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Abstract

Researchers have used nearest neighbor graphs to transform classical machine
learning problems on tabular data into node classification tasks to solve with
graph representation learning methods. Such artificial structures often reflect the
homophily assumption, believed to be a key factor in the performances of deep
graph networks. In light of recent results demystifying these beliefs, we introduce
a theoretical framework to understand the benefits of Nearest Neighbor (NN)
graphs when a graph structure is missing. We formally analyze the Cross-Class
Neighborhood Similarity (CCNS), used to empirically evaluate the usefulness of
structures, in the context of nearest neighbor graphs. Moreover, we study the class
separability induced by deep graph networks on a k-NN graph. Motivated by
the theory, our quantitative experiments demonstrate that, under full supervision,
employing a k-NN graph offers no benefits compared to a structure-agnostic
baseline. Qualitative analyses suggest that our framework is good at estimating
the CCNS and hint at k-NN graphs never being useful for such classification
tasks under full supervision, thus advocating for the study of alternative graph
construction techniques in combination with deep graph networks.

1 Introduction

The pursuit of understanding real-world phenomena has often led researchers to model the system
of interest as a set of interdependent constituents, which influence each other in complex ways.
In disciplines such as chemistry, physics, and network science, graphs are a convenient and well-
studied mathematical object to represent such interacting entities and their attributes. In machine
learning, the term “graph representation learning” refers to methods that can automatically leverage
graph-structured data to solve tasks such as entity (or node), link, and whole-graph predictions
(12} 32,78l [731 4]

Most of these methods assume that the relational information, that is the connections between
entities, naturally emerges from the domain of the problem and is thus known. There is also broad
consensus that connected entities typically share characteristics, behavioral patterns, or affiliation,
something known as the homophily assumption [45]]. This is possibly why, when the structure is not
available, researchers have tried to artificially build Nearest Neighbor (NN) graphs from tabular data,
by connecting entities based on some attribute similarity criterion, with applications in healthcare
[44]165], fake news and spam detection [39] [7]], biology [[77}42], and document classification [56] to
name a few. From an information-theoretic perspective, the creation of such graphs does not add new
information as it depends on the available data; that said, what makes their use plausible is that the
graph construction is a form of feature engineering that often encodes the homophily assumption.
Combined with the inductive bias of Deep Graph Networks (DGNs) [59,46], this strategy aims at
improving the generalization performances on tabular data compared to structure-agnostic baselines,
for example, a Multi-Layer Perceptron (MLP).
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Indeed, using a k-NN graph [21] has recently improved the node classification performances under
the scarcity of training labels [24, 23]]. This is also known as the semi-supervised setting, where
one can access the features of all nodes but the class labels are available for a handful of those. A
potential explanation for these results is that, by incorporating neighboring values into each entity’s
representation, the neighborhood aggregation performed by DGNs acts as a regularization strategy
that prevents the classifier from overfitting the attributes of the few labeled nodes, similar to input
jittering [57, 162} 16]]. However, it is still unclear what happens when one has access to all training
labels (hereinafter the fully-supervised setting), namely if these graph-building strategies grant a
statistically significant advantage in generalization compared to a structure-agnostic baseline. In this
respect, proper comparisons against such baselines are often lacking or unclear in previous works,
an issue that has also been reported in recent papers about the reproducibility of node and graph
classification experiments [61} 22} [54].

In addition, it was recently shown [43]] that homophily is not required to achieve good classification
performances in node classification tasks; rather, what truly matters is how different the neighborhood
class label distributions of nodes of separate classes are. This resulted in the definition of the empirical
Cross-Class Neighborhood Similarity (CCNS) [43} [13]], an object that estimates such similarities
based on the available connectivity structure. Yet, whether or not artificially built graphs can be
useful for the task at hand has mainly remained an empirical question, and more theoretical conditions
for which this happens are still not understood.

In this paper, we introduce a theoretical framework to approach this question, and we provide two
analyses of independent interest. Inspired by the CCNS, Section [3.1] studies the neighboring class
label distribution of nearest neighbor graphs. Then Section [3.2]deals with the distribution of entity
embeddings induced by DGNs on a k-NN graph, and we use it to quantify class separability in
both the input and the embedding spaces. Overall, our theoretical results suggest that building a
k-NN graph is not a good idea. To validate the theory with empirical evidence, we robustly compare
(Sections @] and [5) four baselines across 11 tabular datasets to check that the £-NN graph construction
does not give statistically significant advantages in the fully-supervised setting. In addition, we
reverse-engineer the theory to learn data distributions that would make a k-NN graph useful in
practice when combined with DGNs. From the empirical results, we conjecture that this is never the
case. Therefore, we hope to raise awareness in the graph machine learning community about the need
for alternative (either NN-based or not) graph construction techniques.

In summary, our contributions are: i) under some assumptions, we can estimate the CCNS for nearest
neighbor graphs and provide its first lower bound; ii) we study how applying a simple DGN to
an artificial k-NN graph affects the class separability of the input data; iii) we carry out a robust
comparison between structure-agnostic and structure-aware baselines on a set of 11 datasets that is in
agreement with our theoretical results; iv) qualitative analyses based on the theory further suggest
that using the k-NN graph might not be advisable.

2 Related Work

The early days of graph representation learning date back to the end of the previous century, when
researchers proposed backpropagation through structures to process directed acyclic graphs [63} 25].
These ideas laid the foundations for the adaptive processing of cyclic graphs by the recurrent Graph
Neural Network [59] and the feedforward Neural Network for Graphs [46l, which today’s DGNs
build upon. Both methods iteratively compute embeddings of the graphs’ entities (also called nodes)
via a local and iterative message passing mechanism [27] that propagates the information through
the graph. In recent years, many neural and probabilistic DGNs have emerged [50, 36} 1311169, [74| 3]
bridging ideas from different fields of machine learning; we set up our analysis in the context of
these message-passing architectures. Even more recently, transformer models have begun to appear
in graph-related tasks as well [[19, 37, [75]. Akin to kernel methods for graphs [71} 138]], this class
of methods mainly relies on feature engineering to extract rich information from the input graph,
and some perform very well at molecular tasks [41]. However, the architecture of transformers
is not intrinsically more expressive than DGNSs, and their effectiveness depends on the specific
encodings used [48]. Therefore, gaining a better understanding of the inductive bias of DGNs remains
a compelling research question.
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The construction of NN graphs found recent application in predicting the mortality of patients,
by connecting them according to specific attributes of the electronic health records [44, |65)]. In
addition, it was used in natural language processing to connect messages and news with similar
contents to tackle spam and fake news detection, respectively [39, [7]. In both cases, the authors
computed similarity based on some embedding representation of the text, and the terms’ frequency in
a document was the graph-building criterion for a generic document classification task [56]]. Finally,
k-NN graphs have also been built based on chest computerized tomography similarity for early
diagnoses of COVID-19 [77,/42] or to understand if debts will be repaid in time [29].

Most of the theoretical works on DGNs deal with the problems of over-smoothing [40} [15, [14} [11]]
and over-squashing [[1} 166l 28]] of learned representations, as well as the discriminative power of such
models [47, 74,126, 10]. In this context, researchers mostly agreed that DGNs based on message
passing perform favorably for homophilic graphs and not so much for heterophilic ones [79]. However,
recent works suggest a different perspective; the generalization performances depend more on the
neighborhood distributions of nodes belonging to different classes [43]] and on a good choice of the
model’s weights [67]]. The Cross-Class Neighborhood Similarity (CCNS) Ma et al. [43]] stands out
as an effective (but purely empirical) strategy to understand whether a graph structure is useful or not
for a node classification task. In our work, we take inspiration from the CCNS to study the behavior
of the neighborhood class label distributions around nodes and compute the first approximation and
lower bound of the CCNS for NN graphs without the need to explicitly build them.

Structure learning and graph rewiring are also related but orthogonal topics. Rather than pre-
computing a fixed structure, these approaches discover latent dependencies between samples [24, [72]]
and can enrich the original graph structure when this is available [[17,[76] 166} 34]. They have been
applied in contexts of scarce supervision, where a k-NN graph proved to be an effective baseline
when combined with DGNs [23]. At the same time, the combinatorial nature of graphs makes it
difficult and expensive to explore the space of all possible structures, making the a priori construction
of the graph a sensible and efficient alternative.

3 Methodology

We begin by introducing notions and assumptions that will be used throughout the paper. Our starting
point is a classification task over a set of classes C, where each sample u is associated with a vector
of D attributes ,, € R and a target class label y,, € C.

A graph g of size N is a quadruple (V, &, X,)), where V = {1, ..., N} represents the set of nodes
and £ is the set of directed edges (u,v) from node u to node v. The symbol X = {X,,,Vu € V}
defines the set of random variables (rv.) with realizations z,, € R”, u € V. The same definition
applies to the set of target variables ) = {Y,,, Vu € V} and their realizations y,, € C,u € V. When
we talk about the subset of nodes with target label ¢ € C, we use the symbol V,; also, we define the
neighborhood of node u as N, = {v € V|(v,u) € £}

A Gaussian (or normal) univariate distribution with mean and standard deviation y,0 € R, 0 > 0
is represented as NV(+; 1, 02), using u € RP 3 € RP*P for the multivariate case. The probability
density function (p.d.f.) of a univariate normal r.v. parametrized by p, o is denoted by ¢(-) together
with its cumulative density function (c.d.f) F(w) = @(%) = %(1 + erf(i’—\_/g)), where erf is the
error function. Subscripts will denote quantities related to a specific random variable.

We want to transform the initial task into a node classification problem, where different i.i.d. samples
become the nodes of a single graph, and the edges are computed by some nearest neighbor al-
gorithm. We assume (assumption 1) the true data distribution p(X = ) of each sample (thus
abstracting from w) is defined by the graphical model of Figure [I] (left). This model reflects
the common assumption that observables of a given class share the same distribution [30, [70],
and we choose this distribution to be a mixture of Gaussian distributions. Such a choice is not
restrictive since, in principle, with enough mixture components it is possible to approximate al-
most any continuous density [9]. Note that it is also possible to sample discrete attribute val-
ues by rounding the samples of a properly parametrized Gaussian mixture. Formally, we con-
sider |C| latent classes modeled by a categorical rv. C' with prior distribution p(C' = ¢) and
| M| mixtures for each class modeled by M ~ p(M =m|C =c¢),m € M,c € C, such that

p(zx|c) = Zﬁf:l p(x|m, c)p(m|c). In Section , we further require (assumption 2) that the
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data model

Figure 1: Left: we represent assumption 1 on the data distribution through a graphical model, i.e., a
hierarchical mixture of distributions, where observed variables are shaded and latent ones are white
circles. Right: a visual example of a data distribution generated by the graphical model, with an
intuitive visualization of the class posterior mass around a point x,,.

D observables are conditionally independent when the class ¢ and the mixture m are known, i.e.,
p(X =x) = Z(‘:Czll p(c) lﬁill p(m|c) HD:1 p(x|m, c). We refer the reader to Sectionfor a
discussion about this assumption. Figure I| (right) depicts an example of one such data distribution
for D = 1. Hereinafter we shall have p(X; = z¢|m, ) = N(2f; fiemy, 02, ;) for the individual
attributes and p(X = x|m,c) = N(@; e, Xme) for the multivariate case. We will also use
diagonal covariance matrices denoted as A,,. = diag(02,.,,...,02,.p). Finally, akin to [43], we
assume that the neighbors of node v are i.i.d. (assumption 3), meaning their attributes and class
distributions only depend on the properties of node v; such an assumption is especially reasonable
when one considers how nearest neighbor structures are typically built, by picking a set of neighbors
based only on their distance to the target node v.

To talk about the surroundings of a point in space we will use the notion of hypercubes (or D-cubes).
A hypercube of dimension D centered at point & € R of side length £ > 0 is the set of points given
by the Cartesian product H.(x) = [z1 — §, 21+ 5] X --- X [xp — §,2p + 5.

3.1 Analytical Computation of the CCNS for Nearest Neighbor Graphs

The CCNS [43] computes how similar the neighborhoods of two distinct nodes are in terms of class
label distribution, and it provides an aggregated result over pairs of target classes. Intuitively, if nodes
belonging to distinct classes happen to have similar neighboring class label distributions, then it
will be unlikely that a classifier will correctly discriminate between these two nodes after a message
passing operation because the nodes’ embeddings will look very similar. On the other hand, nodes of
different classes with very different neighboring class label distributions will be easier to separate.
This intuition implies that nodes of different classes typically have different attribute values.

Definition 3.1 (Cross Class Neighborhood Similarity, extended from [43]). Given a graph g, the
cross-class neighborhood similarity between classes ¢, ¢’ € C is given by

s5(¢,c) = Epale)p(a|e) [ ge(), g ()] (1)

where ) computes a (dis)similarity score between vectors and the function g, : RD — RI€I (resp
o) computes the probability vector that a node of class ¢ (resp. ¢’) with attributes  (resp. ') has a
neighbor of class ¢/, for every ¢’ € C.

The definition of ¢. and g, is the key ingredient of Equation|[I] In the following, we are going to
show that it is possible to analytically compute these quantities when we assume an NN structure.
For every norm-induced metric, which is also convex, the lower bound of Equation [T|follows from
Jensen’s inequality and from the linearity of expectation:

3(C7 C/) > || Ep(EIC)p(w/\c/)[qC(m) — 4 (:L'/)} H = || Ep(m\C) [qC(:B)] - Ep(ﬂ:’\t:’)[qd(w/)] H (2)
This bound assigns non-zero values to the infer-class neighborhood similarity, but as we shall see one

can resort to Monte Carlo approximations of Equation [I]to estimate both the inter and intra-class
scores. From now on, we will use the Euclidean distance as our €.
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We first study the class label distribution in the surroundings of some node w. In the example of
Figure|1|(right), we consider a binary classification problem with |[M| = 2 and depict the conditional
distributions p(x,|C = 0), p(x,|C = 1) with green and blue curves, respectively. A dashed black
line, instead, represents p(x) assuming a non-informative class prior. If the neighbors of u belong to
the hypercube H.(x,,) for some &, then the probability that a neighbor will belong to class ¢ depends
on how much class-specific probability mass, that is the shaded green and blue areas, there is in the
hypercube. Since the blue area is larger than the green one, finding a neighbor of class 1 is more
likely to happen. Formally, we define the (unnormalized) probability of a neighbor belonging to class
c in a given hypercube as the weighted posterior mass of C' contained in that hypercube.

Definition 3.2 (Posterior Mass M (¢, ¢) Around Point ). Given a hypercube H.(x) centered at
point z € RP, and a class ¢ € C, the posterior mass My (c, €) is the unnormalized probability that a
point in the hypercube has class c:

Ma(c,) = Everr, (@ lp(clw)] = /

weHa(m)p(C"lU)p(’w)dw :p(c)/ p(wle)dw, (3)

weH, ()

where the last equality follows from Bayes’ theorem.

The following proposition shows how to compute M (c, ) analytically. The interested reader can
find all proofs of our paper in Section[A.3]

Proposition 3.3. Under assumptions 1,2, My(c, €) has the following analytical form

p(c) i p(mle) 12[ (Fsz (asf + %) - Fz.,., (xf — ;)), @
m=1 f=1

where Zem ¢ is a r.v. with Gaussian distribution N (- fiem t, 02, )
To reason about an entire class rather than individual samples, therefore being able to compute the
two quantities on the right-hand side of Equation 2] we extend the previous definition by taking into
account all samples of class ¢’ € C. Thus, we seek to compute the average unnormalized probability
that a sample belongs to class c in the hypercubes centered around samples of class c’.

Definition 3.4 (Expected Class ¢ Posterior Mass M (¢, ¢) for Samples of Class ¢’). Given a hyper-
cube length € and a class ¢’ € C, the unnormalized probability that a sample of class ¢’ has another
sample of class c lying in its hypercube is defined as

MC/(C, E) déf Emwp(w|c’)[Mm(C’ E)] (5)

It is also possible to compute M (c, €) in closed form, which we show in the next theorem.
Theorem 3.5. Under assumptions 1,2, M. (c,£) has the following analytical form

& . femf + 5 = Pems Hetm'f — 5 = Hems
c'm cm c'm cm
p(c) > p(m'|)p(mle) ] [ @ : - o 2 . (6)

2 2 2 2
77:;/:_11 f=1 \/ Ucmf + ac’m’f \/ Ucmf + Uc’m’f

Thanks to Theorem 3.5} we know how much class-c posterior probability mass we have, on average,
around samples of class ¢’. To get a proper class ¢’-specific distribution over neighboring class labels,
we apply a normalization step using the fact that M. (c,e) > 0 Vc € C.

Definition 3.6 (s-Neighboring Class Distribution). Given a class ¢’ and an € > 0, the neighboring
class distribution around samples of class ¢’ is modeled as

M (C, 6)

__ Molee) %)
S Il M. (iye)

De (Cv 6)

This distribution formalizes the notion that, in a neighborhood around points of class ¢/, the probability
that points belong to class ¢ does not necessarily match the true prior distribution p(C' = ¢). However,
this becomes false when we consider an infinitely-large hyper-cube, as we show in the next result.

q
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Proposition 3.7. Let the first D derivatives of Zlc:ll M./ (3) be different from 0 in an open interval 1
around € = 0 and not tending to infinity for ¢ — 0. Under assumptions 1,2, Equation[7|has limits

p(c) ZL/TVLL/ p(m|c)p(m/|c’) H?:l DL i 5 (0) lim pe(c,e) = p(c)
SE ) S ool ) T 62,0, 0 ==
®)

lim per(c,€) =

where Zjypm ¢ has distribution N (+; =@ bfmm,f),

Qimm f = 2(Herm f = fimf) @ Dignr p = 24/ 05 ¢+ T2 s

The choice of €, which implicitly encodes our definition of “nearest” neighbor, plays a crucial role in
determining the distribution of a neighbor’s class label. When the hypercube is too big, the probability
that a neighbor has class ¢ matches the true prior p(c) regardless of the class ¢/, that is we make
a crude assumption about the neighbor’s class distribution of a sample. If we instead consider a
smaller hypercube, then we observe a less trivial behavior and the probability p. (¢, ¢) is directly
proportional to the distances between the means ft./.,,» and ptc,, as one would intuitively expect for
simple examples.

To summarize, we can use pc(c, €) as an approximation for E, (/) [¢.. ()] of Equation [2} similarly,
we can use a normalized version of M.(x) in place of ¢.(x) to estimate Equation |1| via Monte
Carlo sampling without the need of building a NN graph. For space reasons, in Appendix[A.5] we
qualitatively discuss the results for a 1-dimensional instance of a data distribution, and we investigate
the quality of the CCNS approximation while varying k.

3.2 Class Separability Induced by DGNs on a k-NN Graph

This section formally investigates the properties of the embedding space created by DGNs under
the k-NN graph. Our goal is to understand whether using such a graph can improve the separability
between samples belonging to different classes or not. Provided that our assumptions hold, both
conclusions would be interesting: if the £-NN graph helps, then we know the conditions for that to
happen; if that is not the case, we have identified and formalized the need for new graph construction
mechanisms.

Akin to previous works [40, [16] 15| 43]], we consider a linear 1-layer DGN with the following
neighborhood aggregation scheme that computes node embeddings h,, € R” Vu € V:

1
=13 ©
vEN,

The node embedding of sample w is then fed into a standard machine learning classifier, e.g., an MLP.
As done in previous works, we assume that a linear (learnable) transformation W € RP*P of the
input x,, often used in DGN models such as the Neural Network for Graphs [46] and the Graph
Convolutional Network [36], is absorbed by the subsequent classifier.

Mimicking the behavior of the k-NN algorithm, which connects similar entities together, we model
the attribute distribution of a neighbor v € N, as a normal distribution N (z,; .., diag(c?, ..., d?),
where 02 is a hyper-parameter that ensures it is highly unlikely to sample neighbors outside of
H.(x,); from now on we use the symbol o, to make this connection clear. Under assumption
3, neighbors’ sampling is independently repeated k times and the attributes are averaged together.
Therefore, we use statistical properties of normal distributions (please refer to Lemmas [A.2]and [A.T))
to compute the resulting node u’s embedding distribution:

plhulzy) = N(hy; 2o, A), Ao = dz’ag(a?/k‘, - 70’?/%)- (10)

Therefore, the more neighbors a node has (i.e., higher k) the more skewed the resulting distribution is
around x,, (i.e., lower variance). This is a fairly reasonable assumption if we think of an infinitely
large dataset; informally, each of the k neighbors will be much more likely to lie near x,, than near
the surface of the hypercube, hence h,, will be close to x,, with high probability.

To understand how Equation []affects the separability of samples belonging to different classes, we
compute a divergence score between the distributions p(h|c) and p(h|c’) [68] 51} 20, (8] 52]. When

A
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this divergence is higher than that of the distributions p(z|c) and p(z|c’), then the k-NN structure
and the inductive bias of DGNs are helpful for our task. Below, we show that for two mixtures of
Gaussians we can obtain the analytical form of their Squared Error Distance (SED), the simplest
symmetric divergence defined as SED(p, q) = [(p(z) — q(x))?dz. This provides a concrete strategy

to understand, regardless of training, if it would make sense to build a k-NN graph for our problem[]

Proposition 3.8. Under assumptions 1,3, let us assume that the entity embeddings of a 1-layer DGN
applied on an artificially built k-NN graph follow the distribution of Equation[I0] Then the Squared
Error Distances SED(p(h|c), p(h|c')) and SED(p(x|c), p(x|c’)) have analytical forms.

In the interest of space, we have deferred the analytic formulas to the appendix.

As an immediate but important corollary, a k-NN graph improves the ability to distinguish samples
of different classes ¢, ¢’ if it holds that SED(p(h|c), p(h|c")) > SED(p(x|c), p(z|c’)). Indeed, if
class distributions diverge more in the embedding space, which has the same dimensionality as the
input space, then they will be easier to separate by a universal approximator such as an MLP. We use
this corollary in our experiments, by reverse-engineering the theory to find out “good” data models.

3.3 Limitations and Future Directions

It is extremely challenging to prove that a k-NN graph never helps to improve the classification
performances using a DGN. The reason is that theoretical results of this kind rely, as is common
[43], on assumptions of the true data generating distribution and on the specific assignments of
parameters such as p and 3. The true data distribution is typically unknown and hard to find [68]],
but assumptions 1 and 3 remain quite reasonable due to the flexibility of mixture models and the
nature of the nearest neighbors construction. In addition, assumption 2 has been widely used in the
graphical models literature because it is particularly attractive from a theoretical perspective [64],
despite it cannot cover all real-world cases; we note, however, that it plays no role in the analysis
of Section@ Finally, as done in the past [40, 15} 5} 43]], we have ignored the non-linearity in the
neighborhood aggregation of Equation[9] As we shall see in our empirical results, the intuitions we
gained from the theoretical analysis seem to hold for non-linear models as well.

Our analysis has considered hyper-cubes in the interest of simplicity, but nearest neighbor graphs
typically compute hyper-balls centered at a point. In high-dimensional spaces, the volume of hyper-
cubes and hyper-balls can differ in non-trivial ways [18], so future work should improve on our
results by replacing hyper-cubes with hyper-balls. Similarly, the results of Section[3.1]could be used
to guide the definition of new graph construction strategies based on attribute similarity criteria, for
instance by proposing a good ¢ for the data at hand. We leave this idea to future investigations.

4 Experiments

We conduct quantitative and qualitative experiments to support our theoretical insights. For all
experiments we used a server with 32 cores, 128 GBs of RAM, and 4 GPUs with 11 GBs of memory.

Quantitative Experiments Quantitatively speaking, we want to compare a structure-agnostic
baseline, namely an MLP [58]], against different graph machine learning models, such as a simple
DGN (sDGN) that implements Equation [9|followed by an MLP classifier, the Graph Isomorphism
Network (GIN) [74] and the Graph Convolutional Network (GCN) [36]. The goal is to show that in
the fully-supervised setting using a k-NN graph does not offer any concrete benefit. We consider 11
datasets, eight of which were taken from the UCI repository [2], namely Abalone, Adult, Dry Bean,
Electrical Grid Stability, Isolet, Musk v2, Occupancy Detection, Waveform Database Generator v2,
as well as the citation networks Cora, Citeseer [60], and Pubmed [[49]]. For each dataset, we build a
k-NN graph, where k is a hyper-parameter, using the node attributes’ similarity to find neighbors
(discarding the original structure in the citation networks). We report some datasets statistics in Table
[2] and the metric to optimize is the F1 score. Note that it is difficult to ascertain if our assumptions
hold for these datasets because we have no access to the true data distribution; however, a robust
comparison for this topic is lacking in the literature and can help us gather further insights on whether
our ideas might also hold in a more general setting. For every dataset and model, we follow the
rigorous and fair evaluation setup of [22]: we perform a 10-fold cross validation for risk assessment,

'The proof also makes a simple but meaningful connection to the over-smoothing problem.
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Table 1: Node classification mean and standard deviation results for a structure-agnostic baseline
(MLP) compared to graph machine learning methods applied to artificially built k-NN graphs. We
performed model selection w.r.t. the F1 score, but we also include the accuracy for completeness.

MLP sDGN GIN GCN
F1 ACC F1 ACC F1 ACC F1 ACC
Abalone 0.55;&),02 55.5i1.5 0.55:{:0‘01 55.3;|:1.2 0.54:{:0‘03 54—.2;{:147 0.54;{:0‘02 54.4:{:147
Adult 0.7040.02c 77.6417 0724002 778419 0.694+0.02 762413 0.704+0.02 78.640.9
DryBean 0.78;&),04 77.414.0 0~77i0406 77.315.4 O~75i0403 74.41342 0.71i0‘07 72.6i4‘9
eGrid 09541001 956406 0.95+0.01 958404 0934001 94.0+0.6 0.82+0.02 83.1+1.4
Isolet 095001 954105 095 000 954103 095001 953107 0921001 91.7+14
Musk 0.99i0.01 99.3i0,3 0.99i0.01 99.5i0,3 0.94i0405 97‘0i242 0.94i0A02 96.7i049

Occupancy 0.991001 9894104 0991001 989105 098:001 98.6406 0901017 95.8+6.0
‘Waveform 0.85i0.02 85.5i1,7 0.85&0.02 85.3i1,5 0.84i0402 845&147 0.84i0A03 84.0i2(2
Cora 0.71+0.04 743424 0714003 741125 0724003 749+2.4 0.7040.04 73.0426
Citeseer 0.69+0.02 71.841.9 0.69+0.03 729427 0.69+0.02 721422 0714003 744424
Pubmed 0.871001 87.6107 0871001 876106 0.871001 86.60109 0.8310.01 83.51009

with a hold-out model selection (90% training/10% validation) for each of the 10 external training
folds. We report the hyper-parameters for the model selection phase in Table[3] For each of the 10 best
models, we perform 3 final re-training runs and average their test performances on the corresponding
external fold to mitigate bad initializations. The final score is the average of these 10 test results.

Qualitative Experiments We provide four qualitative experiments. First, we study how p.(¢/, €)
changes for varying values of ¢ and different priors p(c) under specific class-conditional data
distributions. Second, we analyze the first limit of Proposition under the same conditional
data distributions as before (D = 1 hence assumptions are trivially satisfied). We translated one
of the distributions by different values and computed the SED between them, together with the
quantity p.(c’, €) under different priors. The goal here is to show the relation between the SED and
the limit. Third, we reverse-engineer the theoretical results to find, if possible, data distributions
satisfying SED(p(h|c),p(h|c")) > SED(p(x|c), p(x|c’)). There is no dataset associated with this
experiment, rather we learn the parameters of the graphical model of Figure [T] (left) together with
e, k,o. (k is treated as a continuous value during the optimization) in order to minimize the following
objective: Lspp — ALocns, where A is a hyper-parameter. Lsgp sums SED(p(x|c), p(x|c)) —
SED(p(hl|c),p(h|c)) for all pairs of distinct classes ¢, ¢/, whereas Loonys computes the lower
bound for the inter-class similarity, thus acting as a regularizer that avoids the trivial solution
p(x|c) = p(x|c’) for class pairs ¢, ¢’. The set of configurations for this experiment is reported in
Table ] and we use Adam [35]] as optimizer. In the last qualitative experiment, we compute the
true CCNS and its approximations for the specific example of Figure [I] (right), showing that the
quantities obtained in Proposition [3.3]and Theorem [3.5]are good representatives of the CCNS for
nearest neighbor graphs. Please refer to Appendix r an additional study of this kind. E]

5 Empirical Results

We now present our empirical results to support the theory. The interested reader can find statistics
on the chosen hyper-parameters and additional ablation studies in Appendix

Quantitative Results Table[T]details the empirical comparison between the structure-agnostic MLP
and the structure-aware baselines sSDGN, GIN, and GCN. We observe that in terms of Micro F1 score,
which is the metric all models are optimized against, there is no statistically significant improvement
in performance (unpaired two samples t-test with p-value 0.05) for the different DGNs when using
an artificial k-NN graph. When looking at accuracy one can observe a similar trend, but the results
fluctuate more because accuracy is not the metric to be optimized. These results further confirm that
using k-NN graphs does not bring a substantial contribution to the generalization performances. On
the contrary, it would seem the £-NN graph can even be considered harmful for the performances of
GIN and GCN (e.g., DryBean, Musk, eGrid, Waveform). We hypothesize that the information flow

2Code: https://github.com/nec-research/class_distributions_graphs_tabular_data
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Figure 2: We show how p.(c’, €) varies for different values of & and prior distributions assuming the
class-conditional data distributions on the left.

of message passing does not act anymore as a regularizer (we refer the reader to the discussion in
Section [I) as it might happen the scarce supervision scenario 23], rather it becomes harmful noise
for the learning process. This is possibly the reason why sDGN, which is also the simplest of the
DGNs considered, tends to overfit less such noise and always performs on par with the MLP.

Therefore, one of the main takeaways of the quantitative analysis is that the £-NN graph might
generally not be a good artificial structure for addressing the classification of tabular data using graph
representation learning methods. Different artificial structures, possibly inspired by our theoretical
results, should be proposed to create graphs that help DGNs to better generalize in this context. We
note that this research direction is broader than tabular classification, but tabular data offers a great
starting point since samples are typically assumed i.i.d. in ML and are thus easier to manipulate. Also,
in Appendix we discuss the impact of a different {2 (the cosine similarity) in the construction of
the k-NN graphs.

These results also substantiate our conjecture that, under assumptions 1, 3, the k-NN graph never
induces a better class separability in the embedding space: since p(h|c) is a mixture of distributions
with the same mean but higher variance than p(x|c) (proof of Proposition , in a low-dimensional
space intuition suggests that the distributions of different classes will always overlap more in the
embedding space than in the input space.

Qualitative Results We present the main qualitative results in Figures 2] [3|and 4] First, as we can
see from Figure 2] when ¢ is very small the probability that a neighbor is of the same class is high
for both classes (but not the same), since there is less overlap between samples of the green (C' = 0)
and blue (C' = 1) distributions. As we increase the side length of the hypercube (or equivalently,
we consider more and more nearest neighbors), the curves converge to the priors that we set for this
example. This result is in agreement with the second limit of Proposition

As regards the first limit of Proposition in Figure |3| we observe that the behavior of
lim,_,0 pe(c’, €) is non-trivial when the two curves still overlap. In particular, the greater the overlap
the closer p.(c, €) is to p(c), which makes sense since it becomes harder to distinguish samples of
different classes. On the other hand, the behavior becomes trivial when the curves are distant enough
from each other: there, in the limit, every node will only have neighbors of the same class.

In the reverse-engineering experiment of Figure [] (left), for each possible configuration of the
models tried in Table |4, we have computed the Lggp for varying values of k£ € [1,500]. We
have then normalized all values for readability, by dividing each value of SED(p(h|c), p(h|c")) by
SED(p(x|c),p(x|c’)), as the latter is independent of k. This particular figure depicts the curves for
the binary classification cases, but the conclusions do not change for multi-class classification, for
instance with 5 classes. We find that the normalized value of SED(p(h|c),p(h|c’)) on the y-axis
is always upper-bounded by 1, meaning that SED(p(h|c),p(h|c")) < SED(p(x|c), p(x|c')) for
all the configurations tried, even in higher dimensions. This result further indicates that it could be
unlikely that a k-NN graph induces better class separability in the embedding space of a DGN. We
ask machine learning practitioners to take these insights into consideration when building artificial
nearest neighbor graphs.

Lastly, we go back to the data distribution of Figure [1| (right) and show how to approximate the
true CCNS under the k-NN graph with our theoretical framework. We first generate 10000 data
points and set w.l.o.g. k = 5 to connect them. We compute the lower bound of the CCNS in the first
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Figure 4: Left: Each curve specifies the variation of SED(p(h|c), p(h|c¢')) against different values
of k for different hyperparameters’ configurations that have been trained to minimize the learning
objective. The curves are normalized w.r.t their corresponding SED(p(z|c), p(x|c’)). Right: The
CCNS lower bound (a), its Monte Carlo approximation for € ~ 0.1, obtained without creating any
graph (b), and the true CCNS (c) for the example of Figure[T]and a 5-NN graph. Heatmaps (a) and
(b) are computed using the theory of Section @ Please refer to the text for more details.
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heatmap (a), a Monte Carlo (MC) approximation of Equation [I] (1000 samples per class pair) in the
heatmap (b), and the true CCNS in the heatmap (c). In this case the lower bound has computed a
good approximation of the inter-class CCNS, and the MC estimate is very close to the true CCNS.
In Appendix [A.6] we also show that the MC approximation is better for higher values of k. It is
important to recall that both heatmaps (a) and (b) are computed using the theoretical results of Section
[3-I]and an € close to the empirical one, hence it seems that the theory is in accord with the evidence.

6 Conclusions

We introduced a new theoretical tool to understand how much nearest neighbor graphs can help in
the classification of tabular data. Our theory and empirical evidence suggest that some attribute-
based graph construction mechanisms, namely the k-NN algorithm, are not promising strategies
for obtaining better DGNs’ generalization performances. This is a particularly troubling result
since researchers often used nearest neighbor graphs when the graph structure was unavailable. We
recommend using great care in future empirical evaluations of such techniques by always comparing
against structure-agnostic baselines to ascertain real improvements from fictitious ones. Moreover,
we provided a theoretically principled way to model the CCNS for nearest neighbor graphs, showing
its approximation in a practical example. We hope that the results of this work will foster better
strategies for building artificial graphs or as a guideline for new structure learning methods.
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A Appendix
A.1 Dataset Statistics

This section shows the main statistics of the datasets used in this work.

Table 2: Datasets’ statistics.
#samples # attributes  # classes

Abalone 4177 8 3
Adult 48842 14 2
DryBean 13611 17 7
eGrid 10000 14 2
Isolet 7797 617 26
Musk 6598 168 2
Occupancy 20560 7 2
Waveform 5000 40 3
Cora 2708 1433 7
Citeseer 3327 3703 6
Pubmed 19717 500 3

A.2 Hyper-Parameters Tried

The table below specifies the configurations tried by the model selection procedure for all the baselines
considered in this work. We apply a patience-based early stopping technique on the validation Micro
F1-score as the only regularization technique [S5]. The free parameters’ budget of all three baselines
is the same. We used Adam to train all models.

Table 3: Hyper-parameters tried during model selection for all the benchmarks of the paper. Note
that in GCN the use of the normalized Laplacian implies a mean aggregation.

# hidden units  # layers  learning rate k epochs patience aggregation
MLP 32/64/128 1/2/3 le-2/1e-3 - 5000 1000 -
sDGN 32/64/128 1/2/3 le-2/1e-3 1/3/5/10 5000 1000 mean
GIN 32/64/128 1/2/3 le-2/1e-3 1/3/5/10 5000 1000 sum/mean
GCN 32/64/128 1/2/3 le-2/1e-3 1/3/5/10 5000 1000 mean

The following table, instead, reports the configurations tried during the qualitative experiments. We
still apply a patience-based early stopping technique on Lsgp.

Table 4: Hyper-parameters tried for the qualitative experiments.

D |M]| IC] A learning rate  epochs  patience
1,2,5,10,50 2,5,10 2,5 0.0,1.0,5.0,10.0 le-2 10000 3000
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A.3 Proofs

Proposition Under assumptions 1,2, M (c, ) has the following analytical form

M|
p(c)Zp(m|c)1D_[(Fme (xf—i—g)—Fme (xf—g)), (11)
m=1 f=1

where Z.,, ¢ is a r.v. with Gaussian distribution N (*; ftem f, a2 )

Proof. Thanks to the conditional independence assumption, we can compute the integral of a product

as a product of integrals over the independent dimensions. Defining ay = zy — 5 and by = x5 + §
we have
Buer.wlp(C =clw)l =p(©) [ plul)dw (12
€H.(x)
| M|
=50 [ 3 pwlm,plmle)du (13)
weH:(x) ,, 1
[M]
—ple) Y plmle) [ plawlm,e)dw (14)
m—1 weH, (x)
IM\ by
= p(c) p(m|c) / / Hp wylm, ¢)dwp . .. dwy (15)
m= 1 aD  f=1
IM\
= p(c) p(m|c) H/ p(wglm, c)dwy (16)
m= 1
Sl o € €
= () 3 plmlo) le(Fsz (21 +5) = Fruns (2= 3)): a7)

where Zepp ~ N (5 fiem cmf)
and the last equality follows from the known fact p(a < X < b) = F(b) — F(a). O

We introduce the following lemmas that will be useful in Theorem [3.5]and Theorem 3.8] which are
about addition, linear transformation, and marginalization involving mixtures of distributions.

Lemma A.1. Let X, Y be two independent random variables with corresponding mixture distribu-

tions ¢ox (w) = Zle a; fi(w) and ¢y (w) = Zj:1 Bjd;(w). Then Z = X +Y still follows a
mixture distribution.

Proof. By linearity of expectation the moment generating function of X (and analogously Y') has the
following form

Mx(t) = E[et ] = /etT“’qﬁX(w)dw (18)
I
_ / "0 S oy fi(w)dw (19)
=1
I
=3 iy, (#) (20)

where X is the rv. corresponding to a component of the distribution. Using the fact that the moment
generating function of Z = X + Y is given by Mz (t) = MX (t)My (t), we have that

(Z%MX )(Zﬂan ) ZZ%@MX My,(t). (1)

i=15=1 Zij=Xi+Y;

17
28926 https://doi.org/10.52202/075280-1259



Therefore, Z follows a mixture model with IJ components where each component follows the
distribution associated with the random variable Z;; = X; + Y. O

Lemma A.2. Let X be a rv. with multivariate Gaussian mixture distribution ¢x(w) =

ZZ LN (w pi, E),w € RP. Then Z = AX,A € RP*P siill follows a mixture distribu-
tion.

Proof. Using the change of variable z = Aw we have

I
dz(w) = px (A w)|det(A™")| =D N (A w; p;, ) |det(A™))]. (22)

=1

By expanding the terms, we see that the distribution of Z is still a mixture of distributions of the
following form

I
dz(w) = aiN(w; Api, AS;AT). (23)

i=1
O

Lemma A.3. Let X, Y be two independent random variables with corresponding Gaussian mixtures
of distributions ¢x (w) = Zle N (w; px,,0%,) and ¢y (w) = Z}‘le BiN (w; py; O'Y ). Then

Ex[Fy(w)] = / Fy (w)ex (w dw—ZZa,ﬂj P T (24)

2
i=1 j=1 U)/j+JXi

Proof. 1t is useful to look at this integral from a probabilistic point of view. In particular, we know

that
p(Y < X|X =w) =pY <w) = Fy(w) (25)
and that, by marginalizing over all possible values of X,
p(Y <X)= /p(Y < X|X =w)p(X = w)dw = /Fy(w)¢x(w)dw. (26)
Ex [Fy (w)]

Therefore, finding the solution corresponds to computing p(Y — X < 0). Because X,Y are
independent, the resulting variable Z = Y — X is distributed as (using Lemma|[A.T|and Lemma[A.2)

I J
w)zzz zﬁ] w;MYj _MXi;U)Q/j +0'§(L) (27)

and hence, using the fact that the c.d.f. of a mixture of Gaussians is the weighted sum of the individual
components’ c.d.f.s:

Hx; — Hy;
p(Z <0) ZZalﬁ] — - (28)
i=1 j=1 UYj+O—X7;

O
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Theorem Under assumptions 1,2, M. (c, ) has the following analytical form

|M| D €
He'm! + 35— Hem He'm’ f — 5 — Hem
p(c) Z p(m/|c/)p(m|c) H P f 2 f _ P f f

/2 2 /
gq,n'ill f=1 Ucmf + Uc’m’f Ucmf + Uc’m’f

Proof. The proof relies on the previous Lemma[A.3] We begin by expanding the formula and using
the result of Proposition We define the rv. Zjp, p ~ N (W; fimf, afm f) to write

(29)

Eonp(ale) [Ma(c)] 30)
M
= /p i l_D[( Zom s (:vf + %) - Fz,., (xf - %))p(aﬂc')dm 3D
m=1 f=1
M| D | M]
=€) [ (32 pmle) T (Frews (21 4+ 5) = Frens (21 = 5))) (3 plalm’s o' da
m=1 f=1 m/=1 32
[M] D
p(@) [ 3 o1 pmle) TT (P (214 5) = Frs (a1 = 5) Jotalm’,)de (33)
m=1 f=1
" > b
=p(c) > p(m'|c")p(m]c) / 11 (cmmf (wf + %) —Fz.ps (wf - *)) [[psim’,¢)dx (34)
m=1 f=1 f=1
Tt b
—5(e) Y plm'lypome) [ / T (Feons (214 5) = Frons (21 = 5) Jotosims i a9
m/:zl f=1
TTM‘I 0 g 3
=(0) 3 ol |pmle) TT [ (B (204 5) = oo (2= 5) Jloslon'sdzy - G0
m,::l f=1
ot
=p(e) Y p(m'|c")p(m]c)x
m=1
m/=1
X 12[ /cmmf (a:f + %) p(zs|lm’, cdxs f/Fsz (xf — %) p(zs|m’, dxys | . (37)
=1

B2y i FZ g (z5+%)] DRI ))

We first note that Fz_ , (x5 + 5) = Fy (zy) where Y follows distribution N (w; ftemy — 5, ngf)
(and symmetrically for Fz,, . (x F— %)), so we can apply Lemma and obtain

A = frerm'f + 5 = femf Herm/f = 5 = Hemf
c'm cm c'm cm
p(e) 3 ol pmle) [ @ | POpLiotonl ) g | Meomd 5 fen
777;1,::11 f=1 Ucmf + Uc’m’f Ucmf + Uc’m/f
(38)
O
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Proposition Let the first D derivatives of lecz‘l M./ (3) be different from 0 in an open interval
I around ¢ = 0 and not tending to infinity for ¢ — 0. Then, under assumptions 1,2, Equation[/\has
the following limits (the first of which requires the assumptions)

p(e) oy plmle)p(m'|) 115, ¢z,,,,..,(0)
m =1 lim pe (¢, e) = p(c)

B0 oty ol 1) T 62,1100, (0) e

lim per(c,€) =
e—0

(39
where Z;y, ' ¢ has distribution NV (; —@imm: £, b?ﬂhﬂn,f)7

Qimm!' f = 2(/”'c’rn’f - /f"sz) and bimm’f = 2\/ Ufmf + Ug/m/f-

Proof. The second limit follows from lim,_, oo ®(2) = 1 and lim,_, -, ®(z) = 0. As regards the
first limit, we first expand the terms

p() St plnlep(m'|) T, (B(5es) — @(=3resest))

cmm/ f cmm/ f

i% Pe! (07 6) - g% |C‘ ‘ . aAPN] D E+aim,7n’f 75+ai7nm'f ’
S ) Sl pmlip(m/|e) TT7-, (®(Smmet o) = @ )
m =1 imm imm
(40)

where Gimm' f = 2(Uermrf — Wimys) A0 bimams = 24 /crmf + JC — Vi € C to simplify the

notation. By defining Z;, /5 ~ N (5 —@imm: fs bfmm, f), we can rewrite the limit as

p(e) z‘ﬁ;‘l p(mle)p(m/|) 152, Pz, (€) = Fz.,,,(~¢)
lim 41
=0 3ol <>z'£f'1p< (| 17 Fz,,iy (€) = Fz,, (<)
p(c) z'm L, plm (! |¢) TTF-y demm £ (€)
= lim

e—0 ZIC\ (i) Z\ (m\i)p(m’\c’) Hle dimm 1 ()

; (42)

Both the numerator and denominator tend to zero in the limit, so we try to apply L’Hopital’s rule,
potentially multiple times.

For reasons that will become clear soon, we show that the limit of the first derivative of each term in
the product is not zero nor infinity:

(1) ; _
tim dfy) () = lim (02,,,,.,(6) + 62, (=€) =207,,,,(0), (43)

In addition, let us consider the n-th derivative of the product of functions (by applying the generalized
product rule):

D n)

D
(H wnr@) =Y <j1 n jD)HdEfrf,)n/f(e) (44)

f=1 Jit+ip=n f=1

and we note that, as long as n < D there will exist an assignment to j; = 0 V f in the summation,
and thus the limit of each product will always tend to 0 when € goes to 0 since the individual terms
cannot tend to infinity for our assumptions. However, when we take the D-th derivative, there exists
one term in the summation that does not go to 0 in the limit, which is

D
131( , mdzmm (=220 ] 67,0, 000 (6)

f=1

20
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Therefore, by applying the L’Hopital’s rule D times, we obtain

p(c) z',?;'l p(mle)p(m|) TT7—y demm (€)
lim ic] ‘ - ) 47)
=0 50l (s >zm L p(mli)p(m’ ) TT7-) dimme £ (€)

m'=1

ple >z‘m L, plnlp(rn'|) T 92, 0)
S <>z‘m [, plm [iyp(m!|¢) TT7-, 62,,,..,,(0)

(43)

However, to be valid, L’Hopital’s rule requires that the derivative of the denominator never goes to 0
for points different from ¢ = 0. This is part of our assumptions, hence we conclude the proof. [

For n = 1 we can show that this last requirement holds as dgnzm, 1(e) > 0Ve, dimms () > 0, and
dimm f(€) = 0if and only if ¢ = 0. In fact,

D
(Mwnr@) = 5 T o050 49)
f=1

Jit-+ip=1f=1

is a sum over terms that are all greater than O for £ # 0.

Analytical form of the n-th derivative of Zl M. (7) To verify if the hypotheses of Proposition
is true given the parameters of all features’ dlStI'lbuthIlS, one could compute the n-th derivative of
the denominator w.r.t. € and check that it is not zero around 0. We start again from

D (n) D
([T dimmr@) = > (h ! jD) [1d%). e (50)
f:l ) )

jit+ip=n o =1

and we proceed using the fact that the n-th derivative of the standard normal distribution S ~ N (0, 1)
has a well-known form in terms of the n-th (probabilist) Hermite polynomial He, (). We note the
following equivalence:

1 w—'—a'n ’
Oy (W) = (el (51)
hence we can write
n 1 n— n—
din) o) = (d) (@)Y = (bz,,.,,, () + bz,,.,.,,(—)) " (52)
= (62, N + (02, ()Y (53)
1 g+ Aimm’ n—
= (G—os(, ,ff))( 2 (54)
1 —& + Qimm/ n—
+ s )Y (55)
1 13 + aimm/' n— —& + Aimm/’ n—
= ——((os (L)) 07D 4 (g () (v D) (56)
bzmm’f bzmm’f bzmm’f
1 €+ Gimmf (n—1) —€+ Qimm/f | (n—1)
= —— (WL 0, 1)) ) 4 (Wm0, 1)) h) - (57)
imm/ f imm/ f imm/ f
1 n— €+ Aimm/ €+ Aimm/’
R ((1) 'He, ,( b ,ff)¢s( Do 1 f)>+
—€ 4 Qi —e+a; ,
(1) He, L (= g (< a“”mf>>- (58)
imm/ f imm/ f
21
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We use this result in the expansion of Equation [50|

> <j1 . > H din) (e (59)

Jjit+ip=n =

= Z (jl, n ,jD) H Eznfz@’f H dz’rnm f (60)

Jit+-+ip=n ’ jr>0 Jjr=0
f=1..D f=1..D

--7]D

However, we can readily see that computing the derivative for a single € has combinatorial complexity,
which makes the application of the above formulas practical only for small values of D.

Class Separability Analysis of Section[3.2] We now present a result that will help us compute the
SED divergence between two Gaussian mixtures of distributions.

Lemma A4. Let X,Y be two independent random variables with corresponding Gaussian
mixture distributions ¢x(w) = 21'1:1 a; fx,(w) = 2521 N (w; uX, BX) and ¢y (w) =
Z}I:l B fy, (w) = Z'j]:l BiN (w; u) , Y, w € RP. Then the SED divergence between ¢ x (w)
and ¢y (w) can be computed as

I J
SED(¢x, dy) = ZZaZaJAZﬁZZm] i —2) Y aiBiCij (61)

=1 j=1 =1 j=1 =1 j=1
where (62)
Aij =N pl, (EX+327)) (63)
Bij =N ;u),(Z +Z)) (64)
Cij =N ), (B +2))). (65)
Proof.
SED(¢x,¢y) = /(¢X(w) — ¢y (w))*dw (66)
2
SED(¢x,¢y) = / Z%fx Zﬁgfy dw (67)
I
Za o /fX ) x, (w dw+ZZﬁzﬁg /fY )fy; (w (68)
=1 j=1 i=1 j=1
I J

=233 aif; [ Fx(w)iy, (w)dw. (69)

i=1 j=1

Finally, we can compute the integral of the product of two Gaussians as follows (Section 8.1.8 of
153D

[ wi . BN w0 12, B = N g oz, (£ + B2) (70)
to obtain the desired value. O

Proposition Under assumptions 1,3, let us assume that the entity embeddings of a 1-layer
DGN applied on an artificially built £-NN graph follow the distribution of Equation Then the
Squared Error Distances SED(p(h|c), p(h|c')) and SED(p(x|c), p(x|c’)) have analytical forms.

Proof. First, we have to show how we can compute the conditional probabilities p(h|c) and p(h|c'),
and then we derive the analytical computation of the SE D divergence to verify the inequality in a
similar manner of Helén and Virtanen [33]].

77
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We first work out the explicit form of p(h/|c), by marginalizing out x:

| M|

o=/ > plbiz)p(zim, plmic)da an
|M]

—Zp m|c) / (h|x)p(x|m, c)dx (72)
\M\

= Zp m|c) /N (h;, Ae) (m§/1'm(;a2mc)dm (73)
\M\

= Zp mlc) /N —x; 0, AN (x5 e, Zme)dx (74)

Gaussian convolution

|M]

= Zp(m|c)./\/(h, Pmes Xime + As) (75)

Therefore, the distribution resulting from the £-NN neighborhood aggregation will change the input’s
variance in a way that is inversely proportional to the number of neighbors. In the limit of k¥ — oo
and finite o, it follows that p(h|c) = p(x|c). Since p(h|c) still follows a mixture of distributions
of known form, we note that a repeated aggregation of the neighborhood aggregation mechanism
(without any learned transformation) would only increase the values of the covariance matrix. In turn,
this would make the distribution spread more and more, causing what is known in the literature as the
oversmoothing effect (see Section [2)).

Since both X, and H, follow a Gaussian mixture distribution, we apply Lemma [A.4] to obtain a
closed-form solution and be able to evaluate the inequality. In particular

SED(¢x.,¢x,,) = (76)
|M|
= Z p(mlc)p(m/‘c)/\/’(/"'cm§ Hem/ Ecm + Ecm/) (77)
=
| M|
+ Z m|c /|c/)N(IJ'C’m; He'm/, zlc”rn + Ec’m’) (78)
m'_l
|M|
-2 Z p /|C ) (Nc7n§ He'm! Z3cm + Z:c/m’)- (79)
m' 1
and
SED(¢nu,, ¢u,) = (80)
|M|
= Z p(m|c)p(ml|c)N(/chm§ Hem! s z}cm + z:cm' + 2Aa) (81)
=
IM]|
Z /|C ) (/'l’c/m; He'm! s z:c'm + z]c/m’ + QAE) (82)
\MI
-2 Z p /|C ) (u'cm§ He'm’ z]cm + 2:c’m’ + 2As) (83)
m=l
O
22
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As an additional remark, if SED(¢n,, ¢u,,) > SED(¢x., ¢x,, ). points in the DGN’s latent space
will be easier to classify than those in the input space because the former pair of distributions are
more separable than the latter.

We also observe that p(h|c) is a mixture of Gaussians that differs from p(x|c)only in the higher
variance of the individual Gaussian components. In other words, the distribution of p(h|c) looks
“flatter” than p(x|c). At least in a one or two-dimensional space, flatter distributions p(h|c) and
p(h|c") should therefore increase the overlap (and therefore decrease the SED) compared to the SED
in the original space. This intuition, despite its simplicity, is unfortunately hard to prove for technical
reasons, for instance the dependence of the distance value on the specific parameters ;. and X..

A.4 Impact of the Metric in the Construction of k-NN Graphs

To judge how much the results might change if we used a different metric, we test the cosine similarity
as done in [56]. We note that the cosine distance is less expressive than the Euclidean distance as it
does not consider the magnitude of values, and that results in overall worse performances. DGNs
typically work in the Euclidean space when aggregating neighbors, hence the homophily assumption
can be imposed - to a certain extent - only by computing nearest neighbors in terms of Euclidean
distance. In addition, building k£-NN graphs using the Euclidean distance criterion has an easy
interpretation in terms of “how similar the attributes of adjacent nodes are”. We observe that the
results below still agree with our theoretical intuitions and empirical results.

Table 5: Node classification mean and standard deviation results for a structure-agnostic baseline
(MLP) compared to graph machine learning methods applied to artificially built k-NN graphs. We
performed model selection w.r.t. the F1 score, but we also include the accuracy for completeness.
Here, k-NN graphs are built using the cosine similarity as metric.

MLP sDGN GIN GCN
F1 ACC F1 ACC F1 ACC F1 ACC
Abalone 0.55i0.02 55.5i1,5 0-55i0401 55.5i0,9 0.55i0403 55‘2i148 O.SSiOAOZ 55.1 (19)
Adult 0~70i0.02 77.6i1.7 0.64i0‘01 79.0i0.6 0.69i0‘03 79.5i046 0.53i0407 76.4 (06)
DryBean 0.78i0.04 77.4i4,0 0-77i0.06 77.0i5,0 0.79i0402 78‘2i240 0-78i0A06 78.2 (53)
eGrid 0.9540.01 956106 0.841001 858+0.9 0931001 939105 0.8110.01 82.6(1.4)
Isolet 09541001 954105 0931001 927110 0951001 948110 0901005 90.6(4.1)
Musk 0.994+0.01 993103 0.96+001 98.0406 0934004 962125 09341004 97.1(0.7)

Occupancy 0.9940.01 989404 0.99+0.01 98.6+0.3 099+001 98.9+03 095101 97.6(4.8)
Waveform 0.85i0,02 85.5i1.7 0.84i0‘01 84.0i1.4 0.84i0401 84-1i146 0.82i0‘03 82.6 (23)
Cora 0.71;{:0,04 74.3;{:24 0.71:{:0_03 74.1:{:2.7 0.72:&002 75.5;{:1.8 0.72:&003 75.2 (23)
Citeseer 0.69i0,02 71.8i1,g 0.69i0‘02 71~8i1.8 0~70i0402 73-7i143 0.69i0‘02 71.7 (24)
Pubmed 0.87:{:0.01 87.6;{:07 0.84:{:0_01 83.8:{:0.7 0.86:&0_01 86.7;{:0.8 0.84;[:001 83.7 (06)

24
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A.5 Analysis of CCNS approximation’s quality

In the figure below, we visualize how the true CCNS gets closer to the MC approximation when
the number of neighbors k increases for a random data distribution with 5 classes. The choice of
the € parameter for the MC estimation of the CCNS has a marginal impact here. This behavior is
expected, because as k increases we get a better approximation of the posterior class distribution in
the hypercube around each point, which is the one we computed in Section[3.1] When £ is too small,

the empirical (true) CCNS might be more unstable and dataset-dependent.

o - 0.59 0.6 0.59
- - 0.6 0.61 0.6
~ - 0.59 0.6 0.59
™ - 0.59 0.61 0.61
< - 0.59 0.61 0.6
0 1 2

True CCNS for k=5

0 1 2
True CCNS for k=25

0 1 2
True CCNS for k=50

0 1 2
True CCNS for k=100

0 1 2
MC estimate of CCNS

0.59
0.61
0.61
0.56

0.59
0.61

Figure 5: Comparison of the true CCNS for varying values of k and the MC approximation according

to our theory for a random initialization of a 5-class data model.
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A.6 Best Configurations and Ablation Studies

In the figure below, we show which are the best k£ and ¢ values picked by the models trained for the
qualitative experiments.

30 A
30
£297 £
5 S 20
o o
o O
104 10
0+ 0
1 2 3 4 5 2 4 6 8 10 12 14 16
k £

Figure 6: We show the histograms of the learned k and ¢ for the different configurations of Table
It appears that lower values of both parameters are preferred by the trained models.

Analysis of Chosen Hyper-parameters For completeness, in the following we display the best k&,
number of layers, and number of hidden units chosen by the different families of models on each
dataset of Table[T} We recall that for each dataset and model there are 10 best configurations due to
the use of a 10-fold cross validation for risk assessment [22]]. We did not find any significant pattern
except for SDGN preferring lower values of k£ and the DGNSs often choosing at least 2 convolutional

layers.
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Figure 7: Histograms of the k£ chosen by each model on the different datasets during a 10-fold cross
validation for risk assessment.
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Figure 8: Histograms of the number of layers chosen by each model on the different datasets during a
10-fold cross validation for risk assessment.
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Figure 9: Histograms of the hidden units chosen by each model on the different datasets during a
10-fold cross validation for risk assessment.
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Ablation Study We now provide an ablation study of the validation performances of the models
during the model selection phase (i.e., across all possible configurations). We show the ablations
for the most important architectural choices of the hyper-parameters. Also in this case, a lower k is
associated with better performances, but there does not seem to be marked improvements when using
more than 1 graph convolutional layer.
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Figure 10: Ablation study for the £ chosen by each model on the different datasets. We report the
validation performances computed during model selection for all configurations tried.
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Figure 11: Ablation study for the number of layers chosen by each model on the different datasets.
We report the validation performances computed during model selection for all configurations tried.
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Figure 12: Ablation study for the hidden units chosen by each model on the different datasets. We
report the validation performances computed during model selection for all configurations tried.
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