appendix C. Here we apply noise to the eigenvectors and eigenvalues and study the
robustness of the models with respect to perturbations on the eigenvalues and eigenvectors.
Since for bigger molecules it might make sense to calculate (approximate) less eigenvectors,
we also test the performance using less eigenvectors and eigenvalues during prediction.

Random Noise

First we apply noise to the eigenvectors and eigenvalues via

)\noisy = A+ €val, €val ™~ N(O, U?}al) (1051)
Vnoisy = My €vec ™ N(())O-Q IN) (1052)
Y |’V+€vec’| vec

We then test the model on the molecules with these changes:
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. Tuvec — 0.001 0.005 0.01 0.05 0.1 0.5
val
— 1.331 1.344 1.580 2.097 8.348 18.857 90.685
0.001 1.338 1.350 1.582 2.107 8.347 18.771 90.349
0.005 1.983 2.013 2.205 2.673 8.844 19.159 89.197
0.01 4.263 4.229 4.396 4.806 10.480 19.738 89.820
0.05 3.5x 109 1.2x10% 3.0x10% 4.0x 109 21x10% 29x10% 6.5x 108

Table 10.9: QM9: LanczosNet Test MAE (kcal/mol) on U0-atom with Noise on the
Spectrum - Average over 10 Runs

Tvec — 0.001 0.005 0.01 0.05 0.1 0.5
Oyal
— 4.198 4.200 4.213 4.264 5.977 10.948 50.565
0.001 4.213 4.211 4.227 4.277 6.023 11.068 50.515
0.005 7.006 7.067 7.071 7.112 9.059 14.096 51.323
0.01 12.006 12.428 12.398 12.521 14.160 18.269 52.080
0.05 1.3x 1010 157x10% 3.9x10° 28x10% 3.3x10° 5.0x 107 2.5 x 10%

Table 10.10: Alchemy: LanczosNet Test MAE (kcal/mol) on U0 with Noise on the Spec-
trum - Average over 10 Runs

We observe that very small changes in the eigenvalues do not change the prediction much,
however relatively bigger changes can cause the prediction error to explode. The error on
the eigenvalues (and eigenvectors) can cause the model to confuse a high frequency vector
with a low frequency vector and viceversa. We have observed in the learned kernels big
slopes around 1 and at the other end of the spectrum (see Figure 9). This could explain
part of this phenomenon.

Using Less Eigenvectors during Prediction

In these experiments we examine the change in the model prediction if we use just ¢ eigen-
vectors with highest magnitude in the model trained using 20 eigenvectors, as this setting
can be present if one has bigger molecules and just has ¢ approximations.

q=20|qg=15]q=10 | q=5|¢q=1|

1.33 |

2.99 |

8.21 | 11.42 | 15.38 |

Table 10.11: QM9: LanczosNet(K = 20) Test MAE (kcal/mol) on U0-atom

Table 10.12: Alchemy: LanczosNet(K = 20) Test MAE (kcal/mol) on U0

q=20|q=15|¢=10|

420 |

6.08 |



Chapter 11

Graph Variational Autoencoders

The design of molecules with target optimized properties is of fundamental importance
in drug discovery and material science. Recently the advances of machine learning and
deep learning have enabled signficant advances in the task of molecule generation. Several
methods have been proposed including graph variational autoencoders and molecular ad-
versarial networks. Many of these methods for molecular graph generation employ graph
convolutional networks as building blocks. In this chapter we focus on graph variational
autoencoders and present the approach introduced in [BL19a|. Some of the details might be
different and we make our own implementation. Another task for which graph autoencoders
have been used is link prediction. We perform experiments on citation prediction in citation
networks in Appendix C.

11.1 Autoencoders

We start by presenting the usual formulation of autoencoders and variational autoencoders
following [GBC16]| and [Sol20]. An autoencoder is a neural network that is trained to at-
tempt to copy its input to its output. It contains inside a hidden layer z that describes a
code used to represent the input. The network can be seen as consisting of an encoder func-
tion z = f(x) that learns a mapping from the data, x, to a low dimensional latent space Z,
and a decoder that produces the reconstruction x = g(z). A possible loss function would be
L(%;x) = ||Xx—x][>. They were traditionally used as an unsupervised approach for learning a
lower-dimensional feature representation from unlabeled training data . The recent theoret-
ical connections between autoencoders and latent variable models have made autoencoders
a very active field of research and a very important tool for generative modelling.

The dimensionality of the latent space will influence the reconstruction quality. An autoen-
coder whose code dimension is less than the input is called undercomplete. This forces the
network to learn the most important features of the training data. If the hidden code has
dimension greater than the input it is called overcomplete and regularization mechanisms
are used. We will focus on undercomplete autoencoders and use a latent dimension of 56
for a fair comparison in the experiments we perform.

Variational Autoencoders

The notion of encoding function f(x) can be generalized to an encoding distribution py(z|x)
and the decoding function g(z) to a decoding distribution qp(x|z). In this way a variational
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autoencoder is built. The encoder predicts the conditional distribution of the hidden repres-
entation z given the data x and the decoder predicts the conditional distribution of the data
x given the hidden representation z. Since we want to capture an underlying structure in
the latent space from which we can sample new data, we don’t want the encoder to simply
separate all points far away from each other. To achieve this a prior distribution p(z) for
the hidden variable can be selected. The loss function is formed by the reconstruction loss
and a regularization term that penalizes pg(z|x) if it differs from p(z). A usual prior is
p(z) = N(0,I). This encourages the encodings to distribute evenly around the center of the
latent space and penalizes the network if it tries to memorize the data by clustering points
in specific regions. To measure how different the encoding distribution is from the prior
distribution the Kullback-Leibler divergence can be used, which we present in what follows.

Information Theory

Consider P and @ two probability distributions over z:

Definition 11.1.1 Self-information
The self-information of z is given by

I(z) :== —logP(z) (11.1.1)

In the discrete case it quantifies information with less likely events having higher information
content and in the continuous case it is defined in analogy.

Definition 11.1.2 Shannon Entropy
The Shannon Entropy quantifies the amount of uncertainty in a probability distribution

H(P) :=E,.p[l(z)] = —E,p[logP(z)] (11.1.2)

Definition 11.1.3 Kullback-Leibler (KL) divergence
The Kullback-Leibler divergence from @ to P is given by

P(z)
Q(2)

Dy (P||Q) satisfies that it is non-negative and is 0 if and only if P and @ are equal
almost everywhere. Minimizing D, (P||Q) with respect to @ has the effect of choosing a @
which has high probability where P has high probability, while minimizing Dy (Q||P) with
respect to ) has the effect of selecting () with low probability where P has low probability.
If py(z||x) is modeled as a N'(u, diag(c?)) and p(z) as a N(0,I) then:

Dk (Pl|Q) :=E,up [log } =E,.p[logP(z) — logQ(z)] (11.1.3)

Dict(po(el )l Ip(2) = 5 S (07 + 4 — 1~ logo?) (11.1.4)
k

Related to the KL divergence is the cross-entropy, which we will also use in the loss function
of the molecule autoencoder and in the node classification and link prediction tasks in
Appendix C.

Definition 11.1.4 Cross-Entropy

H(P,Q) := H(P) + Dkr(P||Q) = —Egnp [logQ(z)] (11.1.5)
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11.2 Molecule Variational Autoencoder

We follow the framework presented in [BL19a|. Assume that we have J different atom types
and consider a d-dimensional latent space. Given an attributed graph G = (V, &, A, X)) the
variational autoencoder works in 3 steps:

1. Encoding:
An encoder GNE finds the parameters i, o € R* of the encoding normal distribution

Ps(2]|G). € is sampled from a N(0,I)). The latent representation of the graph G is
calculated as z = p + o © € for training, otherwise u.

2. Prediction of molecular formula:

A multi-layer perceptron M LP takes the latent representation z as input and a bag-
of-atoms b € N7 is generated which indicates the number of atoms per atom-type in
the molecule.

Bag of Atoms

0 . .

B10) C31)  CA0) QL0) FI0) A(0) N1y N3(0) W) OL(1) 02(0) O3(1) SI(1)  S:0)  S3(1)  SA(D)  S6(0) F3(0)  PA(L)  FS(0)
Atom Type

Figure 11.1: Bag of Atoms Example

3. Prediction of bonds and molecule construction:
A decoder GN D takes as input the latent represenation z and the bag-of-atoms b and
calculates the probability of a bond (and its bond type) between each pair of atoms.
Then a so called beam search is performed to build the reconstruction molecule.

Bond Probability

Probability %
&

20
10
0 I

Mone Single Double Triple
Bond type

Figure 11.2: Prediction of Bonds Example
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Algorithm 11 Molecule Variational Autoencoder
Input: G;,

u,0 =GNE(G)

e ~N(0,I)

Z=Uu+oQ@ce

b= MLP(z)

A=GND(z,b)

Gout = BeamSearch(fl)

Output: Gy

11.2.1 Molecule Variational Encoder
The molecule encoder in [BL19a| follows the Residual Gated Graph ConvNet [BL19b| which

we covered on Chapter 6 and edge features are used. We start at layer 0 with input features
at each node which can be taken from the atom type and for the edges from the bond type
(although in general further information such as distances can be added).
h) = x; € R (11.2.1)
e); € R (11.2.2)

At each convolutional layer, convolution is applied to form new atom and bond features.

(b1 e = GeN(H', ) (11.2.3)
Here GCN works via
h/*' = hj + ReLU | BN | Wi "'hi+ > o' @ Wi'h) (11.2.4)
JEN()
eij! = ej; + ReLU (BN (Vf“eﬁj + VIR 4 V:,f+1h§>) (11.2.5)
sig(el.)
it = — (11.2.6)
>, sige) te

J'EN(D)

where BN stands for batch normalization [IS15], WIIH,WQZH,VIZH,VQZH,V})ZH € Rxd,
775;“1 € R? is obtained with an attention mechanism and sig denotes the sigmoid function
which along with the division is applied component-wise. The latent representation is

obtained as a gated sum of edge features.

N
= Z sig(AleiLj + Bihf + C’lh]L) © Dlefj (11.2.7)
ij=1
N
o= sig(Asef; + Boh] + Coh}) @ Daef; (11.2.8)
2,j=1

for matrices A;, B;, Ci, D; € RF*? where k is the latent dimension. A parametrization of
the latent vector z is used:
z=p+o0oeecN(0,I) (11.2.9)
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Using the LanczosNet

To use the LanczosNet as the graph encoder we perform L. convolutional layers, then a
node-wise fully connected layer to obtain X (Let1) ¢ RN*2k and then

p=sum (xUe) (11.2.10)
log(o) = mean (Xféj:p) (11.2.11)

where sum and mean denote the column-wise sum and mean.

11.2.2 Molecule Decoder

Given the latent representation z the task is to decode it and reconstruct the molecule.
First, we predict the number of atoms of each type in the molecule. This is achieved using
a multilayer perceptron together with softmax that will predict the probability of n atoms
of atom type j to be present for n = 0,..., Ny and j = 1,...,J. For each atom type
the number of atoms with the maximum probability is taken to form the bag-of-atoms b.

Algorithm 12 MLP
1: Input: z
2: M = mlp(z) € R/*Nmact1)
3. b= argmar(M) € N/
4: Output: b

Once the atoms that are present in the molecule have been predicted, a graph neural de-
coder GN D is used to predict the bond probability between each pair of atoms. A dense
graph is considered and all edge features are initialized to the same vector based on z via

e);, =Wz (11.2.12)

where W € R%** is a learnable matrix. The node feature of each atom is initialized with
according to an embedding a based on atom type and an embedding b that depends on the
position feature of the atom. Since for each atom type there might be multiple atoms in the
molecule, position features are introduced to break the symmetry. To each atom of type j
a position feature is associated which can range from 1 to Nyqz.

h? =ay, + bpos(i) (11.2.13)

After L convolutional layers, we have edge features eiLj € RY. These are used as input for a
neural network ENN : RY — REHDXNXN quch that ENN(ele) = A e REFDXNXN where

Atij gives the probability that there is a bond of type t between atoms ¢ and j. Here t = 0
denotes no bond.

After the probability of the bonds has been calculated, the next task is to reconstruct the
molecule. In order to try to build a valid molecule a beam search is perfomed. The beam
search works by selecting a random bond that does not violate valency. Then one selects
as the next bond the bond that has the highest probability (or by Bernouilli sampling),
is connected to the current bonds, and does not violate valency. This is repeated for a
number of candidate molecules ¢. Then the molecule that maximizes the product of the
bond probabilities or the chemical property to be optimized is selected.
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Loss function

The loss function considers the reqularization term and the reconstruction loss. The regular-
ization term is formed by the Kullback Leibler divergence from the prior p(z) to the obtained
pg(2z||x), weighted by Ay, € Ry. The reconstruction loss considers the cross-entropy of the
probability distribution given by the matrix M € R7*(Nmaz+1) of the number of atoms per
atom-type to the actual number of atoms given by q € R”, weighted by A, € R, and the
cross-entropy of the probability distribution of the bonds given by A with respect to the
real adjacency matrix A, weighted by A\, € R,

L = AvDkr(ps(z|[x)|[p(2) + AaH(q, M) + A\ H (A, A) (11.2.14)
Av . 2 2 2 IS
=5 STk + 0t —1—1logo}) =X D D Lig;=ny log(Mjn) (11.2.15)
k=1 j=1 n=0
E
=X > > A(tv,w)log(A(t, v, w)) (11.2.16)
v,weY t=0

During training for bond prediction one uses the atoms of the real molecule, for inference
one uses the atoms predicted by b = MLP(u). Furthermore, one can use a weighted
cross-entropy loss function for the bonds and number of atoms predictions to deal with the
unbalance in the number of training examples per bond type and number of atoms per
element. Decoding the representation and building the molecule has been challenging and
more hyperparameter optimization needs to be done. The model should learn the pattern
in which the position of the atoms of the same element are assigned and for the beam search
more hyperparameters shall be optimized to yield a good reconstruction rate.
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Conclusion

We explored in this thesis spectral-based graph convolutional networks, with a focus on the
LanczosNet for the task of molecular property prediction. We provided a detailed treatment
of the way in which spectral-based graph convolutional networks operate building upon the
definition of graph convolution from Graph Signal Processing and the structure of regular
convolutional networks. For the sake of comparison, we also presented 3 existing spatial-
based graph convolutional networks and their advantages over spectral-based methods. For
the prediction of molecular properties working in the atom domain allows for the insertion of
physical knowledge and distance information into the models. For these tasks spatial-based
methods which define convolution as the aggregation of node features of neighboring nodes
routinely outperform spectral-based methods. Since for many real datasets the distances
are not known accurately it remained an interesting alternative to investigate the use of
spectral-based models which do not required the distances as input for the prediction of
molecular properties.

Using the LanczosNet we reach 1.33 kcal/mol mean average error on the QM9 dataset for
the prediction of atomization energy at 0K . Modifying the model to compute the adjacency
matrix via a Gaussian Radial Basis Function, and using this adjacency matrix itself as part
of the model (and to obtain the similarity matrix S') we reach 0.92 kcal /mol which lies below
chemical accuracy for atomization energy. |Gil+17] obtains with the use of a spatial-based
model and without distance information an error of 0.72 kcal/mol. In the Alchemy dataset
we obtain an error of 4.21 kcal /mol and with distance information the model performance
improves to yield an error of 2.21 kcal/mol at the task of predicting internal energy at 0K.
We also used a model which did not use the spectral filters nor distance information that
reached an error of 1.61 kcal/mol at QM9 and 4.93 kcal/mol at Alchemy in the mentioned
properties.

Although the models that use spectral filters obtained a lower error, they might not be
scalable to larger molecules as they require the computation of an approximate eigendecom-
position. We also studied the robustness of the model with respect to random noise on the
eigenvalues and eigenvectors. In the analysis of the kernels we observed in various kernels
big slopes at both ends of the spectrum. This could explain why the error explodes with
increasing noise.

As we saw on Chapter 8, the way in which the LanczosNet operates exhibits a more natural
interpretation and a stronger mathemcatical background for tasks such as node classific-
ation. For such tasks the LanczosNet compares well to other state-of-the-art models. In
particular when the number of labeled nodes decreases the multi-scale approach and the
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spectral filters learned via a multilayer perceptron help the model attain a better perform-
ance. Using more approximate eigenvectors can also improve results since calculating more
eigenvectors gives the model the possibility to detect useful patterns and structures for the
classification and will make the approximation of the previous eigenvectors improve and
overall the approximation of S might become better.

Finally, we experimented using the LanczosNet as an encoder in the framework of graph
variational autoencoders. For molecules, encoding and decoding the molecular formula is
relatively easy, however to decode the bonds in the molecule the model should learn to
appropiately break the symmetry between atoms of the same type (element) with the use
of the positional features and discover the pattern of position of assignment in its canonical
smiles representation. This probably requires more training and the selection of suitable
weights in the cross-entropy loss and the penalties of the variational loss and reconstruction
loss of the bag of atoms and the bonds. Moreover, there are further hyperparametes that
need to be optimized for the construction of the molecule during the beam search. Tuning
all the hyperparameters and the computation time involved make the development of the
model complicated and we are still working on it. For the task of link prediction on citation
networks, we perform a grid search over various hyperparameters and we obtained better
results without the use of the spectral filters and long-scale diffusion, so that the best model
was a version of the 1st order ChebNet.

Outlook

It is the opinion of the author that reasearch for molecular property prediction should focus
on spatial-based methods which are more flexible and allow for the incorporation of prior
knowledge and distance information. For many other applications they also facilitate the
design of application-specific models. For node classification spectral-based methods do
have a more solid mathematical background than for other tasks and have also shown good
performances. So that further research in this direction could focus in that setting. In
the context of spectral-based methods an interesting possibility would be to explore the
incorporation of a neural network to approximate the spectrum of the graph and then use
this approximation for the rest of the network.
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Appendix C: Citation Networks

In this section we present several experiments to compare how well the LanczosNet perform
at node classification, in the context of citation networks. All methods are implemented
using PyTorch [Pas+17]. We make an implementation of the models based on the code
released on https://github.com/1rjconan/LanczosNetwork |Lia+19].

For this experiment three citation networks are used: Cora, CiteSeer and Pubmed. In each
network the nodes correspond to the documents and there is an edge whenever one document
cites another. Each node is represented by a bag-of-words feature vector. Moreover, we treat
all citation networks as undirected graphs.

Task: Given a proportion S; of training documents from the citation network, the task is
to predict the label of the other documents in the citation network. The performance of the
models is measured by considering the accuracy on a test set of 1000 documents. A fixed
validation data set with 500 documents is available. We use semi-supervised learning and a
transductive setting is followed. All the documents (training, validation, test and rest) are
used during training, however only the label of the training set is used for learning. The
validation data set is used for early stopping.

Splitting of the data: All experiments are repeated 10 times with different random seeds.
During each run, all methods share the same training/validation /test split. For all the splits
the public validation set is used. For the public split, the 10 experiments use the same public
training and test sets. To increase the difficulty of the task and evaluate the robustness of
the models the amount of training examples is reduced to different levels. For these splits,
the 10 experiments use a random training and test set.

Split ‘ Training Set  Validation Set (500) Test Set (1000) Runs
So (Public) Public Public Public 10
S Random Public Random 10
Sy Random Public Random 10
S3 Random Public Random 10

Table 12.1: Setting

Dataset S(] Sl SQ Sg
Cora 20 12 4 2
Citeseer | 20 6 3 2
Pubmed | 20 7 3 2

Table 12.2: Training Examples per Class
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Datasets Description

The Cora dataset consists of 2708 machine learning papers and 5429 citation edges. Each
paper is classified into one of seven classes. Each publication is described by a 0/1-valued
vector indicating the absence/presence of the corresponding word from the dictionary. The
dictionary consists of 1433 unique words.

The CiteSeer dataset consists of 3327 scientific publications and 4732 citation edges. Each
publication is classified into one of six classes. Each publication is described by a 0/1-valued
vector indicating the absence/presence of the corresponding word from the dictionary. The
dictionary consists of 3703 unique words.

The Pubmed Diabetes dataset consists of 19717 scientific papers from the Pubmed database
on the subject of diabetes and 44338 citation edges. Each publication is classified into one
of three classes. Each publication in the dataset is described by a TF /IDF weighted word
vector from a dictionary which consists of 500 unique words.

Dataset ‘Nodes Edges Classes Features So(%) S1(%) S2(%) Ss5(%)

Cora 2708 5429 7 1433 5.2 3.1 1.0 0.5
Citeseer 3327 4372 6 3703 3.6 1.1 0.5 0.3
Pubmed | 19717 44338 3 500 0.3 0.1 0.05 0.03

Table 12.3: Dataset Statistics

Models and Experiment Configuration

We perform hyperparameter optimization and the graph convolutional networks share the
following hyperparameters: Optimizer: Adam, Learning rate: 0.01, Weight decay: 0.005,
Loss function: Cross Entropy Loss, Maximum number of epochs: 200, Window size for
Early Stopping: 10, Batch Size: Full-Batch, Number of layers (without input layer): 2, Input
dimension: Number of features of the dataset, Hidden dimension: 64, Output dimension:
Number of classes of the dataset, Activation function for hidden layer: ReLu, Dropout: no.
The model-specific hyperparameters for the LanczosNet20 are the same as in [Lia+19]:

Results

In the following tables we report for each experiment the average test accuracy over 10 runs
and its standard deviation.

Si% ‘ Log. Reg GCN LNet20 S; % ‘ Log. Reg GCN LNet20

5.2 | 576+04 814+06 81.1£06 3.6 60.5+0.2 70.0+£0.1 69.1+1.5
3.1 | 50330 778+£18 79.3+12 1.1 456 +3.7 61.3£3.1 625+39
1.0 | 379£3.7 684+43 73.0+£34 0.5 364+£30 520+£33 57.1+£5.6
05 |304+32 584+64 64.7+84 0.3 322+56 434+£44 44.2+8.5

Table 12.4: Test accuracy Cora 10 runs Table 12.5: Test accuracy Citeseer 10 runs
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Train % ‘ Log. Reg GCN LNet20
0.3 73.1+0.5 7944+0.1 79.7+04
0.1 61.8+29 700+23 723+23
0.05 52.3+6.5 60.8+6.2 68.0+7.9
0.03 49.7+£3.1 56.7+48 604L7.3

Table 12.6: Test accuracy Pubmed 10 runs

The models are run using a NVIDIA GeForce RTX 2080 Super GPU.

Model ‘ Cora Citeseer Pubmed Model ‘ Cora Citeseer Pubmed
Log.Reg | 1.60 1.64 1.62 Log.Reg | 0.0082 0.0083 0.0084
GCN 1.84 2.01 2.11 GCN 0.0092 0.010 0.011
LNet20 | 11.62 23.96 113.23 LNet20 | 0.0581 0.120 0.57

Table 12.7: Training Time (s) on Sy average Table 12.8: Training Time per epoch(s) on Sy
over 10 runs (early stopping window: 10) averaged over 10 runs

Example of the classification of a test document on Setting 3 of Citeseer with
real class DB

Prediction Prediction
Agents Agents
Al Al
DE DB
= =
IR IR
ML ML
HCI HCI
0 10 2 N 4 S @ 70 @ % 100 0 0 220 P 4 S e 70 8@ % 100
Probability % Frobability %
Figure 12.1: Prediction GCN Figure 12.2: Prediction LanczosNet20

Experiments on K: Number of Ritz Values and Vectors

Train% | K=0 K=20 K=40 K=60 K=80 K=100
5.2 81.4+08 81.1+06 81.2+13 81.7+08 81.3+0.6 80.8+1.1
3.1 795+16 793+12 79.0+12 79.0+15 787+1.0 793+15
1.0 73.6+3.7 73.0+£34 73.9+35 73.8+34 746+£30 T43+49
0.5 645475 64.7+84 656+89 65.9+6.9 66.5+65 658+6.1

Table 12.9: Test accuracy on Cora of the LanczosNet with K Ritz vectors over 10 runs
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Train% | K=0  K=20 K=40 K=60 K=80 K=100
3.6 69.2+12 69.1+05 693+16 69.1+13 69.0+14 69.2+1.1
1.1 61.2+58 625+£39 621+£33 61.6+£27 61.8+3.7 61.0+3.2
0.5 55.7+£50 57.1+56 564463 55.6+55 54.6+6.3 54.8+5.2
0.3 40.2+6.1 442485 483+73 465+£84 46.9+77 473479

Table 12.10: Test accuracy on CiteSeer of the LanczosNet with K Ritz vectors over 10 runs

Train% | K=0 K=20 K=100
0.3 80.3+0.3 79.7+£04 79.9+07
0.1 721426 723+23 733+34
0.05 66.4+6.4 68.0+7.9 70.0+8.4
0.03 592470 604473 62.0+9.7

Table 12.11: Test accuracy on Pubmed of the LanczosNet with K Ritz vectors over 10 runs

Link Prediction

Following [KW16] the models are trained on a incomplete version of the citation networks.
Part of the citation links (edges) are removed and all document features are mantained. The
validation and test sets are formed from the removed edges and the same number of ran-
domly sampled pairs of unconnected edges (non-edges). The validation and test set contain
5% and 10% of the citation links, respectively. We use Cora to optimize hyperparameters.
The validation set is used for optimization of hyperparameters. We use 200 iterations, Adam
with a learning rate of 0.001 and a weight decay of 0.0005. The loss function L is composed
of two terms, the weighted binary cross-entropy loss and the Kullback-Leibler divergence
for the VAE Gaussian Distribution as in [KW16].

Algorithm 13 LanczosAE Algorithm 14 LanczosVAE

1: Input: G;,
12 III U.t: g 7X
2 Z E LaTEC;ZsN?E’t(Q X) e RNxF 2 pi,0 = LanczosNet(Gip, X ) € RNV*F
. —_— wmo
3,A:¢(ZTZ) 3:Z=/J/+_(?®€
: 4 A=op(Z' Z
4: Output: Gy (A) . )
5. Output: Gyu(A)

The area under the ROC curve (AUC) and average precision (AP) are reported:

Method AUC(%) AP(%)  Method AUC(%) AP(%)
SC [TL11] 84.6 £0.01 88.5+0.00 SC [TL11| 80.5+0.01 85.0+0.01
DW [PAS14] 83.1£0.01 85.0+0.00 DW [PAS14] 80.5+£0.02 83.6+0.01
LanczosAEQ 94.0 £ 0.00 94.24+0.00 LanczosAEQ 93.8 £ 0.00 94.4+0.01
LanczosVAEO | 93.6 £0.00 93.6 &= 0.00 LanczosVAEO | 92.7+0.00 93.4 4+ 0.00

Table 12.12: Link Prediction Cora 10 runs

Table 12.13: Link Prediction Citeseer 10 runs
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Figure 12.3: Validation AUC for LanczosNetAEO and LanczosNetVAEOQ on Citeseer
Experiments on K: Number of Ritz Values and Vectors

Mode | K=0 K=20 K=100
AE 94.0+0.00 92.0+0.00 89.4 -+ 0.00

VAE | 93.6+0.00 91.1£0.01 89.4+0.01

Table 12.14: AUC on Cora of the LanczosNet with K Ritz vectors over 10 runs

Mode | K=0 K=20 K=100
AE [938+0.00 838+0.01 86.8=£0.01

VAE | 92.7+£0.00 884+0.01 86.7+0.01

Table 12.15: AUC on Citeseer of the LanczosNet with K Ritz vectors over 10 runs
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