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Abstract

Graph neural networks (GNNs) are deep learning architectures that apply graph convolutions through message-passing
processes between nodes, represented as embeddings. GNNs have recently become popular because of their ability to obtain
a contextual representation of each node taking into account information from its surroundings. However, existing work has
focused on the development of GNN architectures, using basic domain-specific information about the nodes to compute
embeddings. Meanwhile, in the closely-related area of knowledge graphs, much effort has been put towards developing
deep learning techniques to obtain node embeddings that preserve information about relationships and structure without
relying on domain-specific data. The potential application of deep embeddings of knowledge graphs in GNNs remains largely
unexplored. In this paper, we carry out a number of experiments to answer open research questions about the impact on GNNs
performance when combined with deep embeddings. We test 7 different deep embeddings across several attribute prediction
tasks in two state-of-art attribute-rich datasets. We conclude that, while there is a significant performance improvement, its
magnitude varies heavily depending on the specific task and deep embedding technique considered.

Keywords Knowledge graphs - Graph neural networks - Attributive embeddings - Deep graph embeddings - Machine learning

1 Introduction

Graph Neural Network (GNN) architectures seek to lever-
age the connections in a graph when it comes to making
predictions about the elements of the graph [44]. To achieve
this, the nodes of the graph are represented as numeric vec-
tors called embeddings that can capture and summarise the
implicit information present in them. For example, graph
convolutional layers [27] aggregate the embeddings of each
node with those of its neighbours to endow them with con-
textual information. These architectures allow the networks
to have a more complete understanding of the graph that
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helps it make node predictions for a variety of tasks, such
as image and text classification or natural language process-
ing, among others. Research in this area has so far mainly
focused on developing new GNN architectures or applying
existing ones to new domains. However, the type of embed-
dings being used has received significantly less attention.
In most cases, node embeddings are defined manually, and
created using any domain-specific information available; for
example, when representing data from the academic research
domain in which the nodes are scientific papers, embeddings
can be bag-of-words representations of the textual contexts
of a paper [21]. Another example can be found in the genetic
information domain, using genetical positional sequences as
embeddings [18]. Only in a few cases, node embeddings
have been considered when dealing with GNN and they just
employ popular embedding approaches such as TransE [4]
and DistMult [45] as baseline in tasks like link prediction [31,
38].

At the same time, Knowledge Graphs (KGs) have become
a popular research topic as companies such as Google, Face-
book, and Amazon [28] are increasingly relying on them
to integrate and curate information to support their busi-
ness processes. A considerable amount of research effort
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focuses on developing deep learning techniques that are able
to obtain embeddings in a domain-independent way [40].
This is usually done by training a neural network to generate
task-specific embeddings, and then using said neural net-
work to carry out some prediction task using the generated
embeddings. In addition, it is also possible to leverage these
embeddings by using them as input for other deep learning
architectures such as GNN, and to tackle prediction tasks
different from those they were initially designed for. This is
feasible because a well-produced embedding space contains
latent information about the elements represented in it [40],
and therefore, they can be fed to architectures for a variety of
tasks, such as question answering [51], KG completion [5,
19], scientific fact-checking [6], clustering [20], or plagia-
rism detection [12], to mention a few.

Additionally, deep embedding techniques can automatise
the generation of embeddings from heterogeneous datasets,
such as those containing nodes with different types and
attributes. This can be a significant improvement over hand-
made embeddings, usually tied to certain entity types and
attributes, e.g. the aforementioned bag-of-words represen-
tation of nodes symbolising textual documents. More recent
approaches have introduced attributive embeddings [14] to be
able to leverage the available information about the attributes
of anode, which are usually numerical or textual values. This
may be beneficial for prediction tasks in which the value of
a property or the similarity between node properties can be
exploited.

It has caught our attention that, while GNNs and deep KG
embeddings are clearly related, there are almost no insights
in the existing literature on how well they perform when
combined, because most efforts have been put towards the
application of GNN on different fields and the development
of new GNN models and architectural variants [1]. While
domain-specific embeddings benefit from GNNs, we believe
that it is interesting to study the effect of using deep KG
embeddings with GNNs because of their different nature and
aforementioned advantages. This motivated us to carry out
an experiment to shed some light on the feasibility of such
combination.

In this paper, we present the results of an experimental
study to analyse the benefits of combining deep KG embed-
dings with a baseline GNN architecture. Our focus is far from
the specific GNN architectures and deep KG embeddings or
their features, which have been thoroughly researched in pre-
vious works; instead, we want to analyse the performance
improvement that can be expected from a state-of-the-art
combination of both approaches. The improvement result-
ing from GNNs has been thoroughly studied for manually
defined embeddings, but remains unexplored in the field of
deep embeddings. These may be more challenging to exploit
given their unsupervised nature, but can be computed from
any graph without homogeneity restrictions or the need to
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manually define suitable representations. Specifically, our
work focuses on comparing the results obtained by a base-
line feedforward network and a standard GNN when trying to
predict the value of different attributes. We test seven differ-
ent deep embedding techniques on seven attribute prediction
tasks. We focus mainly on the testing of attributive embed-
dings, since they contain additional information that could
increase the benefits of applying a GNN; therefore, we lim-
ited ourselves to standard datasets on the deep embedding
state-of-the-art that are rich in attributes, namely: YAGO [35]
and FB15K?237 [37]. The results obtained by these configu-
rations contribute towards the state-of-the-art by thoroughly
answering a series of open research questions about how
much different types of neural networks can benefit from
deep embeddings when performing prediction tasks.

The rest of this paper is structured as follows: Sect.2
details the state-of-the-art in the fields of GNNs and KG deep
embeddings. Section 3 describes the specific research ques-
tions we have identified and the neural network architectures
used in our experiments. Section4 describes the experimen-
tal setup and discusses the obtained results. Finally, Sect.5
summarises our contributions and discusses potential future
work.

2 Related work

In the following subsections, we summarise the current
state-of-the-art both in the fields of GNNs and deep node
embedding techniques.

2.1 Graph neural networks

Back in the 1990s, neural networks were first applied to
graphs by propagating states from one node to the others
in an iterative way until a stable point was reached, using
recurrent graph neural networks (RGNN) [44]. Some of
their main drawbacks were that they were computationally
costly and lacked representation capabilities and extend-
ability. Later, several approaches that tried to leverage the
progress in convolutional techniques emerged and redefined
the concept of convolution on graphs by using not only
the features of a node, but also those of its neighbours [7].
This type of procedure is common in image processing, in
which pixels are updated with the information features of
adjacent pixels. The resulting networks are known as con-
volutional graph neural networks (CGNN), and are further
divided in two groups: spectral-based approaches and spatial-
based ones [49]. RGNNs and CGNN are significantly related
as they are both based on the same node representation
update with neighbouring information principle. Their main
difference is that RGNNs always use the same recurrent
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layer, using contractive constraints to ensure convergence,
whereas CGNNs use several convolutional layers with dif-
ferent weights in each of them. These characteristics make
CGNNs a more flexible, powerful and less costly approach
than RGNNs, which are mostly considered, nowadays, pio-
neer works of GNNs [44] that inspired later research on
convolutional networks. Therefore, CGNNs have emerged
as the dominant architecture for graph-related tasks, and for
that reason, this work focuses on these widespread and state-
of-art approaches.

In other matters, the performance of GNNs when applied
on a KG might be influenced by the size and type of the
graph, so these aspects should be taken into consideration.
KGs can be classified as follows [52]:

e Directed vs. undirected: directed edges provide more
information than undirected ones, which can also be seen
as double-directed edges.

¢ Homogeneous vs. heterogeneous: heterogeneous graphs
provide a type for each node and edge, adding additional
information to them.

e Spatiotemporal vs. static: on dynamic graphs, also
known as spatial-temporal ones, topology or features
change over time, a characteristic that needs to be prop-
erly addressed.

e Large vs. small: there are not clearly defined criteria to
distinguish between a small or large graph; the bound-
aries are ever changing due to computation capabilities
improvements on devices like GPUs.

There are different kinds of tasks that can be carried out
using GNNSs: node attribute prediction, node classification
[21], link or edge strength prediction [17, 26, 33], and graph
level tasks such as graph classification [29, 46, 48]. Nonethe-
less, there are some challenges about GNNs that are still to
be addressed. The literature specially reports some scala-
bility issues, as these techniques usually require having the
graph loaded in memory in order to perform the convolutions,
since doing sampling or clustering may end up losing neigh-
bourhood information [44]. Other challenges than remain
unsolved are defining a method to systematically select the
optimal GNN architecture for a given network or task, and
finding the most suitable knowledge graph embedding tech-
nique to maximise the performance of the network.

2.2 Deep node embedding techniques

Knowledge graph deep node embeddings have been widely
studied recently because of their numerous possibilities [16].
Such embeddings aim to represent nodes as multi-dimensional
vectors while retaining information about the structure of the
graph and the attributes of its nodes, so that they can be used

as input for other algorithms in subsequent tasks. Conse-
quently, it should be noted that the performance of GNNSs, as
deep learning architectures, can therefore be influenced by
the type of node embedding it is provided with.

Typical deep embedding approaches use distance-based
scoring functions to produce embeddings and to maintain
information about the relations between nodes. This way,
with a triple <s,r,t> where s and ¢ are source and target
nodes and r the relation between them, the embedding of s
plus the embedding of r should be near the embedding of ¢
in the corresponding multi-dimensional space. In this regard,
these approaches only take into consideration the topology of
the graph, and so they are called structure-based embeddings.

When using these techniques, literal information con-
tained in nodes such as textual, numeric or even image
properties is not leveraged. Since these literals provide use-
ful information, the challenge lies in learning embeddings
taking them into account, which can be addressed in two
ways [14]. The first option is to handle literals separately,
i.e., training the classical structure-based embedding and a
node feature-learner one at the same time so that the net-
work uses both data sources in each step to learn the node
embeddings. The second option is to combine the classical
structure-based embedding with the node literals by adding,
multiplying, concatenating, etc. these features in the form of
additional embeddings. Intuitively, these attributive embed-
dings contain much richer information that can be helpful for
GNNs and their message-passing nature.

Some of the classical knowledge graph embedding gen-
eration techniques are TransE [4] and TransR [24]. TransE
trains a vector of embeddings for each entity and relation,
so that the sum of the embedding of the source node and
the relation embedding results in the embedding of the tar-
get node. TransR works in a similar way, but performs the
addition with the projection of the embedding vectors into a
different space, separate from that of entities and relations.

In terms of attributive embedding techniques, ASNE [23]
trains a network that predicts the node connections from the
concatenation of an embeddings vector associated to the node
itself (structural embedding) and another one associated to
the attributes. The vector of attribute embeddings is created
from the concatenation of numeric attributes (including their
value) and categorical attributes (by one-hot encoding). It
does not take into account non-categorical textual attributes,
nor does it consider the existence of different types of relations.

LiteralE [22] integrates the embedding of each node with
a vector of the node’s attributes values. This integration is
done by a modular function that enriches the embeddings
before providing them to an existing embedding adjustment
network, among which the authors propose and provide an
implementation of DistMult and ComplEx. The integration
function uses dense layers to train the way in which infor-
mation about literals will be integrated.
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MTKGNN [36] incorporates literals by introducing a
learning task in addition to the typical separation of positive
and negative triples. This task attempts to predict the value of
anumerical attribute, so that the embeddings associated with
the entities are indirectly affected by them. TransEA [43],
similar to MTKGNN, incorporates the attributes in an addi-
tional learning task, added to TransE. It only considers
numeric attributes.

2.3 State-of-the-art approaches

With all previous considerations in mind, we summarise in
Table 1 the most popular GNN architectures approaches, as
well as the datasets on which they are applied, the embedding
techniques that they use, and the training, testing, and val-
idation splits that are used in their experimental validation.
Among them, the most referenced proposals like GCN [21] or

Table 1 GNN architecture popular approaches (a dash means “not specified”)

Approach Datasets Node embeddings Train/test/val. %

PATCHY-SAN (2016) [27] MUTAG - 10-fold cross-val.
PCT - 10-fold cross-val.
NCI1 - 10-fold cross-val.
NCI109 - 10-fold cross-val.
PROTEIN - 10-fold cross-val.
D&D - 10-fold cross-val.

Thomson Reuters Web of
Science Core Collection
citations dataset

Reddit
PPI
GCN (2017) [21] Cora
Citeseer
Pubmed
NELL
MoNet (2017) [25] Cora
Pubmed
GAT (2018) [39] Cora
Citeseer
Pubmed
PPI
Reddit
PPI
METR-LA
FastGCN (2018) [9] Cora
Pubmed
Reddit
ClusterGCN (2019) [10] PPI
Reddit
Amazon
Amazon2M
Citeseer
Cora-ML
Pubmed
MS-Academic

Amazon Computers

GraphSage (2017) [18]

GAAN (2018) [47]

AP-GCN (2021) [34]

Amazon Photos

GenSim word2vec 80/14/6
GloVe CommonCrawl 67/23/10
Gene sets and features 84/8/8
Bag-of-words feature vector 9/61/30
Bag-of-words feature vector 7/62/31
Bag-of-words feature vector 4/64/32
Features vector 12/58/30
Bag-of-words feature vector 9/61/30
Bag-of-words feature vector 4/64/32
Bag-of-words feature vector 9/61/30
Bag-of-words feature vector 7/62/31
Bag-of-words feature vector 4/64/32
50 features vector 84/8/8

- 67/23/10
- 84/8/8

- 70/20/10
- 45/37/18
- 92/5/3

- 65/25/10
- 82/7/11

- 66/24/10
- 28/72/-
Bag-of-words feature vector 70/30/-
Bag-of-words feature vector 29/29/42
Bag-of-words feature vector 23/47/30
Bag-of-words feature vector 3/92/5
Bag-of-words feature vector 1/94/5

Bag-of-words feature vector -

Bag-of-words feature vector -
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Fig.1 Baseline neural network
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GraphSage [18], represent the classical formulation of GNNs
with iterative updates of node features through an aggregation
function over the features of neighbouring nodes. Besides
these architectures, attention-based GNNSs like GAT [39]
and GAAN [47], employ attention mechanisms to allow the
model to learn neighbouring nodes weights according to their
importance.

These GNN architectures offer some advantages like their
ability to handle graph-structured data, capture local and
global structures, and reach state-of-art performance. How-
ever, GNNs also face several challenges such as scalability,
interpretability, and robustness [44, 52]. Recent studies have
proposed solutions to address these issues, including the use
of hierarchical GNNs [8] or adversarial training [42]. Despite
these efforts, further research is required to make GNNs
more efficient, interpretable, and robust. Another issue to be
addressed is the lack of standardisation in the design and eval-
uation of GNN models, making it difficult to compare results
across studies and benchmark datasets; although some efforts
have been made in this direction [11].

This is evidenced by the fact that, as shown in Table 1, for
all proposals, the technique used to compute node embed-
dings is usually not specifically designed for the task, or
it is even not described at all, not being considered a rele-
vant aspect of the proposal. In terms of datasets, we find that
Reddit [18], PPI [18], Cora [32], and Citeseer [15], which

Fig.2 Standard GNN
architecture
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are domain-specific ones, are commonly used. Other gen-
eral purpose KGs that are heterogeneous and rich in node
attributes, such as YAGO [30] or Freebase [3], are not usu-
ally considered. Additionally, there is a big variability in the
train/test/validation splits, since they are very dependent on
the characteristics of each dataset. These reasons led us to
carry out the current study, in which we focus on the combi-
nation of deep embeddings and GNN, abstracting ourselves
from state-of-art architectures particularities, as explained
later on Sect.3.2.

3 Aim and scope

In this section we describe our contributions: in Sect. 3.1 we
define the goals of our work and our research questions, while
Sect. 3.2 describes the architecture of the neural networks that
we used to answer the previous research questions.

3.1 Goals

The previous study of the state-of-the-art clearly shows that
there has been little consideration for the combination of
GNN and KG deep embeddings. More specifically, to the best
of our knowledge, it does not exist a report on how this type of
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Table2 Datasets summary

Dataset Nodes Edges Edge types Attributes Attribute types
FB15K237 14,192 306,773 237 85,894 119

YAGO 29,735 123,630 32 3,691,702 24

CORA 2,708 5,429 1 - -

neural networks are affected by the use of different kinds of
KG deep embeddings. It is currently unclear whether or not
more specific research is needed to fully exploit the capabil-
ities of GNNs when applied to deep embeddings. Therefore,
we have focused on answering a number of open research
questions that will help identify the scenarios in which per-
formance is affected the most by said networks:

e Q1: Whenusing a GNN, does the kind of deep embedding
that is used have a significant effect on performance? To
what extent is the performance of GNNs affected by the
use of attributive embeddings?

e Q2: When using deep embeddings for attribute prediction
tasks, does the use of a GNN instead of a regular neural
network result in significant performance differences?

e Q3: Are the aforementioned differences affected by the
kind of deep embedding being used?

e Q4: Is the improvement as pronounced as the reported in
the state of art for tasks that use domain-specific embed-
dings? Does it vary with the prediction task?

e Q5: To what extent is the improvement achieved by
GNNss affected by the amount of training data?

3.2 Architecture of the neural networks

In order to answer the previous questions and, since the spe-
cific architectures being used are not the focus of our work,
we used a baseline feedforward neural network and a stan-
dard graph neural network. The feedforward one, described
in Fig. 1, is composed by a series of five dense blocks with
skip connections, except the first one; and a final dense layer
which provides the output. Each dense block is composed by
two groups of batch normalisation, dropout and dense layers.
The computational modules employed in this architecture are
well-known, standard and commonly used together [2, 13,
41] so they conform a representative enough network for our
experiments.

The standard GNN, shown in Fig. 2, is based in Graph-
Sage [18], which is a well-known, representative and mature
GNN approach of the state-of-art [50], and compared to
other well-stablished GNN approaches like GCN [21] and
GAT [39], offers a more flexible convolution configuration
because of the variable aggregation function. Our represen-
tative architecture is composed of two dense blocks that
perform preprocessing and postprocessing functions and
between which we have placed two graph convolution lay-

Table 3 Datasets used in each
state-of-the-art deep embedding

technique

LiteralE-ComplEx

LiteralE-DistMult

MTKGNN

TransEA

TransE

TransR

Deep embedding technique Datasets

ASNE Facebook Oklahoma
Facebook UNC
DBLP
Citeseer

Freebase (FB15K, FB15K237)
YAGO (YAGO3-10)

Freebase (FB15K, FB15K237)
YAGO (YAGO3-10)

YAGO (YG24K)

Freebase (FB28K)

YAGO (YGS58K)

Freebase (FB15K)

WordNet

Freebase (FB15K, FB1M)
WordNet (WN18, WN11)
Freebase (FB15K, FB13, FB40K)
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ers. These are made up of a setup dense block, a message
aggregation layer and a node embedding updating layer, as
well as a skip connection over them. Finally, the output is
provided by a dense layer.

It is worth noting that all layers in the networks, essentially
the dense layers, are configured with 32 nodes or units. The
initial hyperparameter setup was the one proposed in Graph-
Sage [18], and was carefully tuned through a set of small,
empirical and informal tests until a suitable typical state-of-
art configuration was found. This configuration includes a
learning rate of 0.01, RMSprop optimization, a dropout rate
of 0.5, abatch size of 256 and 300 epochs with early stopping.

In terms of input, the feedforward network only receives
a matrix containing the embeddings of the graph nodes and
outputs the predicted value for the specific attribute predic-
tion task performed. The input of the GNN architecture is
a matrix of the embeddings of the nodes and the list of
graph edges, that is, the relations between nodes in a (source,
target) format. The GNN architecture also outputs the pre-
dicted attribute value for each node. Graph nodes embeddings
are computed with the knowledge graph embedding tech-
niques specified later in Sect.4 and using the available node
attributes on each dataset.

4 Evaluation

In this section, we discuss our evaluation setup: the datasets
that we have used, the different embedding techniques under
evaluation and the tasks that were performed. Subsequently,
we display and comment on our experimental results.

4.1 Experimental setup

The attribute-rich datasets we took into consideration for
our experiments were FB15K237 [37] and a reduced ver-
sion of YAGO [35] which only contains nodes with at least
one attribute and that have at least ten connected edges. It is
worth noting that they were chosen because they are standard
attribute-rich datasets on the deep embedding state-of-art,

as can be seen in Table 3. Other datasets such as Word-
Net are also typically used, but they do not contain node
attributes, making it impossible to apply attribute-based tech-
niques on them. Additionally, we also included Cora [32], a
citation dataset that is very commonly used in experiments
involving GNNS, as shown in Table 1. The first two datasets
are rich in attributes, which allow us to compute attributed
embeddings and perform attribute prediction tasks, while the
Cora dataset allows us to compare the improvement in per-
formance with regards to that obtained by domain-specific
embeddings. More detailed statistics of each dataset, like
nodes, edges and attributes number, are provided in Table 2.

In terms of embedding techniques, we selected the
ones proposed by Asefa et al. [14], which employ textual
and/or numerical attributes and have an accessible imple-
mentation, namely: ASNE [23], LiteralE-ComplEx [22],
LiteralE-DistMult [22], MTKGNN [36], and TransEA [43].
In addition, we included two well-known non-attributive
embeddings as baselines: TransE [4] and TransR [24].

The prediction tasks we selected, as shown in Table 4,
include a variety of node attributes to predict. It is also worth
noting that tasks involving FB15K237 and YAGO consist in
the regression of numerical attributes, while the Cora task
consists in node classification. While the node type can be
treated as an attribute, the Cora dataset does not include
any actual attributes that can be used to compute attribu-
tive embeddings, and thus we limit the deep embeddings
experiments to the FB15K237 and YAGO tasks, leaving Cora
dataset to the domain-specific embeddings experiment that
serves as a representative of how GNNs improve perfor-
mance when using said embeddings. We tested each task
with three different train/test split proportions: 80%/20%,
50%/50% and 20%/80%, respectively. Additionally, we exe-
cuted every task 10 times in order to better assess the overall
obtained performance.

To perform the experiments, we implemented a script,
shown in Algorithm 1, to execute all the combinations in
terms of train split proportions and embedding techniques for
every defined task in the datasets, for both the baseline feed-
forward neural network and the standard GNN. The output

Table 4 Prediction tasks

KG Task Nodes No. of different values Range of observed values
FB15K237 filmRating 739 13 [0, 100]
locationArea 2,150 2,063 [0.004, 165,250,000]
personHeight 2,870 122 [1.35,2.18]
populationNumber 52,704 49,928 [0, 1,205,624,648]
YAGO hasLatitude 8,671 6,620 [-75, 73]
hasLongitude 8,671 7,394 [—171.83, 178.44]
hasArea 11,922 10,075 [0.52, 8,000,036]
Cora hasSubject 2708 7 [0, 6]
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Table 5 GNN accuracy on the Cora dataset (higher is better)

Train% NN GNN AAccuracy
20% 64.74 67.56 +2.82
50% 73.96 81.06 +7.11
80% 76.67 84.85 +8.17

of every step consists of the prediction evaluation metrics
values for each setup.

Experiments where performed on a computer equipped
with an Intel Core 19-9900K CPU, 32 GB of RAM and an
Nvidia RTX 2080Ti GPU.

Algorithm 1 Experimental process

Input: 7'S: List<Double> Train splits
EN': Integer Executions number
D: Dictionary with datasets, tasks and its types, and
embedding techniques

Qutput: PM: Dictionary with prediction evaluation metrics

1 foreach dataset in D do

2 foreach rask in dataset do

3 foreach train_size in T S do

4 foreach embedding_technique in task do

5 foreach iteration in EN do

6

7

8

9

test_nn(task, train_size,
embedding_technique, iteration)
test_gnn(task, train_size,
embedding_technique, iteration)
10 end

11 end

12 end

13 end

14 end

4.2 Experimental results and analysis

Tables 5 and 6 show the results of the experiments that we
conducted (note that a more comprehensive account of the
embeddings experimental results can be found in Table 8).
Table 7 offers a summarised view of the results.

Table 5 collects the reference results of the Cora dataset,
in terms of accuracy. Figure4 shows in a more visual way
the MAE difference between GNNs and NNs depending on
the performed task and the train set size, for deep embedding
technique LiteralE-DistMult, in which the effect of using
different train set sizes is particularly significant.

Table 6 contains the mean absolute error (MAE) differ-
ence obtained after applying each embedding technique in
combination with the standard neural network and the GNN,
to perform different tasks and considering different training
set sizes, on two of the datasets (FB15K237 and YAGO).
Each execution was repeated ten times to compute average
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values. We have boldfaced those results where MAE differ-
ence is a negative value, that is, GNN outperforms the regular
neural network.

Fig.3 displays a representative picture of the convergence
of the networks and early stopping policy, on two represen-
tative tasks, employing ASNE embeddings and 80% training
set size. Table 9 shows a summary of mean training times for
both architectures on every performed task.

Next, we provide the answers to the questions posed in
Sect. 3.1, according to the former experimental results.

Q1: When using a GNN, does the kind of deep embed-
ding that is used have a significant effect on performance?
To what extent is the performance of GNNs affected by
the use of attributive embeddings?

There are clear differences in GNN performance depend-
ing on the embedding technique and it is more noticeable
in certain tasks, e.g. between TransEA and ASNE in the
hasLatitude task, as shown in Table 8. However, we have
not identified an embedding technique that consistently
obtains better results in most tasks. The same applies to non-
attributive embeddings (TransE and TransR) when compared
to the rest. We conclude that the kind of embedding has a sig-
nificant effect in a per-task manner, without a clear overall
winner.

Q2: When using deep embeddings for attribute pre-
diction tasks, does the use of a GNN instead of a regular
neural network result in significant performance differ-
ences?

Generally, it does, as can be seen in the AMAE% columns
in Table 6, showing the percentage difference between GNNs
and NN in bold. The results indicate that the GNN out-
performs the regular NN in the 65.7% of cases, Table 7,
with GNN taking less but longer-in-time epochs to converge,
Fig. 3. However, some tasks tend to leverage context infor-
mation and thus, the improvement is greater in them, like
locationArea or populationNumber, see Fig. 4, while
other tasks may only need their own information to make
a judgement, and the use of convolutions and contextual data
may blur the characteristics of the current node, showing
GNN then, no clear strength over NN, like in task hasArea.
It may therefore be of interest to study whether the neighbour-
aggregation process of GNN is beneficial for a specific task
and whether the improvement in results obtained with a GNN
compared to those of a common neural network justify the
higher complexity and computational cost of a GNN when
dealing with that specific task, which can mean i.e., on aver-
age, about double the training time, as shown in Table 9.

Q3: Are the aforementioned differences affected by the
kind of deep embedding being used?

Some embeddings seem to benefit more from the appli-
cation of a GNN with higher, more consistent reductions of
the MAE. Overall, there is a higher chance of improvement
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Table 7 Comparison of a
regular NN vs GNN,

Attributive embeddings

Non-attributive embeddings

summarized MAE results

Mean improvement

% cases with improvement

65.71%
—8.28%

42.86%
—5.75%

Mean worsening 3.94% 4.47%
Table 8 Regular NN vs GNN
. KG Task Train ASNE LiteralE-ComplEx LiteralE-Dist Mult MTKGNN TransEA TransE TransR
KG asl
MAE extended comparison % NN GNN AMAE% NN _GNN AMAE% NN AMAE% NN AMAE% NN_GNN AMAE% NN _GNN AMAE% NN _GNN AMAE%
20% 957 916 -4.34 1647 1581 4.04 1650 1579  -4.35 16 15.58 -4.07 1598 1598 -0.05 1646 16.31 -0.90 1620 16.02 -1.07
filmRating 0% 599 629 506 1547 1513  -2.17 1490 1552 421 1523 15.00 -1.50 1546 15.79 217 1555 1568 084 1475 1527 3.53
80% 553 508 -8.14 1458 14.65 047 14.74 14.76 0.16 14.87 14.65 -1.53 15.42 15.75 212 15.27 1535 052 14.56 1490 2.34
locationAren 20% 1262 9.87 -21.82 980 10.89 11.05 1086 890 -18.06 10.16 9.00 -11.37 951 9.08 -4.45 9.07 6.76 -25.46 7.06 688 -2.62
'( 107 ’ 50% 991 746 -24.75 940 808 -14.09 984 821 -16.54 875 8.28 -5.38 11.77 850 -27.74 9.06 9.01 -0.56 7.88 10.28 30.49
x10) 80% 922 838 -9.05 1006 846 -15.85 890 852 -4.27 944 861 -8.77 949 806 -15.12 858 815 -5.04 927 869 -6.28
iz'] 20% 005 0.06 946 007 007 -3.06 007 007 -3.17 007 0.07 223 008 0.08 038 0.08 0.08 063 008 0.08 117
= personHeight 50% 0.05  0.05 563 007 007 -0.94 007 007 -1.58 007 0.07 041 0.08 0.08 139 0.08 008 253 007 007 107
80% 004 0.05 6.37 007 007 -0.35 007 006 -1.70 0.06 0.06 -1.46  0.08 0.08 124 008 0.08 227 007 0.07 -0.51
JationNumb 20% 828 654 -20.97 875 680 -22.30 775 633 -18.25 734 6.88 -6.25 686 6.78 -1.29 767 644 -16.00 638 6.34 -0.59
populationNumber
ol (x10° 50% 837 719 -14.11 884 698 -21.04 71T 705 -1.69 924 695 -24.71 689 674 -2.24 780 701 -10.10 673 7.09 542
x10) 80% 783 629 -19.71 888 643 -27.62 726 645 -11.17 707 6.50 -8.07 624 611 -2.07 660 596 -9.75 634 596  -5.96
20% 1588 16.19 196 8.03 853 623 965 10.78 1171 966 10.83 1205 730 7.88 7.86 852 10.77 2640 961 1172 21.99
hasLatitude 50% 1515 1548 217 592 587 -0.86 772 6.99 -9.54 T7.66 7.66 001 502 461 -8.17 541 465 -13.98 614 6.07 -1.15
80% 1515 1544 190 574 546 -4.84 T 6.61 -9.80 696 6.66 -4.29 506 450 -11.08 529 436 -17.59 606 487 -19.69
o 20% 39.33 37.92 -3.57 2020 20.85 3.22 23.89 2248 -5.90 23.07 22.69 -1.64 15.94 16.04 0.60 20.93 23.11 1041 2144 28.73 34.01
i: hasLongitude 50% 3632 2695 -25.80 15.71 17.01 828 1873 17.69 -5.56 18.80 17.97 -4.42 13.60 13.66 0.49 1435 13.27 -7.53 1595 16.55 3.7
- 80% 36.51 24.95 -31.67 1580 1554 -1.63 18.75 17.24 -8.09 17.76_17.52 -1.33 1363 13.01 -4.59 15.16 1410 -6.96 16.28 14.09 -13.47
hasAs 20% 13.67 1240 -9.29 T. 5 -0.42 795 861 833 919 706 -23.24 867 923 650 10.66 1047  -1.77 1219 892 -26.78
hasArea
(x10° 50% 1277 12.32 -3.52 1483 653  6.94 625 682 T7.16 496 620 7.32 1806 5.96 7.14 1975 787 663 -15.74
x10) 80% 1248 1197  -4.06 2175 647 6.76 444 596 557 -6.63 620 6.69 7.80 592 7.68 29.74  6.56  7.62 16.26
populationNumber hasArea
0.20- 0.20-
0.15- 0.15-
7] 7]
1] 7]
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w 0.10- — gnn y 0.10- — gnn
=S nn = nn
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Fig.3 NN vs GNN convergence on two representative tasks for ASNE embedding technique

for attributive embeddings than for non-attributive ones. As
can be seen in Table 7, GNNs lead to an improvement in
roughly 43% of cases when using TransR or TransE non-
attributive embeddings, but when using the attributive ones
ASNE, LiteralE-ComplEx, LiteralE-DistMult, MTKGNN
and TransEA there is an improvement in 65% of cases. For
these reasons, the deep embedding technique used as GNN
input should be carefully selected as it may heavily influence
the obtained results.

Q4: Is the improvement as noticeable as the reported in
the state of art for tasks that use domain-specific embed-
dings? Does it vary with the prediction task?

@ Springer

The results for the Cora dataset shown in Table 5 showcase
an accuracy improvement between 3% and 8%. However,
when talking about more generic and attribute-rich datasets,
results vary significantly between tasks, as shown in Table 6.

Itis clear that some tasks, like population Number, seem
to benefit more from the contextual information provided
by the GNNSs, reaching improvements of more than 25% in
some cases, see Table 8. In other tasks, such as hasArea
or personHeight, there is little information in the context
of a node that could help improve the prediction while, for
example, the rating of a film could be easier to predict based
on its contextual information. In this case, GNNs lead to
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lesser improvements or even worse results, probably as a
consequence of the increased architecture complexity. These
results are in contrast to the state-of-the-art ones, where
GNN experiments are always carried out on citations or
domain-specific datasets, as seen in Table 1, and reach better
performances.

QS5: To what extent is the improvement achieved by
GNN:s affected by the amount of training data?

As can be seen in Fig. 4, there is no clear trend when
training size is altered. In some tasks a reduced training size
leads to a larger improvement, maybe due to how a GNN can
help use additional information to compensate for the lack of
numerous examples. In others, the opposite happens, which
may be caused by the higher complexity of a GNN needing a
larger number of examples to reach its potential. Therefore,
training set size does not seem to be a determining factor
in GNNs performance improvement against regular neural
networks.

Table 9 NN and GNN mean training times (in seconds)

KG Task NN GNN
FB15K237 filmRating 9.22 19.20
locationArea 10.68 24.05
personHeight 13.37 42.20
populationNumber 10.32 23.47
YAGO hasLatitude 17.27 41.37
hasLongitude 17.86 43.90
hasArea 24.81 63.08
CORA hasSubject 8.98 12.99
Mean training time 14.06 33.78

has_latitude has_longitude location_area person_height  population_number

- A

Task

5 Conclusions and future work

In this paper we have presented a comprehensive study about
how deep embeddings perform when applied together with
Graph Neural Networks (GNNs). Deep embeddings have
the appeal of being domain-independent, potentially able
to capture latent information about the content of the graph
and offer universal, automatised embedding generation that
can deal with heterogeneous datasets. This has led to their
extended use in a variety of tasks, including prediction of
graph elements by feeding them to neural networks. GNNs,
which intend to endow these networks with contextual infor-
mation, seem to be a perfect fit, but so far they have only
been tested with domain-specific embeddings, which moti-
vated our study.

The novelty and value of our work resides in how
we answer several open research questions about the per-
formance of GNNs under several sets of circumstances
including seven attribute prediction tasks, seven types of
deep embeddings, and three different training sizes. We con-
clude that the application of GNNs to improve performance
obtained by deep embeddings has significant potential, as it
can be seen in several tasks in which there is a reduction
of error of more than 25%. However, research so far has
focused too much on proposing novel network architectures
and too little on determining under what circumstances they
work best. As our experiments have shown, the same GNN
can obtain completely different results depending on the task
and embeddings being used.

Future work should focus on collecting a large set of
attribute-rich datasets for the evaluation of GNNs and deep
embeddings in an automated way. It would be particularly
useful to catalogue said datasets according to their topology

@ Springer
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and other characteristics that should affect how useful the
information-passing mechanisms in GNNS are.
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