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Abstract

Nowadays, graph neural networks (GNN) are the primary machinery to tackle
(semi)-supervised graph classification tasks. The aim here is to predict classes
for unlabeled graphs, given a collection of graphs with known labels. However,
in many real-world applications, the available information on graph classes may
be distorted either due to incorrect labeling process (e.g., as in biochemistry and
bioinformatics) or may be subject to targeted attacks (e.g., as in network-based
customer attrition analytics). Over the past few years, the increasing number
of studies has indicated that GNNs are prone both to noisy node and noisy
graph labels, and while this problem has received noticeable attention for node
classification tasks, vulnerability of GNNs for graph classification with perturbed
graph labels still remains in its nascence. We hypothesize that this challenge can
be addressed by the universal principle United We Stand, Divided We Fall. In
particular, most GNNs view each graph as a standalone entity and, as a result,
are limited in their abilities to account for complex interdependencies among the
graphs. Inspired by the recent studies on molecular graph learning, we propose a
new robust knowledge representation called Networks to Graph (N2G). The key
N2G idea is to construct a new abstraction where each graph in the collection is
now represented by a node, while an edge then reflects some sort of similarity
among the graphs. As a result, the graph classification task can be then naturally
reformulated as a node classification problem. We show that the proposed N2G
representation approach does not only improve classification performance both
in binary and multi-class scenarios but also substantially enhances robustness
against noisy labels in the training data, leading to relative robustness gains up to
11.7% on social network benchmarks and up to 25.8% on bioinformatics graph
benchmarks under 10% of graph label corruption rate.

1 Introduction

Graph classification tasks spread a wide range of application domains, from analysis of social
networks to molecular structures, to cyber-security systems, and to financial risk management [28,
37, 44]. Currently, Graph Neural Networks (GNNs) are adopted as the primary state-of-the-art
methodology for graph classification. By incorporating the information on the structure space into the
learning process, GNNs allow for achieving significant gains in graph classification performance in
comparison with, for example, kernel-based techniques and other more traditional machine learning
tools. However, despite its competitive performance, one of the main limitations of GNNs is
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sensitivity to various types of label perturbations. This issue has been recently observed in the context
of node classification in graphs [4, 5, 26, 42], and various techniques, including co-teaching and
loss correction have been developed to address noisy node labels in a given graph. However, the
sensitivity of GNN-based models to label perturbations in the case of graph classification remains in
its nascence [23]. We show that GNN-based models for graph classification are also prone to label
noise in the training data. In particular, having wrong labels for the 10% of the randomly chosen
training data, in some cases, may result in up to 20% reduction in overall test accuracy (that is, the
test accuracy reduces from 80.73% for clean graphs to 60.24% for perturbed graphs). Recently,
Dai et al. [4] argue that the conventional tools developed for addressing noisy labels for the node
classification tasks, such as loss correction techniques [25], co-teaching [40] and various forms of
sample selection, may not be directly applicable to the classification of graphs with perturbed labels.
Indeed, approaches, such as loss correction, assume that we classify independent and identically
distributed entities, for example, spatial processes in R? for image dataset. However, in the case of
classification of such complex objects as graphs, it requires knowledge of the distribution of the graph
as a random object which involves often unrealistic assumptions on (joint) degree distribution and
distribution of higher-order graph structural properties (e.g., motifs) within the restrictive stochastic
block models and random dot product graph models. Clearly, even less can be said on systematic
validation of such distributional assumptions. In turn, the assumption of independence among
graphs is even more problematic. In many domains such as cybersecurity, system provenance graphs
generated by observing program execution may contain common subgraphs (e.g, MS Windows boot
sequence) violating independence assumption.

Inspired by the recent results on molecular graph learning [13, 30, 41], we propose a new robust
knowledge representation called Networks to Graph (N2G). Our key idea is motivated by the motto
United We Stand, Divided We Fall. That is, we propose to view a sequence of graphs to be classified
not as standalone entities with some structural and feature similarities as the current methods do,
but rather as a single graph-structured object where nodes correspond to the original graphs and
edges among them reflect some sort of similarity. As a result, our proposed N2G abstraction now
re-formulates the graph classification problem into a node classification task. We find that the N2G
not only leads to comparable or competitive performance on clean graphs but, most importantly,
results in substantial gains in robustness against various sorts of graph label noise in the training
data. Such phenomena in the robustness gains can be explained by the fact that N2G allows us
to explicitly integrate various types of interdependencies among the original graphs, including
higher-order polyadic relations, into graph classification tasks performed by GNNs. In contrast,
the conventional approaches are based on utilizing GNNs to learn the key similarity in each graph
individually, without accounting for graph interrelations. As such the conventional methods are more
prone to label perturbations (i.e., Divided We Fall), while N2G, viewing the set of graphs as a single
unified object which explicitly describes complex interdependencies, is substantially more resistant
to label perturbations (i.e., United We Stand).

Why N2G Works? The intuition behind N2G can be also explained through k-nearest neighbor
approaches (kNN). Suppose that each graph is associated with a person. We can train a model
to classify people based on their individual socio-demographic characteristics. Alternatively, we
can check how these people are related to each other, create a social network, and now classify
people, while accounting for their implicit and explicit similarities or relationships. Classification of
each individual is then no longer based only on his/her socio-demographic characteristics but also
on those of his/her peer circle (i.e., nearest neighbors). As shown by [33], robustness properties
of kNN inherently depend on the value of & (i.e., the depth of the peer circle). That is, the KNN
classifier tends to be non-robust for lower values of k£ and its robustness increases with fast-growing
k, approaching that of the Bayes Optimal classifier. In this sense, N2G may be viewed as inheriting
kNN robustness properties for higher values of k (i.e., deeper peer circle, for example, associated
with extended family, all friends and colleagues), since any graph (person) to be classified employs
information from all its neighbors with k£ being the maximum possible. Finally, the N2G approach
is also inherently connected to statistical relational learning (SRL) which aims to model a joint
distribution over relational data and often is represented via probabilistic graphical models such as
Bayesian networks [9, 14, 15]. However, in contrast to SRL, the focus of N2G is not on learning
probability models or logic reasoning.

The significance of our contributions can be summarized as follows:
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* We investigate a largely unexplored problem of the impact of noisy graph labels on graph
classification performance delivered by graph neural networks.

* We propose a new robust knowledge representation for graph learning under noisy label scenarios
which explicitly accounts for complex interrelations among multiple graphs in a systematic and
unified manner.

* We show the proposed N2G abstraction results not only in on par or more competitive perfor-
mance on clean graphs (both in binary and multi-class cases) but, most importantly, leads to
substantially higher resistance to graph label noise in training data, with relative gains up to
11.7% on social network benchmarks and up to 25.8% on bioinformatics graph benchmarks
under 10% of graph label corruption rate.

2 Related Work

Graph of Graphs Representations The idea of integrating standalone entities into a single joint
complex entity is quite universal and spans a broad range of domains, from the System of Systems
(SoS) concept in engineering to the graph of graphs (GoG) in biochemistry and biomedicine. In
particular, in the last few years, this approach has been combined with GNNs to predict chemical
compounds [13]. The idea here is to form a hierarchical structure of compound graphs and an
inter-compound graph, integrated into a single network, which allows for learning both types of
graphs in an end-to-end manner. Also, in a hierarchical manner, GOGNN of [30] focuses on learning
local and global entity structure with the aim to predict chemical-chemical interactions and drug-drug
interactions. This idea is further extended by [31] for graph classification tasks, based on exploiting
two GNNs, one for for learning local entities and another one for learning structural interactions.
Edges in the interaction graph are formed if two local graphs share some joint information, for
example, two proteins are linked in the interaction graph if they are either connected or share at least
two common neighbors. In turn, [18] propose a semi-supervised graph learning approach SEAL
and the associated embedding procedure SAGE that first, embeds graph instances into vectors and
then adaptively update classifiers based on the selected most informative instances. Finally, [41]
construct a heterogeneous motif graph based on the motif-level relationships in smaller molecular
graphs, where each motif node is a motif in the vocabulary, each molecular node is a molecule, and
there are two types of links: motif-molecule and motif-motif edges. That is, loosely, speaking smaller
molecular graphs are connected if they share motif structure. The idea is further exploited by [34]
for graph classification under imbalanced settings, where the resulting model G2GNN aggregates
information from the neighboring graphs which are defined as the top k topologically similar graphs
via kNN. All of the considered approaches assume that the labels are trustworthy.

Another relevant approach called SPADE [2] presents a black-box method for assessing adversarial
robustness for robust image classification. The idea of SPADE is based on the following steps:
1) reshaping each image into a vector representation as an input sample and extracting a vector
representation before the softmax layer per image as the output sample; 2) forming input and output
graphs based on the input and output samples, respectively, using kKNN; 3) examining the bijective
distance mappings between the input and output graph-based manifolds. In particular, the largest
generalized eigenvalue computed with the Laplacians of the input and output graphs, called the
SPADE score can be used to quantify the adversarial robustness, with higher scores implying higher
levels of vulnerability. The approach of SPADE can be extended to graphs and also combined with
N2G, including simultaneous integration of multiple graph distances via supra-Laplacian.

To the best of our knowledge, our N2G is the first time the GoG idea of integrating multiple standalone
entities into a joint network has been introduced to robustify graph learning under label perturbations.
Furthermore, as our numerical experiments show the non-hierarchical model architecture, with a
wide range of attributes from smaller graphs, rather than only from particular motifs or a subset of
joint nodes/edges, tends to deliver the most robust and stable performance under label perturbations.
This phenomenon is intuitive: the basic constructions are often more stable than more sophisticated
ones.

Finally, there exists a stream of studies in network sciences on the so called network of networks [3];
however, the nature of these concepts differs from the ideas discussed above in the sense that the
focus there is on the initially highly interconnected systems in the form of multilayer or multiplex
graphs, e.g., cyber-physical infrastructures such as highly interdependent power, transportation, and
communications networks, rather than on integrating multiple standalone entities into a joint system
based on some sort of similarity.
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Graph Neural Networks for Graph Classification under Label Perturbations GNNs is currently
the primary machinery for both node and graph classification [28, 37, 38]. However, as the increasing
number of recent studies demonstrate [7, 19], GNNs tend to be vulnerable to corrupted node and
graph labels, which often results in substantial performance losses and overfitting [43]. Most existing
tools addressing GNNs for noisy labels focus on the node classification tasks. Such techniques
include, e.g., loss correction [10, 21], pseudo label miner [4], and sample selection [40]. However,
such remedial techniques for corrupted node labels tend to rely on the restrictive distributional
assumptions on the observed data which are particularly challenging to verify for graphs, thereby
making it harder to extend these approaches to graph classification tasks. In general, the problem of
GNN sensitivity to corrupted graph labels and the associated remedial techniques remains largely
unexplored. To the best of our knowledge, the only currently available approaches are loss correction
for graph classification tasks [23] and G-Mixup by [12]. In the case of G-Mixup, the idea is to view
two graph training sets as following two different graphon models and then to mix up these two
graphons into a joint mixed graphon which can then be used to generate synthetic graphs, aiming to
improve generalization and robustness of GNNs. This paper aims to further fill this gap and offers a
new robust N2G representation learning scheme with small-loss tricks, addressing corrupted labels in
the training set for graph classification tasks.

Figure 1: An illustration of N2G representation learning framework.

3 The N2G Knowledge Representation

Let G = {G1,G2,...,GN} be a set ofl graphs, where N is the number of observed graphs. For
each graph G; = {V;, &}, let V; = {v},v5,..., v, } be a set of nodes and &; be the set of edges.
Some of the observed graphs in G are also associated with the attached categorical label, while the
labels of other graphs are unknown. Here we primarily focus on graph classification with perturbed
training labels. That is, suppose that we are given a training set Gurain consisting of Ny, graphs in
Q with perturbed labels [ Sf), s =1,2,..., Nyain- Our goal is to build a model that learns a function

H({G) } Neun) which predicts unknown labels for graphs in G \ Giain (please refer to Appendix I for
the notation table). Algorithm 1 (in Appendix A) shows more details of our N2G algorithm.

3.1 The N2G Methodology

To address the sensitivity of GNNs to noisy graph labels, we construct a new graph-structured
object G called Network of Graphs (N2G). In particular, G is such that its node set V is formed by
{G1,G2,...,Gn}. Inturn, an edge e;; between G; and G;, 4,7 = 1,..., N, is defined by how similar
G; and G; are in terms of some suitable graph similarity metric. That is, let Z;; = 2(G;,G;) be a
distance between graphs G; and G; and let 7 > 0 be a user-selected threshold (In our experiments
we select 7 from the quantiles of the empirical distribution of %;;, ¢, 5 = 1,..., N, using the cross-
validation argument. We present a sensitivity study to the choice of 7 in Appendix D.). Then we get
the following equation:

0 — {0, if.@(gi,gj)>7', (1)

" 2(6:,G;), if2(6:,6G;) <,

where smaller values of 2(G;, G;) imply higher similarity among G; and G;). That is, each G; is
now a (super)-node in the N2G object G, and the set of weighted edges e;; is the edge set E of
G (see Appendix A for the list of the considered graph similarity measures). Fig. 1 presents the
flowchart of the N2G idea. Furthermore, for each (super)-node i € G (that is, for each graph G,),
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we also obtain its node features X; (an N x F' matrix) through calculating the network statistics
of the graph G;, where F' is the dimension of the node features. Here we use 7 network statistics:
average degree centrality, betweenness centrality, closeness centrality, eigenvector centrality, current
flow betweenness centrality, subgraph centrality, and current flow closeness centrality, and hence
F = 7. For the graph classification tasks, we then feed our N2G G = {V,E, X} into any type of
GNN-based model (check Appendix B for the experimental details and Appendix F on ablation study
for super-node feature X;).

Nota Bene: Our goal here is to investigate the utility of the N2G abstraction as a general tool that
can be combined with any GNNs. As such, we focus on three (arguably) most widely used GNN
architectures (GCN, GAT, GRAPHSAGE) as well as consider integration of N2G with the emerging
GNNss (see Table 7 and Appendix C).

4 Experiments

Datasets, Experiment Setup, and Baselines We conduct experiments on (i) three social datasets,
i.e., IMDB-BINARY, IMDB-MULTI and REDDIT-BINARY, and (ii) three biological datasets, i.e.,
MUTAG, BZR, and COX2. All six datasets are homogeneous datasets. The statistics of six datasets
are summarized in Table 9 in Appendix B. Following the setup of [39], we use 90/10% random
training/test split and provide the average accuracy in 10 runs for model evaluation. Furthermore,
to evaluate the robustness of our proposed N2G framework, we perform robustness testing for all
six datasets with four settings, i.e., “uniform 10%”, “uniform 20%”, “biased 10%” and “biased
20%” corrupted training labels. We compare our method to the four fundamental GNN architectures,
namely (i) Graph Convolutional Networks [16], (ii)) Graph Attention Networks (GAT) [29], (iii)
GraphSAGE [11], (iv) Graph Isomorphism Network (GIN) [39], as well as (v) the recent graph data
augmentation approach G-Mixup by [12]. Furthermore, we also integrate N2G algorithm into other
state-of-the-art GNN-based models (see Appendix B for more details of additional state-of-the-art
GNN-based models). To make a fair comparison, we re-produce the above GNNs on all datasets
and follow their settings by using the same optimized hyperparameters and experimented datasets
(including train/test splits). All experiments are conducted on one NVIDIA GetForce RTX 3090.
For dataset and coding details, please check https://anonymous.4open.science/r/N2G-6443/
README. md.

The N2G Setup We implement our N2G based on existing vanilla GNN architecture, i.e., applying a
vanilla GNN-based model on N2G instead of all graphs in the dataset. We consider three types of
GNNs based on three graph comparison metrics (see Section 3), including (i) Vertex-edge distance [1],
(i1) Lambda distance [6], and (iii) DeltaCon distance with ¢ = 0.3. Hence, for each GNN, we have
[GNN Name]-[N2G]-[Graph Comparison Metric]. For instance, N2G-GCN-VERTEX refers to
applying the GCN model on N2G, which is built upon the vertex-edge overlap distance metric. Note
that we ensure both the original and modified architectures have approximately the same number of
parameters. More details about datasets, experiments setup, and hyperparameters are in Appendix B.

Corrupted Labels Similar to [23], we assume that there is a noise process N corrupting the training
labels, where N, 4 is the probability label a corrupted to label b. We further assume that there are 2
kinds of corrupted labels : (i) Uniformly corrupted and (ii) Biased corrupted labels. For uniformly
corrupted labels, the label noise is uniformly randomly distributed across the whole training dataset
ie., Nop = Nggforall a,b,c,d € {1,2,...,C}, where C is the number of labels classes. For
biased corrupted labels, the noise corrupts one label class i.e., for a certain class a, Ny p = Ng,c # 0
forallb,c € {1,2,...,C}, Ng=p =0forall a* # a, b € {1,2,...,C}, which aims to reflect a real
world scenario when one of the subpopulations is discriminated due to various types of subconscious
and other social biases. Without loss of generality, we apply the biased label noise to class “0”.

4.1 N2G Results on Bioinformatics Graphs

Table 1 reports graph classification results in terms of the mean accuracy and standard deviation
on clean graphs and graphs with noisy labels on three biochemical networks (i.e., “Uniform;o”
and “Uniformy(”). The results of our N2G-based model and baselines with biased noisy labels
are summarized in Table 2. Table 1 indicates that our proposed N2G outperforms all competing
models on all three datasets, both for clean and corrupted graphs. More specifically, for clean
graphs, N2G-GCN-VERTEX can improve upon GCN by a margin of 10.33%, 8.36%, and 10.36%
on MUTAG, BZR, and COX2, respectively. In turn, for corrupted graphs with uniform 10% noisy
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Table 1: Average accuracy on clean bioinformatics graphs and their counterparts under uniform
corruption of graph labels. Corruption rates are 10% and 20%. Standard deviation is in (). The best
results are in bold.

Model MUTAG cox2
Clean Uniformyo  Uniformag Clean Uniformy  Uniformgg Clean Uniformyg  Uniformgo
GCN 85.60 (5.80) 68.60 (4.02) | 80.49 (3.22) 6736 (3.74)  60.91(3.25) | 78.60 (1.52) 69.09 (5.28) 65.72 (6.25)
N2G-GCN-VERTEX 94.44 (2.98) 8340 (4.58) | 87.22(3.71) 8436 (4.12) 83.29(3.10) | 86.74 (4.63) 8244 (4.07)  80.17(3.09)
N2G-GCN-LAMBDA 92.58 (1.85) 81.41(3.08) | 85.19(1.93) 81.76(3.30) 80.94 (2.66) | 84.07(1.69) 80.74(3.99) 78.01 (4.94)
N2G-GCN-DELTACON 88.89 (3.62) 79.81(3.94) | 86.50(3.96) 81.55(4.67) 80.44(2.37) | 84.26(3.66) 79.85(4.91) 78.63 (4.17)
GAT 87.40 (5.31) 5833 (4.31) | 8321 (4.52) 7024 (4.97) 62.71(3.22) | 7926 (3.54) 65.32(7.76)  61.67 (2.49)
N2G-GAT-VERTEX 94.07 (1.88) 8347(3.58) | 88.09(2.43) 86.72(2.91) 83.28(2.91) | 8826 (3.17) 83.72(291) 8195 (3.42)
N2G-GAT-LAMBDA 90.71 2.01) 8219 (4.10) | 84.21(1.79) 82.90 (4.25) 81.02(3.55) | 8534 (3.23) 82.07(5.23) 80.26 (1.78)
N2G-GAT-DELTACON 92.50 (3.63) 79.55(4.33) | 85.97(3.29) 83.47(4.45) 82.09(197) | 84.69(3.19) 82.08(5.87) 81.04 (4.04)
GRAPHSAGE 85.73 (4.70) 7070 (3.71) | 77.53(3.73)  70.15(6.06) 65.48 (2.39) | 79.01 (2.42) 6321 (6.73) 59.74 (3.37)
N2G-GRAPHSAGE-VERTEX | 91.97 (1.92) 79.53(3.35) | 89.14(247) 82.68 (4.94) 78.03(3.95) | 83.93(3.60) 81.07(5.54) 8047 (2.55)
N2G-GRAPHSAGE-LAMBDA | 92.49 (2.19) ) 78.58(5.67) | 89.40(1.83) 85.19(2.41) 8294 (1.87) | 86.88 (4.51) 83.93(3.60) 8. 7
N2G-GRAPHSAGE-DELTACON | 88.89 (2.93) 8219 (5.58) 80.15(3.67) | 87.61 (2.55) 84.42(4.85) 80.19(5.75) | 84.03(2.33) 81.36(4.06) 79.05 (3.65)
GIN 89.01(6.02) 77.37(5.54) 71.05(7.89) | 85.63 (259) 73.49(3.79) 6893 (4.15) | 83.51(4.75) 7349 (3.79) 68.93 (4.15)

G-Mixup

87.54(2.45)  77.25(4.11) 71.22(2.99) | 80.11(2.94) 74.82(1.34)  69.54(2.54) | 80.23(3.29) 71.74(3.25) 63.57 (2.91)

Table 2: Average accuracy (%) on bioinformatics graphs under biased corruption of graph labels.
Standard deviation is in ( ). The best results are in bold.

Model } MUTAG BZR Cox2
Biased;g Biasedsg Biasedo Biasedsg Biased;q Biasedsg

GCN 68.95 (4.36) 68.16(2.82) | 64.61 (3.45) 57.16(3.27) | 66.91 (4.82) 60.52 (5.58)
N2G-GCN-VERTEX 85.89(3.82) 82.44(4.22) | 81.42(2.92) 80.38(3.09) | 79.84 (3.71) 76.78 (4.03)
N2G-GCN-LAMBDA 80.56 (4.83) 80.19 (4.22) | 81.07 (2.83) 77.48(3.08) | 77.84 (4.54) 75.32(3.59)
N2G-GCN-DELTACON 81.20(2.82) 78.74 (4.95) | 80.04 (3.97) 76.89 (3.71) | 77.20 (3.19) 75.68 (4.22)
GAT 66.72 (4.14)  64.52 (2.59) | 65.96 (3.47) 59.85(1.85) | 64.52(4.93) 62.73 (5.82)
N2G-GAT-VERTEX 84.46 (3.52) 82.19(2.36) | 82.43(3.55) 80.15(4.10) | 82.47 (1.29) 78.90 (4.06)
N2G-GAT-LAMBDA 82.91(3.50) 80.43 (3.67) | 81.19 (4.38) 79.55(3.75) | 80.05(4.65) 77.06(3.73)
N2G-GAT-DELTACON 84.43 (4.63) 81.54(5.74) | 81.94(5.49) 78.63(4.20) | 80.73(1.98) 77.85(2.77)
GRAPHSAGE 68.42(9.45) 61.58(7.14) | 67.30 (2.47) 65.61(5.79) | 68.54(5.29) 64.01 (2.17)
N2G-GRAPHSAGE-VERTEX | 82.43 (4.45) 80.48 (4.65) | 81.97 (3.56) 78.88(3.52) | 79.03 (4.91) 77.84 (3.43)
N2G-GRAPHSAGE-LAMBDA 84.39 (3.85) 82.71 (4.84) | 82.43(5.25) 80.26 (4.71) | 81.53(2.82) 77.43 (4.63)
N2G-GRAPHSAGE-DELTACON | 84.32(4.43) 79.40 (5.47) | 81.44 (5.49) 78.95(3.53) | 79.28 (3.80) 76.03 (4.06)

GIN
G-Mixup

69.18 (4.33)  61.05 (4.74) | 70.15(4.10) 61.85(5.07) | 70.11 (1.98)  65.19 (4.44)
7244 (1.98)  68.79 (2.87) | 73.45(1.38) 68.34(2.54) | 68.97 (3.44) 59.03 (6.53)

Table 3: Average accuracy (%) on clean social networks and their counterparts with uniformly
corrupted graph labels. Corruption rates are 10% and 20%. Standard deviation is in (). The best
results are in bold.

Model IMDB-BINARY IMDB-MULTI REDDIT-BINARY
Clean Uniform;y  Uniformg Clean Uniform;  Uniformgo Clean Uniform;y  Uniformgo
GCN 78.18(2.16) 64.11(6.89) 60.32(8.67) 49.33(3.21) 4323 (L.08) 40.50 (5.69) 8237(6.28) 75.33 (4.78) 69.54 (4.39)
N2G-GCN-VERTEX 80.36 (5.97) 74.82(5.05) 70.33(5.90) 5681(5.05) 50.00(2.50) 47.01(4.88) 86.28(2.95) 80.13(4.78) 7691 (4.71)
N2G-GCN-LAMBDA 7843 (334) 7180 (3.03) 68.93(5.90) 51.81(5.05) 45.05(544) 4201 (4.16) 83.38(491) 78.35(5.98) 73.92(4.67)
N2G-GCN-DELTACON 79.61 (5.91) 7050 (1.48) 67.60 (T.67) 5274 (347) 48.78 (4.94) 4545(5.09) 83.02(497) 77.13(6.78) 7227 (3.97)
GAT 70.51(4.92) 6692 (8.89) 60.30 (9.67) 47.89(2.55) 4420 (4.48) 41.52(5.67) 8037(3.79) 74.61(4.36) 65.19 (6.71)
N2G-GAT-VERTEX 73.18(5.13)  69.83(5.01) 67.41(6.77) 49.91(5.66) d7.52(4.25) d5.67(3.73) 84.19(6.37) 80.02(3.17) 76.17 (2.98)
N2G-GAT-LAMBDA 71.22(2.75) 6791 (421) 64.02(4.19) 49.16(4.89) 4533 (4.72) 43.51(5.18) 8275(491) 77.33(5.98) 7346 (4.67)
N2G-GAT-DELTACON 7092 (348) 67.30(6.15 63.30(5.95) 48.93(3.75) 44.67(4.65) 41.89(241) 8L78(5.17) 7697 (3.82) 74.09(3.79)
GRAPHSAGE 7231(535) 66.91(6.02) 64.10(5.55) 4840 (5.94) 4561 (1.76) 4373 (3.36) 8521 (331) 76.52(3.07) 68.40(5.50)

)
N2G-GRAPHSAGE-VERTEX 7533 (4.64) 68.62(3.74) 6598 (4.11) 51.32(3.24) 49.65(3.28) 46.75(2.75) 8543 (5.19) 77.44(480) 71.81(5.70)
N2G-GRAPHSAGE-LAMBDA  78.36 (5.97) 73.33 (4.64) 68.30 (4.66) 54.12(3.52) 50.85(3.88) 47.98(5.12) 87.46(2.71) 84.54(3.20) 78.94(2.98)
N2G-GRAPHSAGE-DELTACON ~ 75.37(6.30)  69.50 (5.52) 66.46 (4.56) 51.66(3.75) 50.67 (4.65) 46.89 (2.41) 85.26(6.01) 78.24(4.93) 70.90 (5.80)

GIN 7280 (3.91) 68.70 (4.15) 65.17 (5.44) 5230(3.82) 46.15(4.10) 41.85(5.07) 81.00(3.11) 76.01(2.96) 70.04(4.82)
G-Mixup 79.18 (155)  70.60 (438) 64.70 (425) 5079 (2.72) 46.12(3.34) 42.68(4.98) 82.82(133) 76.80(0.99) 70.28 (3.50)

Table 4: Average accuracy (%) on social graphs under biased corruption of graph labels. Standard
deviation is in (). The best results are in bold.

Model ‘ IMDB-BINARY ‘ IMDB-MULTI REDDIT-BINARY
Biased;o Biasedsg Biased;o Biasedsyg ‘ Biased;o Biasedyg

GCN 67.73 (3.79)  63.95(4.99) | 45.07 (2.80) 42.69 (4.01) | 70.40 (3.97) 62.08 (3.30)
N2G-GCN-VERTEX 73.53(3.51) 70.90 (4.93) | 51.33(3.46) 48.89 (4.02) | 77.14 (3.17)  75.90 (3.83)
N2G-GCN-LAMBDA 70.75(2.78)  66.12(1.09) | 49.55(1.68) 46.11 (1.02) | 75.47 (1.95) 73.98 (2.00)
N2G-GCN-DELTACON 69.85(2.26) 65.67 (1.15) | 47.44 (1.39) 44.98 (1.47) | 76.10(3.17)  74.03 (1.67)
GAT 62.64(6.87)  54.73(1.07) | 44.68(2.76)  39.13(1.27) | 68.64(4.76)  62.30(5.33)
N2G-GAT-VERTEX 67.33 (1.15)  64.67 (1.57) | 47.89 (2.04) 45.11(3.36) | 73.08(5.16)  69.13(4.93)
N2G-GAT-LAMBDA 65.55(2.01)  62.35(1.73) | 46.33(3.71) 41.56 (1.54) | 71.99 (3.77)  65.89 (3.74)
N2G-GAT-DELTACON 63.67(1.53)  61.33(4.04) | 44.56(3.42) 43.00(2.31) | 72.21(4.08) 66.47(2.71)
GRAPHSAGE 63.14(9.39)  60.93(1.43) | 45.67(1.70)  39.14(1.26) | 70.83(3.99)  63.17(4.70)
N2G-GRAPHSAGE-VERTEX 65.29 (4.30)  62.53(2.33) | 46.81(1.89) 41.55(2.11) | 71.18(4.03)  69.92(2.04)
N2G-GRAPHSAGE-LAMBDA | 68.76 (2.65)  66.16 (3.83) | 49.08 (2.76) 45.80 (3.01) | 73.57 (4.09)  70.70 (3.55)
N2G-GRAPHSAGE-DELTACON | 68.22(3.09)  62.17(4.00) | 46.03(3.90) 42.11(3.44) | 70.98(3.69)  67.93(2.44)

GIN 66.47 (3.25)  63.70 (3.98) | 44.85 (1.80) 41.72(4.25) | 71.52(4.71)  65.03 (3.77)
G-Mixup | 65.97(3.99) 6225(5.14) | 44.03(2.55) 41.90 (4.05) | 73.22(1.58) 65.28 (3.50)

labels (i.e., “Uniformyy”"), N2G-GCN-VERTEX can improve upon GCN by a margin of 21.18%,
25.24%, and 19.32% on MUTAG, BZR, and COX2 respectively; for corrupted graphs with uniform
20% noisy labels (i.e., “Uniformsy”), N2G-GCN-VERTEX can improve upon GCN by a margin of



N2G

Table 5: N2G vs. other SOTA GoGs on MUTAG with clean and uniformly corrupted graph labels.
The best results are in bold.

MUTAG
Model ‘ Clean Uniformyg Uniformyg
HM-GNN 96.32 (2.61) 86.31(2.88) 82.11 (7.06)
SAGE 67.22 (3.68) 53.01 (7.59) 48.54(10.22)
G2GNN 87.23 (1.36) 76.98 (3.47) 71.85(4.12)

N2G-GCN-VERTEX
N2G-PathNNs-VERTEX

94.44 (2.98) 85.89 (3.82)  83.40 (4.58)
96.78 (3.05) 9272 (1.11)  88.58 (1.69)

21.93%, 36.74%, and 21.99% on MUTAG, BZR, and COX2 respectively. Moreover, we observe
a similar trend for N2G-LAMBDA (including N2G-GCN-LAMBDA, N2G-GAT-LAMBDA, and
N2G-GRAPHSAGE-LAMBDA) and N2G-DELTACON (including N2G-GCN-DELTACON, N2G-
GAT-DELTACON, and N2G-GRAPHSAGE-DELTACON): (i) vanilla GNN-based model suffers
from performance drop under noisy labels, (ii) all N2G-based models significantly outperform vanilla
model on both clean and corrupted graphs, and (iii) our N2G framework can substantially enhance
the robustness of vanilla GNN-based model under noisy labels.

Moreover, Table 2 indicates that as the biased noise ratio increases, the gaps in the performances
between vanilla GNN-based and N2G-based models enlarge in all cases, which confirms the
premise that N2G is robust against perturbation in labels. The accuracy of the vanilla GNN-
based models deteriorates significantly as the noise rate increases. In contrast, N2G-based mod-
els remain substantially more resistant to different noise levels on all three biochemical datasets.
Finally, we conduct experiments on corrupted graphs using
coteaching and DGNN, which are specially designed to 8
classify data with corrupted labels. Table 13 suggests that " e

the updating and comparison mechanism in Coteaching 8 R _\n
and the loss correction method in DGNN further enhance . . |  ~ ~~==-
the N2G performance and robustness. Compared with the
D-GNN method brought by [23], Table 6 shows that N2G

80
|

Accuracy(%)
70
I

outperforms D-GNN by 18.64% on MUTAG. R &

Our G2N versus other GoG approaches To illustrate .'."~A ......
efficiency of our G2N, we compare G2N with other state- Bqgmen T a
of-the-art (SOTA) GoG approaches (i.e., heterogeneous o0 oos om0 ous  om

motif graph neural network (HM-GNN) [41], self-attentive
graph embedding (SAGE) [18]), and G2GNN [34]. For
the G2N algorithm, here we consider N2G-GCN-VERTEX Figure 2: G2N vs. SOTA GoGs HM-
and N2G-PathNNs-VERTEX (i.e., we integrate N2G with GNN and SAGE.

the path neural networks (PathNNs) [22]). Table 5 shows

that our G2N-based models can achieve competitive perfor-

mances on both clean and perturbed MUTAG datasets. Specifically, we observe that N2G-PathNNs-
VERTEX always outperforms all models on all datasets. Furthermore, we also compare N2G with
the powerful graph of graphs neural network (PGON) [31], graph of graphs neural network (GoGNN;
which is a GNN model built on the hierarchical graph structure) [30] on MUTAG. As suggested
by Table 1 in [31], our N2G (e.g., N2G-GCN-VERTEX with the accuracy 94.44%) significantly
outperforms both PGON (accuracy is 91.15%) and GoGNN (accuracy is 88.53%).

Noise Rate

4.2 N2G Results on Social Graphs

Table 3 shows classification performance on clean social networks and their counterparts with
corrupted labels. Table 3 indicates that N2G outperforms all competitors on all three clean datasets.
To evaluate the robustness of N2G against label perturbation, we consider a scenario of uniformly
corrupted graph labels. Table 3 shows that the N2G approach outperforms all GNN-based models.
Specifically, (i) When setting the ratio of noise labels of 0.1, our N2G-GRAPHSAGE-LAMBDA
achieves relative gains of 9.59%, 11.49% and 11.78% over runner-ups (i.e., GRAPHSAGE) on
IMDB-BINARY, IMDB-MULTI and REDDIT-BINARY, respectively, and (ii) When setting the ratio
of noise labels of 0.2, our N2G-GRAPHSAGE-LAMBDA achieves relative gains of 6.55%, 9.71%
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and 13.52% over runner-ups (i.e., GRAPHSAGE, GRAPHSAGE and GCN) on IMDB-BINARY,
IMDB-MULTI and REDDIT-BINARY, respectively.

The results of our N2G-based model
with biased noisy labels are summa-
rized in Table 4. As Table 4 indicates,
N2G-based models always outperform
GNN-based models and achieve rela-

Model | MUTAG | IMDB-BINARY | IMDB-MULTI !ive gain ranging from 86% to 22.26%
in all cases on three datasets with

Table 6: Average accuracy (%) on MUTAG, IMDB-
BINARY and IMDB-MULTI with 20% uniform corruption.
DGNN results are from [23].

DGNN-A 71.02 70.88 45.05 biased . H
DGNN-C 5797 69.40 4747 iased corruption. ence, we can
DGNN-E 70.02 70.88 46.33 conclude that our N2G representation
substantially enhances the robustness
N2G (ours) | 84.26 | 73.93 | 51.42

of various vanilla GNN-based models
against graph label perturbations. The
results from IMDB-MULTI dataset indicate that the superiority of our N2G representation method
is not limited to binary classification tasks, but also can be extended to multi-class classification
problems.

Furthermore, we validate our N2G methods on corrupted social graphs using Coteaching and DGNN
(regarding DGNN, we consider three variants, i.e., Conservative (DGNN-C), Anchors (DGNN-A),
and Exact (DGNN-E)).

Bioinformatics vs. Social Networks Note that N2G achieves the highest gains in robustness in
bioinformatics graphs (MUTAG, BZR, and COX2) and the social network REDDIT-BINARY, while
the lowest gains are delivered on IMDB-BINARY and IMDB-MULTI. This phenomenon can be
attributed to much higher density exhibited by IMDB-BINARY and IMDB-MULTI, compared to
that of the bioinformatics graphs and REDDIT-BINARY (see Table 1 in the supplementary material).
In this case, for graph classification tasks, we can infer that sparser networks benefit more from the
integration of information of similar graphs.

Which Graph Distance to Choose? Our studies suggest that both the type of GNN model and
the type of graphs are important factors impacting the N2G performance. For instance, we find the
Vertex-Edge distance is the most promising choice for GCN and GAT across all bioinformatics and
social graphs, also yielding a competitive performance for GRAPHSAGE on MUTAG and BZR. In
turn, Lambda distance appears to be the winner for GRAPHSAGE on both bioinformatics and social
datasets. In general, the performance of various distances in social networks appears to be more
scattered than in bioinformatics graphs, which may be due to the more heterogeneous graph structures
of social networks. Similarly to the results of [20], such differences among N2G based on various
graph similarity measures can be attributed to the underlying network density and homophily of the
resulting N2G, as well as to the structural properties that each GNN tends to focus on. Nevertheless,
regardless of the graph similarity measure, all variants of N2G are more competitive, particularly, in
terms of robustness than their conventional counterparts.

N2G Versatility Note that N2G can be combined with any node classification approach. To illustrate
the N2G versatility, we now integrate N2G with the most recent SOTA GNNs for node classification
(the PathNNs model) and compare it to other SOTA baselines for graph classification (i.e., GIN
and persistent Weisfeiler-Lehman random walk (PWLR) [24]). As Table 7 suggests, PathNNs-N2G
always outperforms both GIN and PWLR on clean and perturbed MUTAG datasets. Moreover, we
find that the PathNNs-N2G-VERTEX consistently achieves the best performance on all datasets.

Inductive Learning vs. Transductive Learning We now assess the performance of N2G in inductive
and transductive settings. That is, by the inductive setting we consider the following scenario: 1)
choose a fraction r = {0.7,0.8,0.9} of available graphs (all graphs in this training subset are labeled),
2) construct N2G based on the selected r fraction of labeled graphs; 3) train a GNN; 4) connect 1 — r
fraction of the remaining unlabelled graphs to N2G; 5) use the pre-trained GNN for node classification
to identify labels of the remaining 1 — r fraction of unlabelled graphs. That is, here N2G in steps 2-3
is not allowed to integrate 1 — r fraction of the unlabelled training set prior to GNN training. In the
transductive setting, step 2 above is changed to using all labeled and unlabelled graphs to construct
a joint N2G. Figure 3 shows the performance of N2G-GCN-VERTEX and GCN in the inductive
learning of MUTAG and IMDB-MULTI. We find that in all inductive splitting scenarios, N2G-GCN
delivers a more competitive performance than GCN. Furthermore, clearly, N2G-GCN performs better
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Table 7: SOTA GNN for graph classification vs. N2G with SOTA GNN for node classification on
MUTAG with clean and uniformly corrupted labels. Corruption rates are 10% and 20%. The best
results are in bold.

MUTAG
Model Clean Uniform;g  Uniformy
GIN 89.01 (6.02) 77.37 (11.54) 71.05 (7.89)
PWLR 89.73 (1.01) 82.29 (1.49) 78.25 (2.55)

N2G-PathNNs-VERTEX |96.78 (3.05) 92.72 (1.11) 88.58 (1.69)
N2G-PathNNs-LAMBDA |95.18 (2.84) 88.76 (0.69) 85.70 (0.70)
N2G-PathNNs-DELTACON | 95.98 (1.95) 89.96 (1.26) 86.42 (2.03)

in transductive than in inductive settings (see Fig. 5). However, the drop in performance is minor,
indicating the overall stability of N2G. (See Appendix H for additional experiments.)

5 Limitations
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tion yielded by other sim-
ilarity measures. This lim-
itation can be addressed Figure 3: Inductive learning with N2G-GCN-VERTEX and GCN on
by the incorporation of clean graphs (left: MUTAG and right: IMDB-MULTI.). Fractions of
an attention mechanism to  training sets are 0.9,0.8, and 0.7.

automatically choose the

most suitable measure. Alternatively, N2G can be extended to a multiplex N2G where all available
distances are fed into the corresponding multi-graph neural networks [27]. The second limitation
is that we do not incorporate the node features of individual graphs G;, i = 1,2, ..., N (wherever
available). From one point of view, it implies that we use less information for graph classification
tasks than conventional GNNs do, but still achieve competitive and robust performance, which is
highly promising. Nevertheless, such important information as node features of individual graphs G;
shall not be lost. This direction can be addressed by embedding such node feature information and
considering the similarity between the associated embeddings, following the ideas of [18]. While
this constitutes a future research direction, we present a pilot study on these ideas in Appendix G.
Finally, it is important to note that not all graph similarity measures may be uniformly feasible, as,
e.g., the Vertex-Edge distance requires user-prespecified node IDs that may not be readily available
in all applications.

Training Ratio Training Ratio

6 Conclusion

We have proposed a new robust representation approach for graph learning under corrupted label
scenarios, Networks to Graph (N2G). N2G reformulates the task of multiple graph classification as a
node classification problem. Our results have indicated that N2G does not only improve performance
but substantially enhances robustness with respect to the perturbation of graph labels. In the future,
we will expand N2G to label prediction tasks for time-evolving graphs as well as advance N2G by
integrating multiple graph distances simultaneously. Finally, the same idea can be applied to the
classification of other objects such as images, time series, and texts, resulting in the entities to graph.
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A Graph Similarity Measures

To define weighted edges e;;, we consider three graph similarity measures as possible choices for
2(-,-) (here the lower the distance is, the more similar the two graphs are):

Vertex-Edge distance is the inversion of the vertex-edge overlap, which is formulated with:

1-VEO(G,G;))
VEO(G;,G;) '

@VERTEX(gi’ gj)) _ (

where the vertex-edge overlap is defined as:

VAVl + BN B
VEO(G:,G;)) = .
999 = Wi W, T 1B 18]

Here |V;NV}| and | E;NE)| are the common vertices and edges between graphs G; and G;, respectively.
As such, the Vertex-Edge distance measures the graph similarity based on their vertex-edge overlap
(for more details see [8]).

Remark. The important limitations of the Vertex-Edge distance is that it requires pre-specified node
IDs that typically come from the expert knowledge. However, it is important to note that such node
IDs may not be available in all applications or may require resource-intensive labelling process. As an
alternative, we can use the modified Vertex-Edge distance where the overlap (intersection of sets) is
substituted by a union. Our numerical results suggest that using such modified Vertex-Edge distance
still result in competitive performance.

Lambda distance is the Euclidean norm of the difference among the eigenvalues of the normalized
graph Laplacians of G; and G;:

ZEPGi, G5)) = |1 L7 = L],

where L; and L? are the top s eigenvalues of the normalized graph Laplacian matrices of graphs G,
and G; (for more details see [36]).

DeltaCon distance [17] is the Matusita difference of the fast belief propagation matrix, which
weights the information from neighbors with parameter ¢ € (0, 1):

2
@DELTACON(ngj) _ Z (\/%— \/%) .

n,m

Here sﬁlym is the element in the faster belief propagation matrix S; = [I +é2D; — eAi} 71, where
A; and D; are the adjacency and degree matrices of graph G;. (For the more detailed discussion of
graph distances see [35].)

Algorithm 1 N2G Algorithm

1: Input: Graphs {G;,Ga,...,Gn}, distance function Z(-,-)!, threshold 72
2: Qutput: the final N2G graph G,

3: forG;=1,2,...,N—1do

4 forG;=i+1,i+2,...,Ndo

5: Compute Z(-, -) between G; and G;

6: Form the edge ¢;; = 2(G;,G;), if 2(G:,G;) < T and 0, otherwise
7

8

9

0

end for
: end for
: Construct a new graph-structured object G with edges {e;;};; and nodes G;, i = 1,2,..., N.
: Feed G into any type of GNN-based model.

—

19(-,-) can be PVERTEX(. ) @GLAMBDA(. 1) gDELTACON(. "y 2Threshold 7 can be selected using
crossvalidation.
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B

Datasets and Experimental Details

Hyperparameters Similar to [16], We use (¢ 4 2)-layers learning structures consisting of 1 input
layer, ¢ hidden layer (where ¢ € {3,4,5,6}), and 1 output layer for all models. For search area,
we set the learning rate(lr) € {0.1,0.01,0.001}, hidden units (nhid) € {32,64, 128,256,512},
the threshold of N2G construction 7 € {0.25,0.5,0.75} for MUTAG, BZR, and COX2 datasets,
and 7 € {0.05,0.1,0.25,0.5,0.75} for IMDB-BINARY, IMDB-MULTI, and REDDIT-BINARY
datasets, and the batch size € {24, 32,64, 128}. For optimization, we use Adam optimizer and set
the number of epochs ranging from 500 to 1500 depending on the convergence rate.

Baselines The proposed N2G is compared or integrated with the following state-of-the-art models:

C

Graph Convolutional Network (GCN) [16]: GCN is a semi-supervised graph convolutional
network.

Graph Isomorphism Network (GIN) [39]: GIN is the graph neural network model which is as
expressive as the Weisfeiler-Lehman graph isomorphism test.

Graph Attention Networks (GAT) [29]: GAT leverages the attention mechanism for the homoge-
neous graph which includes only one type of nodes or links.

GraphSAGE [11]: GraphSAGE learns node representations through aggregation of neighbor-
hood information.

Adaptive Multi-channel Graph Convolutional Networks (AM-GCN) [32]: AM-GCN is the graph
neural network model which uses the attention mechanism to learn adaptive importance weights
of the embeddings.

Denoising Graph Neural Network (DGNN) [23]: DGNN takes noise-correction approach (i.e., a
noise estimator) to train a graph neural network with noisy labels.

Persistent Weisfeiler-Lehman Random Walk (PWLR) [24]: PWLR is a mathematical framework
which produces a collection of explainable low-dimensional representations of graphs with
discrete and continuous node features.

Heterogeneous Motif Graph Neural Network (HM-GNN) [41]: HM-GNN learns node feature
representations for each node in the heterogeneous motif graph.

Self-Attentive Graph Embedding (SAGE) [18]: SAGE embeds graph instances of arbitrary size
into fixed-length vectors.

Path Neural Networks (PathNNs) [22]: PathNNs updates node representations by aggregating
paths emanating from nodes.

G-Mixup [12]: G-Mixup augments graphs for graph classification by interpolating the generator
(i.e., graphon) of different classes of graphs. In G-Mixup, it uses GCN/GIN as the base
architecture.

G2GNN [34]: G2GNN alleviates the graph imbalance issue by deriving extra supervision
globally from neighboring graphs and locally from stochastic augmentations of graphs.

Table 9: Dataset Summaries.

Dataset # Graphs Avg. |V| Avg. || Avg. Density # Class
MUTAG 188 17.93 19.79 0.1304 2
BZR 405 35.75 38.35 0.0617 2
COX2 467 41.22 43.45 0.0524 2
IMDB-BINARY 1000 19.77 96.53 0.5203 2
IMDB-MULTI 1500 13.00 65.94 0.8454 3
REDDIT-BINARY 2000 429.63 497.75 0.0005 2

How Does N2G Work with the Additional GNN Architecture?

As we noted before, our primary goal is to evaluate the utility of N2G as a general tool that can be
coupled with any GNNs, rather than to promote a particular GNN model. In the main body, we
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illustrate the integration of N2G with three (arguably) most popular vanilla GNN architectures (GCN,
GAT, GRAPHSAGE) as well as with one of the most currently competitive GNN models for node
classification PathNNs. Here we provide additional results on PathNNs-N2G on BZR and COX2
(see Table 10). Similar as in the case of MUTAG (see Table 7), N2G tends to yield the competitive
performance both in terms of classification accuracy and robustness across all considered scenarios.
The best results are achieved by N2G with vertex similarity.

Table 10: SOTA GNN for graph classification vs. N2G with SOTA GNN for node classification on
BZR, COX2 and their counterparts under uniform corruption of graph labels. Corruption rates are
10% and 20%. Standard deviation is in ( ). The best results are in bold.

Model BZR COx2
ode Clean Uniformyg Uniformsg Clean Uniformyq Uniformsg
GIN 85.63 (2.59) 73.49 (3.79) 68.93 (4.15) | 83.51 (4.75) 73.49(3.79) 68.93 (4.15)
PWLR 85.46 (0.55) 79.31(1.57) 72.74(0.80) | 79.94 (0.58) 73.48 (1.79) 69.14 (3.38)
N2G-PathNN-VERTEX 90.39 (2.74) 88.94 (1.18) 85.18 (0.98) | 90.41 (4.02) 88.19 (0.54) 85.55(0.94)
N2G-PathNN-LAMBDA | 88.96 (3.19) 85.12(4.12) 82.61(0.99) | 88.02 (0.55) 84.50 (0.20) 83.77 (0.65)
N2G-PathNN-DELTACON | 88.16 (3.45) 86.77 (1.69) 83.07 (1.07) | 88.89 (1.18) 86.95(2.03) 83.48 (1.98)

We also present a study on the utility of our N2G approach when it is combined with another
powerful GNN model — the AM-GCN [32]. In particular, we select AM-GCN due to its capability to
adaptively learn deep correlation information from both topological information and node features.
Table 11 indicates that compared with AM-GCN!, N2G coupled with AM-GCN delivers consistently
competitive results on both clean and corrupted MUTAG, thereby reconfirming the important role of
the essential relational information and broader utility of N2G.

Table 11: Performance of N2G coupled with AM-GCN on on clean and uniformly corrupted MUTAG.
Corruption rates are 10% and 20%. Standard deviation is in ( ). Corruption rates are 10% and 20%.
Standard deviation is in ( ). Best results are in bold.

Model MUTAG

Clean Uniform10 Uniform20
AM-GCN 85.73 (7.38) 80.16 (6.46) 74.28 (4.98)
N2G-AM-GCN-VERTEX 92.76 (2.78) 85.31 (1.87) 81.30 (3.45)
N2G-AM-GCN-LAMBDA 90.39 (3.02) 84.72(2.88) 79.10 (1.95)
N2G-AM-GCN-DELTACON 90.71 (1.87) 84.02 (3.47) 80.10 (2.11)

D Sensitivity to the Threshold Selection

In our experiments, we select threshold 7 for the edge construction from the quantile set of the

empirical distribution of the graph distances {Qij}jvjzl, via the cross-validation. To evaluate
sensitivity of N2G to the choice of 7, we consider pe}formance of N2G-GCN on clean MUTAG
and its counterparts under uniform corruption of graph labels with rates of 10% and 20%. Here
7 undertakes values from the quartile set (i.e., 25%, 50%, and 75%). As Table 12 shows, the
N2G performance tends to be stable across various selections of 7 and graph distances, with highly
competitive results corresponding to lower values of 7 for larger graphs (i.e., larger graphs tend
to result in sparser G). This phenomenon may be potentially attributed to the fact that for larger
individual graphs dependence among graphs plays a less significant role, and N2G inherently tends
to focus on the most essential similarities and prunes less important ones.

"Note that, for vanilla AM-GCN, we consider the original adjacency matrix and latent node embedding as
input.
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Table 12: Sensitivity of performance with respect to threshold 7. Average accuracy on clean
bioinformatics graphs and their counterparts under uniform corruption of graph labels. Corruption
rates are 10% and 20%. Standard deviation is in ().

Model MUTAG 7 = 25% MUTAG 7 = 50% MUTAG 7 = 75%
Clean Uniform; g Uniformsg Clean Uniformyq Uniformag Clean Uniform;g Uniformsyg
GCN 85.60 (5.80) 70.88 (2.99) 68.60 (4.02) | 85.60 (5.80) 70.88(2.99) 68.60 (4.02) | 85.60 (5.80) 70.88 (2.99) 68.60 (4.02)

N2G-GCN-VERTEX 94.44 (2.98) 85.89(3.82) 83.40(4.58) | 92.12(2.09) 84.16 (4.54) 81.90 (3.40) | 89.47 (3.41) 82.78 (4.07) 77.72(1.95)
N2G-GCN-LAMBDA | 92.58 (4.85) 82.81(3.55) 81.41(3.08) | 90.17 (1.73) 81.44(2.69) 79.14 (2.76) | 87.07 (1.69) 80.14 (2.60) 77.08 (3.48)
N2G-GCN-DELTACON | 89.19 (2.88) 80.17 (3.14) 78.64 (2.48) | 87.49 (3.57) 82.23(3.19) 78.85(3.22) | 86.16(2.96) 78.42(2.01) 75.43(3.72)

E N2G with Coteaching and Loss Correction

In addition, to resist noisy labels, we have applied the coteaching and loss correction to our N2G
model. Since D-GNN [23] involves loss correction and we use the same approach to corrupt graph
labels, we consider here integration of N2G with D-GNN [23].

Table 14 indicates that coteaching and the loss correction method in DGNN incorporated with N2G
method can further improve the classification performance over different types of label corruption. In
particular, N2G-DGNN outperforms DGNN on both IMDB-BINARY and IMDB-MULTI datasets
under all scenarios of label corruption.

Table 13: N2G with coteaching on bioinformatics graphs with noisy graph labels. Label corruptions
are either uniform or biased, with rates of 10% and 20%. Standard deviation is in ( ). The best results
are in bold.

MUTAG BZR Ccox2
Uniform;g ~ Uniformgg  Biasedyg Biasedyy | Uniformjg  Uniformsg  Biasedyg Biasedyg | Uniformjp  Uniformyy  Biasedso Biasedzo

87.42(2.36) 8542(3.67) 7929 (4.56) 7628 (4.35) | 8691 (2.12) 84.79(3.42) SLI9(4.30) 77.10(3.45) | 83.82(3.12) 8LI2(2.80) 80.27(4.19) 78.82(2.51)
83.45(2.80) 82.34(3.70) 78.57(3.01) 7445 (480) | 84.67(3.95) 83.62(1.93) 81.26(3.68) 78.35(4.22) | 8328 (420) 81.16(3.65) 79.41(3.29) 7695 (3.57)
8248 (1.96) 79.89 (3.67) 78.99(2.79) 7234 (3.88) | 85.94(2.50) 8458 (4.75) 80.45(3.69) 79.54(2.93) | 83.71(285) 80.62(3.56) 80.24(2.97) 78.05(3.74)
86.35 (2.88) 84.26(2.93) 79.11(5.07) 77.82(251) | 83.17 (4.85) 82.55(3.79) 79.50 (3.91) 77.82(2.51) | 81.90 (2.78) 80.89 (4.75) 80.27 (4.19) 77.82(2.51)
8338 (4.17) 82.26(3.13) 78.24(1.35) 76.95(3.57) | 8179 (3.50) 8098 (4.08) 79.11 (2.82) 76.95(3.57) | 81.29(3.25) 80.05(3.22) 79.41(3.29) 7695 (3.57)
83.14 (4.06) 81.04(3.77) 79.05(3.46) 77.06(3.74) | 82.96 (4.91) 81.77(3.60) 77.82(3.80) 77.05 (3.74) | 81.46 (2.85) 80.62(3.56) 80.24(2.97) 77.62(3.56)

Model

N2G-Coteaching-VERTEX
N2G-Coteaching-LAMBDA
N2G-Coteaching-DELTACON
N2G-DGNN-VERTEX
N2G-DGNN-LAMBDA
N2G-DGNN-DELTANCON

Table 14: N2G with coteaching on social graphs with noisy graph labels. Label corruptions are either
uniform or biased, with rates of 10% and 20%. Standard deviation is in (). The best results are in
bold.

IMDB-BINARY IMDB-MULTI REDDIT-BINARY

Model . I ; . ; ; : . . b h )
Uniformyo ~ Uniformag  Biasedyg Biasedzy  Uniformy  Uniformsy  Biasedo Biasedop  Uniformyy  Uniformsg  Biased;o Biasedzo

N2G-Coteaching-VERTEX 76.38 (4.48) 73.93(5.04) 75.84(4.73) 7214(3.84) 5341(3.78) 51.42(5.78) 53.17(4.01) 50.90(3.83) 82.34(5.53) 80.14 (4.77) 80.47(5.07) 77.41(4.45)
N2G-Coteaching-LAMBDA  75.21 (4.05) 72.44(3.99) 73.89(4.82) 71.33(5.66) 52.15(5.00) 50.11(1.92) 48.75(3.04) 46.33(4.60) 80.41(4.04) 77.26(5.16) 77.32(2.24) 76.08 (3.41)
N2G-Coteaching-DELTACON  75.05 (5.53) ~ 72.60 (4.63)  70.85 (4.76)  68.67 (2.95) 52.41(3.77) 49.04 (4.05) 49.22(4.18) 46.03(3.76) 78.74 (4.53) 76.01 (2.87) 76.85(4.27) 75.12(4.75)
N2G-DGNN-VERTEX 76.14 (3.90) 73.42(5.17) 73.88 (4.02) 71.12(4.23) 53.14(5.23) 50.51(4.90) 52.03 (1.80) 49.11(5.43) 83.85(3.93) 80.24 (5.10) 77.74(5.26) 76.12 (2.04)
N2G-DGNN-LAMBDA 74.12 (4.55)  72.10(3.53) 71.87(3.96) 66.54 (3.24) 48.44 (3.86) 45.86(2.98) 51.42(4.70) 49.04 (2.15) 80.48(3.25) 77.49(4.66) 76.87 (5.01) 74.01(3.25)
N2G-DGNN-DELTACON 76.47 (4.77)  72.88(6.04) 70.14(2.49) 67.20 (2.88) 50.84 (3.46) 47.64 (3.28) 49.81(3.71) 46.01 (3.74) 80.23(5.10) 78.94(4.44) 76.18 (5.22) 75.01 (3.21)

F Ablation Study on Super-Node Features

Each super-node of N2G (i.e., graph G;, i = 1,2,..., N) is associated with features which are
various network statistics. We consider average degree centrality, betweenness centrality, closeness
centrality, eigenvector centrality, current flow betweenness centrality, subgraph centrality, and current
flow closeness centrality. Figure 4 presents an ablation study on the contribution of average degree
centrality and betweenness centrality for N2G with GCN over various graph distances for clean and
perturbed MUTAG. (Results for other network statistics and models are analogous and omitted for
brevity.) Figure 4 indicates the following:

* Accuracy Across all scenarios, MUTAG N2G with all super-node features yields more accurate
results than N2G with solely degree centrality or betweenness centrality. The gains of N2G with
all super-node features vs. its counterparts solely feature range from 2% to 36.77% on clean
graphs.

* Robustness It appears that using all super-node features is most beneficial in a case of perturbed
graphs. The gains of N2G with all super-node features vs. N2G with solely feature is up to
55.15% for the perturbation rate of 20%, and generally, the robustness gains of N2G with all
super-node features are higher for higher perturbation rates. These phenomena can be explained
by the complementary strength each super-node feature brings to the learning process.
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* Finally, contributions of degree centrality and betweenness centrality for clean and perturbed
MUTAG are generally comparable.

Sensitivity to Super-Node Features Sensitivity to Super-Node Features
Al ‘ ‘ All ‘ ‘
Degree ‘ ‘ Degree ‘ ‘
Betweenness ‘ ‘ Betweenness ‘ ‘
Closeness ‘ ‘ Closeness ‘ ‘
Eigenvector ‘ ‘ Eigenvector ‘ ‘
Currentflow ‘ ‘ Currentflow ‘ ‘
Subgraph ‘ ‘ Subgraph ‘ ‘
T T T T 1 T T T T 1
0 20 40 60 80 0 20 40 60 80
Accuracy Accuracy
(a) Clean MUTAG (b) Noisy MUTAG with 10 percent noise

Figure 4: N2G-GCN-VERTEX sensitivity to super node features.

Table 15: Transductive and Inductive Learning on clean IMDB-MULTI with training ratios r =
0.9,0.8,0.7. Standard deviation is in ().

Model \ IMDB-MULTI-9-1 IMDB-MULTI-8-2 IMDB-MULTI-7-3
ode Transductive Inductive Transductive Inductive Transductive Inductive
GCN N/A 49.33 (3.21) N/A 40.65 (2.92) N/A 31.33 (0.01)

N2G-GCN-VERTEX | 56.81 (5.05) 52.35(2.56) | 53.49 (3.25) 47.84 (3.12) | 47.45(5.12) 42.05 (4.88)
N2G-GCN-LAMBDA | 51.81(5.05) 49.77 (2.85) | 48.56 (2.99) 45.76 (4.42) | 43.11 (3.74) 37.45 (4.23)
N2G-GCN-DELTACON | 52.74 (3.47) 5023 (1.99) | 49.16 (1.03) 46.12(2.52) | 44.90 (2.13)  40.89 (5.08)

Table 16: Transductive and Inductive Learning on clean MUTAG with training ratios r =

0.9,0.8,0.7.
Model | MUTAG-9-1 MUTAG-8-2 MUTAG-7-3
Transductive Inductive Transductive Inductive Transductive Inductive
GCN N/A 85.60 (5.80) N/A 75.67 (1.95) N/A 68.42 (3.10)

N2G-GCN-VERTEX 94.44 (2.98) 88.89 (0.01) | 91.33(4.85) 86.49 (0.01) | 88.89(2.49) 79.64 (3.50)
N2G-GCN-LAMBDA | 92.58 (4.85) 91.11 (2.72) | 87.43(3.44) 83.78(0.01) | 87.13(3.01) 75.00 (0.00)
N2G-GCN-DELTACON | 89.19 (2.88) 88.89(0.01) | 84.13(3.01) 76.22(1.08) | 80.29 (2.82) 73.21 (0.01)

G Pilot Study on Using Node Features of Individual Graphs

We present a pilot study on the utility of node features of the individual graphs G;,i =1,2,..., N
in the N2G learning framework. We consider two bioinformatics graphs BZR and COX2, each
with three node attributes. We take the maximum of each of the three node features over each
G; and associate the resulting three node summaries with the corresponding G;, i = 1,2,..., N.
Hence, coupled with the seven network summary statistics, each super-node in N2G (i.e.,G;) is now
associated with ten node features. Table 17 presents the obtained results for N2G coupled with
GCN. In general, we find that integrating individual node features into N2G results in improving
classification accuracy both on clean and perturbed graphs. However, in most cases the gains are
minor, with N2G-N2G-VERTEX-WITH NODE FEATURES being the leader. Nevertheless, we view
these findings as a promising indication that node features of G, have a potential to further enhance
GoG capabilities, and we will explore this direction in our future work.
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Table 17: Average graph classification accuracy with and without node features of individual
bioinformatics graphs. Uniform corruption rates are 10% and 20%. Standard deviation is in (). The
best results are in bold.

Model BZR COx2
Clean Uniformyg Uniformsyg Clean Uniformyg Uniformsyg
GCN 80.49 (3.22) 67.36(3.74) 60.91 (3.25) | 78.60 (1.52) 69.09 (5.28)  65.72 (6.25)
N2G-GCN-VERTEX 87.22(3.71) 84.36(4.12) 83.29(3.10) | 86.74 (4.63) 82.44(4.07)  80.17(3.09)
N2G-GCN-VERTEX-WITH NODE FEATURES 88.19 (3.14) 84.96 (2.74) 84.14 (3.18) | 86.95(2.03) 83.82(1.89) 81.47(4.02)
N2G-GCN-LAMBDA 85.19(1.93) 81.76(3.30) 80.94 (2.66) | 84.07 (1.69) 80.74 (3.99) 78.01 (4.94)
N2G-GCN-LAMBDA-WITH NODE FEATURES | 85.70 (2.01) 82.92(1.09) 81.34(4.06) | 84.77 (3.19) 82.40(2.90) 79.85(3.17)
N2G-GCN-DELTACON 86.50 (3.96) 81.55(4.67) 80.44 (2.37) | 84.26(3.66) 79.85(4.91) 78.63 (4.17)

N2G-GCN-DELTACON-WITH NODE FEATURES | 86.50 (3.96) 81.55 (4.67) 80.44 (2.37) | 84.26(3.66) 79.85(4.91) 78.63 (4.17)

H Inductive vs. Transductive Learning

Fig. 5 shows the results of transductive learning on MUTAG with N2G-GCN-VERTEX and GCN,
where fractions r of training sets are 0.7, 0.8, and 0.9. By the inductive setting we consider the
following scenario: 1) choose a fraction » = {0.7,0.8,0.9} of available graphs (all graphs in this
training subset are labelled), 2) construct N2G based on all available labelled and unlabelled graphs;
3) train a GNN; 5) use the resulting GNN for node classification to identify labels of the remaining
1 — r fraction of unlabelled graphs. Note that under this scenario we do not compare with the
baseline GCN for graph classification as such baseline GCN for graph classification by default always
performs in the inductive regime. Fig. 5 suggests that N2G based on vertex similarity consistently
delivers the most competitive performance, even when the fraction of the training set reduces to 70%.

In turn, Table 15 presents the experiments on inductive and transductive learning on IMDB-MULTI.
The obtained results echo the findings obtained for inductive and transductive learning on MUTAG
(see Figs. 3 and 5 as well as their Table counterpart 16) and suggest the overall stability and consistency
of the N2G performance.
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Figure 5: Transductive learning with N2G-GCN-VERTEX and GCN. Fractions 7 of training sets are
0.9, 0.8, and 0.7.

I Notation

Table 18 includes the primary notations used in this paper.
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Table 18: Table of the key notations.

N9 =

7

= 2(G:.G5):

S
<

TRz 5an

Adjacency matrix

Degree matrix

Similarity measure between graphs G; and G;,4,j = 1,2,...,N
Edge between between graphs G; and G;,4,5 =1,2,..., N
Set of observed graphs

Graph G;inG,i=1,2,...,N

Networks to Graph (N2G)

top s eigenvalues of the normalized Laplacian of graph G,
Number of graphs in G

Faster belief propagation matrix

The threshold for N2G

3
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