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ABSTRACT

Link prediction is a core task in graph machine learning, as it is useful in many
application domains from social networks to biological networks. Link predic-
tion can be performed under different experimental settings: (1) transductive, (2)
semi-inductive, and (3) inductive. The most common setting is the transductive
one, where the task is to predict whether two observed nodes have a link. In
the semi-inductive setting, the task is to predict whether an observed node has a
link to a newly observed node, which was unseen during training. For example,
cold start in recommendation systems requires suggesting a known product to a
new user. We study the inductive setting, where the task is to predict whether
two newly observed nodes have a link. The inductive setting occurs in many real-
world applications such as predicting interactions between two poorly investigated
chemical structures or identifying collaboration possibilities between two new au-
thors. In this paper, we demonstrate that current state-of-the-are techniques per-
form poorly under the inductive setting, i.e., when generalizing to new nodes, due
to the overlapping information between the graph topology and the node attributes.
To address this issue and improve the robustness of link prediction models in an
inductive setting, we propose new methods for designing inductive tests on any
graph dataset, accompanied by unsupervised pre-training of the node attributes.
Our experiments show that the inductive test performances of the state-of-the-art
link prediction models are substantially lower compared to the transductive sce-
nario. These performances are comparable, and often lower than that of a simple
multilayer perceptron on the node attributes. Unsupervised pre-training of the
node attributes improves the inductive performance, hence the generalizability of
the link prediction models.

1 INTRODUCTION

Graph datasets are ubiquitous. Examples include friendship networks (Ball and Newman, [2013),
collaboration networks (Wang et al., |2020), protein interaction networks (Q1 et al., |2006)), power
grids (Pagani and Aiello, [2011)), and transportation networks (Lordan and Sallan,|2020). Real-world
graphs are often sparse and partially observed, which makes predicting the unobserved links a prob-
lem of great interest (Liben-Nowell and Kleinberg, |2007). Applications of link prediction include
predicting unknown protein interactions, exploring drug responses (Stanfield et al., 2017), recom-
mending products to users (Lakshmi and Bhavani, [2021)), completing knowledge graphs (Nickel
et al.,[2016)), and suggesting friends in social networks (Adamic and Adar, 2003).

Link prediction is a well-researched problem in graph machine learning, and numerous methods
have been developed which include similarity-based indices, probabilistic methods, dimensionality
reduction approaches etc. (Kumar et al.,|2020). Latent representations of nodes and edges are often
used for link prediction (Cao et al., |2015} |Grover and Leskovec) 2016} [Perozzi et al., 2014} Tang
et al., [2015; [Wang et al.,[2016). These embeddings encode the graph topology in low-dimensional
feature vectors, which are then used for training on the observed links. Simple features representing
the graph topology can also achieve similar performance as these deep learning-based latent features
(Ghasemian et al., 2020). In a recent work, disentangling the topological structure of the graph and
the node attributes improved performance in link prediction (Ai et al., 2022).
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With the increased interest in graph machine learning, the research community has developed mul-
tiple benchmark datasets for evaluating the performance of the machine learning models. The Deep
Graph Library (DGL) includes benchmark graph datasets from multiple domains including cita-
tion networks, collaboration networks, biological networks, co-buy networks, etc (Wang et al.,
2019). DGL’s custom data loader programs support efficient loading and manipulation of large
graph datasets, and help in optimizing the computational patterns of graph neural network (GNN)
(Scarselli et al.| [2009) models. The Open Graph Benchmark (OGB) has a diverse set of benchmarks
containing biological networks, molecular graphs, source code ASTs, and knowledge graphs (Hu
et al.,|2020). OGB also standardizes the train-test splits for out-of-distribution generalization under
realistic data splits and well-defined performance metrics.

However, the majority of the link prediction models and the benchmarks have focused on transduc-
tive link prediction, where the training and the test graphs share the same set of nodes. Many real
world applications require making inductive link predictions on newly observed nodes, unseen dur-
ing training. For example, cold-start is an extensively explored problem in recommendation systems,
which requires suggesting a known product to a new user (Maksimov et al.l 2020). This resembles
a semi-inductive setting, where one node of the test link is seen during training, while the other one
is a newly arrived node. When both the nodes are unseen, the prediction task is further complicated
and resembles an inductive test scenario. For example, AI-Bind (Chatterjee et al.|[2021; | Menichetti,
2022) solves inductive link prediction in protein-ligand interaction networks, where both the protein
and the ligand in the test set are unseen during training. Inductive link prediction in knowledge
graphs has also got much attention recently (Bonner et al., 2022).

Present link prediction benchmarks like OGB do not focus on inductive link prediction. The majority
of the complex neural networks developed on the benchmark datasets perform well in transductive
tests, but fail in an inductive setting. These state-of-the-art models learn mainly from the topology of
the training graph, which can also be achieved via much simpler models that only use the topological
features to make link prediction. In this work, we first define inductive tests on the benchmark
graph datasets. Thereafter, we propose a method for selecting the node attributes which are the
most informative for inductive tests, and helps the link prediction models to learn beyond the graph

topology.

OUR CONTRIBUTION

1. A method for designing inductive tests on any graph dataset. We introduce OGB-Inductive,
an extension of the Open Graph Benchmark (Hu et al.,[2020) for inductive learning.

2. A method to quantify the information contained in the graph topology and the node at-
tributes.

3. We show the importance of learning beyond graph topology, and using the node attributes
in inductive link prediction.

4. We propose unsupervised pre-training of the node attributes, which improves the transfer-
ablity of the link prediction models.

2 BACKGROUND

Let G = (V,E, X) be a graph, where V is the set of vertices (or nodes), E is the set of edges
(or links), and the X matrix contains the node attributes. Here we consider an undirected unipar-
tite graph. This formulation can be extended to directed graphs, bipartite graphs, and multilayered
graphs. For example, G may be a protein-protein interaction network, where the nodes are the pro-
teins, the links are the interactions between the proteins, and the node metadata are the embeddings
of the molecular structures of the proteins (Asgari and Mofrad, [2015)).

A link prediction model may be constructed using supervised learning. We partition the edge set
into observed and unobserved edges £ = E, U E,. We learn a function that maps the observed
nodes and the node attributes to the observed edges {V,, X,} — F,, and hope that it will generalize
to the unobserved edges E,,. Furthermore, we define three types of link prediction scenarios based
on the observed and the unobserved nodes V,, and V,,, respectively:

* Transductive: Predicting (a,b) € E,,, where a,b € V,
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* Semi-inductive: Predicting (a,b) € E,,, where a € V,, and b € V,, or vice-versa,
¢ Inductive: Predicting (a,b) € E,,, where a,b € V,,.

Transductive tests are the easiest among the three, and simple algorithms such as configuration
models (Barabasi, 2016} [Chatterjee et al., 2021)) or models using stacked topological features can
often achieve performances comparable to complex deep learning models (Ghasemian et al., [2020).
In semi-inductive tests, where one node is unseen during training, the complexity of the prediction
task increases. In this scenario, the model is required to learn from both the training graph topology
and the node attributes to make accurate predictions. Inductive tests represent the most complex link
prediction scenario, where both the nodes associated with the test links are unseen during training.

Train Graph Transductive Test Semi-inductive Test Inductive Test
O Seen during training
(O Unseen during training
—— Training Edge
--  Test Edge

Figure 1: Visual representation of transductive, semi-inductive, and inductive tests in link prediction.

3 RELATED WORK

Machine learning models use both the graph topology and the node attributes in link prediction (Ai
et al., [2022). When the training and the test graphs share similar topology, the topological infor-
mation is of more importance compared to the node attributes. Existing inductive link prediction
methods like GraphSAGE (Hamilton et al., |2017) perform well in inductive tests when the links
associated with the newly arrived nodes are known, and the test graph shares similar topological
features as the graph used in training. As a random split creates the training and the test graphs
with similar topologies, using simple topological features on the nodes and the links (like degree,
centrality etc.) are sufficient to predict the unobserved links (Ghasemian et al., |2020). AI-Bind
shows how the degree information in DTIs are used for predicting new protein-ligand interactions,
circumventing the molecular structures (Chatterjee et al., [2021)).

(Joachims, [1999) first mentioned about the difficulty of inductive tests compared to transductive
ones in a text classification setting. This understanding is valid for other domains of machine learn-
ing, and can be extended to graph machine learning, particularly link prediction. Planetoid (Yang
et al.,2016), GralL (Teru et al.,[2019), and GraphSAGE (Hamilton et al.,[2017) are among the most
recognized methods for inductive link prediction which learn from the graph topology. GraphSAGE
learns the neighborhood information for each node in training to make predictions from the neigh-
borhoods of the newly arrived nodes in inductive tests. DEAL uses both the topological information
and the node attributes in making link prediction in both transductive and inductive settings (Hao
et al.| 2020). Structure Enhanced Graph neural network (SEG) uses a simple one-layer GCN to en-
code the topology of the training graph, which combined with a simple multilayer perceptron (MLP)
on the node attributes significantly improves the transductive test performance (Ai et al. [2022). A
recently proposed open challenge for inductive link prediction on Knowledge Graphs (Galkin et al.,
2022) has inspired many state-of-the-art inductive link prediction models.

4 LIMITATIONS OF THE CURRENT METHODS FOR LINK PREDICTION

4.1 BENCHMARK GRAPH DATASETS ARE INSUFFICIENT FOR INDUCTIVE TESTS

The Open Graph Benchmark (OGB) dataset provides a useful benchmark for comparing link predic-
tion methods (Hu et al.| 2020), but is limited to the transductive setting, and the provided train-test
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splits are inadequate for inductive testing. OGB provides large scale graph datasets from various
domains like social networks, biological networks, and molecular graphs. The train-validation-test
splits are specifically tailored to test generalization based on specific properties associated with each
graph. For example, in ogbl-ppa (protein-protein interaction network), the training graph consists
of the interactions obtained via high throughput technology, or even text-mining. This method of
obtaining the interactions is cost effective, but produces low confidence data. The validation and the
test datasets in this setting are obtained from low throughput and resource intensive experiments.
Thus, the validation and tests datasets are of high confidence and provide a challenging generaliza-
tion scenario.

However, the OGB benchmark tasks are limited to transductive tests only. Large overlap between
the nodes in the train, the validation, and the test graphs limits us from creating node-disjoint train
and test datasets for an inductive scenario. Table[6]in Appendix A shows the node overlaps between
the train-validation-test splits in the OGB datasets. We lose the majority of the training edges when
we discard the edges from the training graph which share nodes with the test dataset. The OGB data
splits are thus insufficient for inductive testing.

4.2 TOPOLOGICAL SHORTCUTS IN TRANSDUCTIVE TESTS

We perform a simple experiment showing that the performance of the current state-of-the-art deep
models on the link prediction benchmarks can be obtained by simple configurations models which
ignore the node attributes and rely only on the topology of the training graph. This is strong evidence
that these deep models are reliant on shortcuts exploiting the graph topology and ignoring node
attributes. This is problematic since the graph topology cannot be used for generalization to unseen
nodes in inductive tests.

Shortcuts in transductive learning have been investigated in multiple previous studies. (Ghasemian
et al.| 2020) showed that link prediction models stacking topological features have sub-optimal link
prediction performance in graph data from different domains such as social networks, biology net-
works, information networks, and transportation networks. Configuration models use only the de-
gree sequence of the training graph, and through an entropy maximization algorithm produce the
probabilities associated with the unobserved links. In |Chatterjee et al.| (2021)), a duplex configu-
ration model, which uses only the degree sequences of the proteins and the ligands in the training
DTI, achieves excellent test performance in predicting protein-ligand interactions, comparable to
state-of-the-art deep neural networks.

Here we consider two types of configuration models. The first one is a traditional soft configuration
model (van der Hoorn et al.l 2017), which takes as input the number of nodes n and the degree
sequence of the training graph k. This model depends only on the degree sequence of the observed
positive edges and does not require any information on the negative edges. The traditional configu-
ration model is represented by SCM(n, k), where k = {k;}_,, k; > 0.

The SCM is an exponential random graph model (Fronczak| 2012; [Menichetti and Remondini,
2014; Menichetti et al. [2015), where P(G) = B(G)/Z, the Boltzmann factor is B(G) =
exp(— ;=) Aidi(G)), and d;(G) = 377, G is the degree of the node 7, and {G';}7;_ is the
adjacency matrix of the training graph G. By entropy maximization, the link probability between
the nodes 7 and j is
1

eritAi 17
where the Lagrange multipliers {\;} are such that (d;) = 3.7, pij = k; for all nodes i €
{1,2,...,n}.

We also use a duplex configuration model from Menichetti et al.| (2014) which takes into account
both the positive and negative edges for making the link predictions. We use the same negative
sampling strategy as OGB. We randomly sample the negative edges from the unobserved links in
the training graph, and keep the number of the positive and the negative edges the same in training.
The duplex configuration model represents the positive and the negative training graphs as a two-
layered network. Thereafter, it runs an entropy maximization algorithm jointly on both the layers.

Dij = (D

Using the link probabilities in Eq. [I] for the traditional configuration model, and the formulation
developed in|Menichetti et al.[(2014) for the unipartite duplex configuration model, we compute the
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transductive test performances in terms of the metrics Area Under the Receiver Operating Charac-
teristic (AUROC), Area Under the Precision-Recall Curve (AUPRC), and Hit@Top K on the bench-
mark ogbl-ddi dataset (drug-drug interaction network). In Table [I] we compare the performances
of the traditional and the duplex configuration models with Adaptive Graph Diffusion Networks
(AGDN, (Sun et al., 2020)), Path-aware Siamese Graph Neural Network (PSG, (Lv et al.l |2022)),
and Pairwise Learning for Neural Link Prediction (PLNLP, (Wang et al.,[2021)) in the transductive
setting. AGDN, PSG, and PLNLP are state-of-the-art link prediction models, achieving top per-
formances on the ogbl-ddi benchmark. We observe that the configuration models outperform the
state-of-the-art neural network models on the OGB benchmark performance metric Hits@Top K but
not on AUROC and AUPRC. In the transductive link prediction setting, the fact that simple con-
figuration models learned from purely topological data can outperform recent deep learning based
models trained on both topological data and node attributes provides evidence that these deep learn-
ing models derive much of their predictive power from topological features alone. Similar to our
observation, a recent work (Stolman et al., [ 2022) shows that classic graph structural features outper-
form graph embedding-based methods in another downstream task on graphs (namely, community
labeling) when the performance measure is Hits @Top K.

Table 1: Link prediction results in transductive tests. The traditional and duplex configuration mod-
els outperform the state-of-the-art neural network models for Hits@Top K on the benchmark ogbl-
ddi dataset. For calculating the Hits@Top K, we use K=20 as recommended by the OGB benchmark.

Model AUROC AUPRC Hits@Top K(%)
Traditional Configuration Model 0.87£0.01 0.90+0.00 0.99 +0.00
Duplex Configuration Model 0.87£0.01 090+£0.00 0.99+0.00
AGDN 0.97+0.03 0.98+0.02 0.95+0.01
PSG 0.97+0.04 0.96+0.00 0.93+£0.01
PLNLP 0.92+0.04 0.95+£0.02 0.91+£0.03

5 EXPERIMENTS ON INDUCTIVE LINK PREDICTION

We first address the limitations of the existing benchmarks by designing methods for inductive tests
on the OGB link prediction benchmarks. We use a random node split to define inductive tests on
the OGB benchmark datasets. Next, we show that the state-of-the-art link prediction models per-
form poorly in inductive tests, and achieve lower performances than a simple MLP model trained on
node attributes. Non-overlapping topological information between the training and the test graphs
in the inductive setting compels the models to use only the node attributes for making meaningful
link predictions on the nodes unseen during training. Next, we quantify the information contained
in different node features and show that the pre-trained node attributes accommodate the most in-
formation beyond the graph topology. Finally, we run inductive tests using different node features
and validate the hypothesis that pre-trained node attributes are the most effective node features in
inductive tests.

5.1 DESIGNING INDUCTIVE TESTS

Traditionally the train-validation-test split in link prediction tasks is obtained via random edge split
(Hamilton et al., 2017} |Galkin et al., 2022). Creating an inductive test scenario by combining the
random edge split with the removal of the overlapping nodes between the training and the test graphs
eliminates the majority of the links from the training dataset (see Appendix B1). Inspired by GralLL
(Teru et al., 2019), we use a random node split, which can create inductive test scenarios for any
graph dataset. The algorithm for random node split is as follows (visualized in Figure 2)):

1. Randomly split the nodes of the original graph V' into three groups Virqin, Voatidation, and
Viest. We divide the nodes at a 80:10:10 ratio for the train, the validation, and the test
datasets.

2. Obtain the subgraphs Girgin, Guatidation, and Giese induced by the node sets Virgin,
Vvalidation> and Viest, respectively.
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We observe that the number of edges lost in the random node split is significantly less compared
to the random edge split method. We use random node split to design inductive tests on the OGB
link prediction datasets, creating OGB-Inductive, an extension of the OGB benchmark for inductive
link prediction. The number of nodes and edges for each of the undirected link prediction dataset is
summarized in Table 2] and Table [3] respectively.

Table 2: Number of nodes in different graph datasets in OGB-Inductive.
Dataset Train Nodes Validation Nodes Test Nodes

ogblppa 461,031 57,629 57,629
ogbl-collab 188,694 23,587 23,587
ogbl-ddi 3,413 427 427

Table 3: Edges in different graph datasets in OGB-Inductive, and the edges lost in random node
split.

Dataset Train Edges Validation Edges Test Edges Edges lost

ogbl-ppa 19,460,915 296,195 303,563 10,265,600
ogbl-collab 821,974 12,739 12,826 437,926
ogbl-ddi 864,478 13,869 11,433 445,109

Get the induced subgraph
A Randomly divide the nodes into groups ¢t the Incliced subgraphs

v B885es O T,

(O  Node seen during training

Node unseen during trainin
O g g Train graph Test graph

Figure 2: Creating train and test graphs for inductive tests using the random node split method.

5.2 STATE-OF-THE-ART LINK PREDICTION MODELS FAIL IN INDUCTIVE TESTS

Transductive link prediction is largely driven by topological features. To show the importance of
node attributes in inductive link prediction, we design a simple MLP which takes the concatenated
attributes of two nodes as input and compare its performance with PLNLP (Wang et al., 2021} on
OGB-Inductive. The MLP contains three dense layers. For ogbl-ppa, we use the OGB defined 58-
dimensional one-hot feature vectors as the node attributes. These indicate the species associated with
the proteins. For ogbl-collab, we use the 128-dimensional features obtained by averaging the word
embeddings of papers published by the authors. For ogbl-ddi, we use 300-dimensional Mol2vec
embeddings of the drug structures. The performances are summarized in Table ]

5.3 QUANTIFYING THE INFORMATION IN THE NODE ATTRIBUTES

In this section, we develop a method to measure the information contained in different types of node
attributes in order to identify the attributes most suitable for inductive link prediction.
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Table 4: Inductive test performance of PLNLP is significantly lower than its transductive test per-
formance, and is lower than an MLP on the node attributes. For Hits@Top K, we use the default
K=100, 50, and 20 for ogbl-ppa, ogbl-collab, and ogbl-ddi, respectively.

Dataset PLNLP in Transductive Test PLNLP in Inductive Test MLP on node attributes
Hits@Top K(%) Hits@Top K(%) Hits@Top K(%)

ogbl-ppa 32.38 +2.58 0.09 +0.03 0.39 +0.03

ogbl-collab  70.59 + 0.29 11.56 £ 0.93 36.44 + 3.11

ogbl-ddi 90.88 +3.13 0.01 £0.02 0.39 4+ 0.02

5.3.1 METHODOLOGY

Many real world graphs are naturally organised into community structures. In social networks,
the communities are often based on different interest groups. Protein-protein interaction networks
organize the protein structures into communities based on their functions in metabolism (Radic-
chi et al., 2004). Community detection is a well-explored problem in network science (Newman,
2006). Various community detection algorithms cluster nodes into meaningful communities based
on graph topology and node attributes. Locally dense subgraphs often form communities, which can
be detected by the traditional community detection algorithms. Unsupervised clustering on the node
attributes helps in detecting communities beyond the topology of the graphs (Yang et al., [2013). In
this subsection, we use the Davies-Bouldin score (Davies and Bouldin, [1979), a cluster separation
measure, to quantify the quality of node clusters obtained from unsupervised clustering using only
node attributes. Furthermore, we show that when the node attributes are pre-trained in an unsuper-
vised fashion on a dataset different from the training graph, these node attributes produce the best
unsupervised clusters and improve inductive test performance.

We start by observing the quality of the unsupervised node clusters under these scenarios:

* Using Node2vec (Grover and Leskovec, [2016) as the nodes feature, which encodes the
topology of the graph.

* Pre-train the node attributes independently of the training graph used in link prediction.
* Randomly shuffle the pre-trained node attributes for each node individually.

* Replace the pre-trained node attributes with random entries drawn from a uniform distribu-
tion, removing any information contained in them.

We run the K-means (Macqueen, |1967) algorithm on the node features to obtain unsupervised node
clusters. We then compute the Davies-Bouldin score for each of the node features listed above. A
lower Davies-Bouldin score implies that the average similarity between clusters is lower and the
quality of the clustering is better. Furthermore, we measure adjusted mutual information (AMI)
(Vinh et al.| 2009) between the clusters obtained using the pre-trained node attributes and the ones
obtained using Node2Vec. Low AMI values indicate that the node attributes contains information
disjoint to the graph topology, and are thus suitable for inductive tests. The proposed method is
visualized in Figure 3]

5.3.2 OBSERVATIONS

We now use the above mentioned methodology to explore different node features in the OGB link
prediction benchmark datasets. We train the node attributes of the graphs in OGB-Inductive in
an unsupervised manner. For ogbl-ppa, we use the pre-trained 100-dimensional ProtVec (Asgari
and Mofrad, |2015)) vectors as the pre-trained node attributes. The corpus used in the training of
the ProtVec model includes 546,790 amino acid sequences obtained from the Swiss-Prot database
(Bairoch, [1996). For ogbl-collab, we use 128-dimensional Word2vec embeddings on the papers for
each author. The Word2Vec training corpus uses Google news articles with approximately 6B tokens
(Mikolov et al.,|2013)). For ogbl-ddi, we use the pre-trained 300-dimensional Mol2vec (Jaeger et al.,
2018) embeddings as the node attributes. The Mol2vec training corpus includes 19.9M chemicals
obtained from the ZINC (Irwin et al., 2012)) and ChEMBL (Gaulton et al., [2011) libraries.
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Node — K-means
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Figure 3: Unsupervised clustering of nodes using different node attributes. We use the resultant
clusters to quantify how disjoint the information in the node attributes is from the information in the
graph topology.

We consider the effect of shuffling the components of each node attribute vector for each node
individually to disrupt the information contained in them. This process keeps the distribution of
the attributes unchanged for each node. In another experiment, we replace the node attributes with
uniform random entries. Comparing the Davies-Bouldin score for all these scenarios shows us that
the pre-trained node attributes produce the most meaningful node clustering (see Figure d). Hence,
the pre-trained node attributes are the most informative node features beyond the graph topology,
and the most suited for inductive tests. Moreover, in TableE] we observe a significant reduction in
the adjusted mutual information (AMI) for the unsupervised clusters obtained using the pre-trained
node attributes with respect to the clusters obtained using only Node2vec. This confirms that the
pre-trained node attributes accommodate minimal topological information from the training graph.

Table 5: We compare the adjusted mutual information between the unsupervised clusters obtained
using only Node2vec and the pre-trained node attributes. Node2vec uses the graph topology to create
the node clusters. Low AMI values indicate that the pre-trained attributes share minimal information
with the graph topology.

Dataset Node2vec Pre-trained

ogbl-ppa 1.0 0.17
ogbl-collab 1.0 0.08
ogbl-ddi 1.0 0.22

5.4 IMPROVED GENERALIZABILITY

We use the node features described above for inductive link prediction on OGB-Inductive. We
use the same MLP architecture described in subsection 5.2. In Figure [5| we observe that the pre-
trained node attributes, for which the Davies-Bouldin scores are the lowest, (i.e., the node features
which create the best unsupervised node clustering) perform the best in inductive tests. Hence, we
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ogbl-ppa ogbl-collab ogbl-ddi

Davies-Bouldin score
Davies-Bouldin score

Node2vec Random Shuffled Pre-trained Node2vec Random Shuffled Pre-trained Node2vec Random Shuffled Pre-trained

=10

K-Means with K:

Davies-Bouldin score
Davies-Bouldin score
Davies-Bouldin score

T

Node2vec Random Shuffled Pre-trained Node2vec Random Shuffled Pre-trained Node2vec Random Shuffled Pre-trained

Figure 4: Comparing the quality of the unsupervised clusters using Davies-Bouldin score for various
node features in the OGB link prediction benchmarks. The pre-trained node attributes show the
lowest Davies-Bouldin score in all of the graph datasets, and hence are the most suitable for inductive
link prediction tasks. Here we run the K-means algorithm with K=5 and K=10.

validate our proposed method that selecting the most informative node attributes leads to the most
improvement in generalizability of link prediction models.

AUROC AUPRC Hits@Top K(%)
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Figure 5: We compare AUROC, AUPRC and Hits@Top K performances for different node attributes
in inductive tests. The pre-trained node attributes show the highest performance across the OGB link
prediction datasets.

6 CONCLUSION AND FUTURE WORK

In this work, we have shown how the link prediction models leverage the topology of the training
graph to achieve excellent transductive test performance. We have developed a pipeline to design
inductive tests on any graph dataset. We observe that the performance of the state-of-the-art link pre-
diction models reduce significantly in inductive tests compared to the transductive scenario. These
performances are comparable, and sometimes lower than that of a simple MLP on the node at-
tributes. Furthermore, we have developed a method to quantify the goodness of node attributes, and
experimentally shown that the pre-trained node attributes are the most suitable for improving the
generalizability in link prediction tasks. As a future work, we plan to explore multiple questions re-
garding the choice of node attributes for better performances in inductive tests. Our pipeline can be
used for selecting the best-suited corpus for unsupervised pre-training of the node attributes in order
to achieve optimal inductive performance. We also plan to incorporate the pre-trained node attributes
in multiple state-of-the-art link prediction models for improved inductive test performance. Further-
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more, we plan to incorporate the Davies-Bouldin score on the node attributes in the pre-training
objective function for obtaining the optimal set of node attributes. Overall, our work develops a
method for selecting the best node features for improving the transferability of the link prediction
models for newly arrived nodes.
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APPENDIX

A INDUCTIVE TEST USING THE DEFAULT OGB SPLIT

The default train-validation-test splits in the OGB link prediction benchmark have overlapping
nodes. Therefore, when we remove the edges from the training graph which share nodes with the
test graph, we lose majority of the edges.

Table 6: We lose majority of the edges while creating inductive tests on the default OGB train-
validation-test split.

Dataset Train Nodes Validation Nodes Test Nodes Train — Test Nodes Test — Train Nodes

ogbl-ppa 576,289 276,199 576,071 0 0
ogbl-collab 235,868 144,942 143,679 0 0
ogbl-ddi 3,967 3,995 1,737 86 0
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B EXPLORING METHODS OF INDUCTIVE SPLIT

Here we explore and summarize the advantages and the limitations of different methods of creating
inductive train-validation-test splits:

* Random Edge Split
 Spectral Clustering-based split
* k-Inductive Tests

* Affinity Clustering-based Split

B.1 RANDOM EDGE SPLIT

The recently published benchmark (ILPC) (Galkin et al.l [2022) uses random edge split in creating
the inductive test setting. In this method, we first sample two sets of edges for the validation and the
test graphs. The remaining edges comprise the training graph. The ratio of edges in the training, the
validation, and the test graphs typically is 80:10:10. Then we remove the edges from the validation
graph which include the nodes from the test graph. Finally, we remove the edges from the training
graph which contain the nodes from both the test and the validation graphs.

We observe a large overlap between the train-validation-test nodes in the OGB link prediction bench-
mark datasets under random edge split. This happens because the hubs contribute to most of the links
in the graph and are present in all of the three splits. Table[7]summarizes the training edges obtained
using this process, and the edges lost in the training dataset after removing the validation and the
test nodes.

Table 7: Train-validation-test split using random edge split on the OGB benchmark.
Dataset Train Nodes Validation Nodes Test Nodes

ogbl-ppa 3,991 36,778 461,288
ogbl-collab 36,593 62,561 60,023
ogbl-ddi 0 3,759 508
Dataset Train Edges Validation Edges Test Edges Edges lost
ogbl-ppa 2,626 25,973 1,213,051 29,084,623
ogbl-collab 27,482 51,419 42,680 1,281,488
ogbl-ddi 0 53,396 5 445,109

B.2 SPECTRAL CLUSTERING-BASED SPLIT

In this approach, since the edges dropped are not based on the node overlap between train-validation-
test sets as random edge split, the number of the lost edges is reduced. We use spectral clustering to
divide the graph into three connected components. The component with the most number of links
is used for training. The component with the second most links is used as the inductive test graph,
and the remaining component is used for validation. This process of splitting the data reduces the
edges lost in the process, and creates connected components for train, validation, and test. But, the
clusters obtained in this process are highly imbalanced. Table [§] summarizes the edge split obtained
using this method.

B.3 K-INDUCTIVE TESTS

In this set-up, we randomly sample two sets of edges for the validation and the test graphs. The
remaining edges form the training graph. The ratio of edges in the training, the validation, and the
test graphs typically is 80:10:10. Next, we obtain the nodes in the train and the validation datasets
which are k-hops away from the nodes in the test dataset. Finally, we remove all the edges from
the train and the validation datasets involving the nodes derived in the previous step. This method
has similar limitations as random edge split. We lose majority of the nodes and the links in both the
training and the validation datasets.
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Table 8: Train-validation-test split using spectral clustering-based split on the OGB benchmark.
Dataset Train Nodes Validation Nodes Test Nodes

ogbl-ppa - - -
ogbl-collab 4,254 5 8
ogbl-ddi 1,472 293 2,233
Dataset Train Edges Validation Edges Test Edges Edges lost
ogbl-ppa - - - -
ogbl-collab 1,334,827 0 13 49
ogbl-ddi 134,936 9,720 136,231 119,580

B.4 AFFINITY CLUSTERING-BASED SPLIT

We use random node split for obtaining the train-validation-tests splits in OGB-Inductive. Random
node split minimizes the edges lost in the split process. However, we often obtain disconnected
graphs after a random node split. In order to obtain connected graphs in train, validation, and
test, we use affinity clustering (Bateni et al.,|2017) to divide the graph into three balanced clusters.
Affinity clustering is used for distributed processing on large graphs, and uses Boruvka’s Minimum
Spanning Tree algorithm (Nesetril et al.,[2001) for creating the clusters.

15



	Introduction
	Background
	Related work
	Limitations of the current methods for Link Prediction
	Benchmark Graph Datasets are insufficient for Inductive Tests
	Topological Shortcuts in Transductive Tests

	Experiments on Inductive Link Prediction
	Designing Inductive tests
	State-of-the-art link prediction models fail in inductive tests
	Quantifying the information in the node attributes
	Methodology
	Observations

	Improved generalizability

	Conclusion and Future Work
	Inductive test using the default OGB split
	Exploring Methods of Inductive Split
	Random Edge Split
	Spectral Clustering-based Split
	k-Inductive Tests
	Affinity clustering-based Split


