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Abstract

The relevant information obtained from multiple sources usually contributes to one intricate phenomenon in the industrial processes.
Data fusion of different sources usually leads to more expressive and informative information than that of each single data source.
Integrated information has been widely used to model a multi-faceted conceptual phenomenon, which provides a comprehensive
and versatile view of understanding of the process. However, the conventional approaches concatenate feature vectors to integrate
different facets, not considering the semantic gaps between them. Meanwhile, knowledge graph (KG) receives considerable
attention in recent years as it comprises rich relational information among elements. Thus, KG provides a promising way to fuse
multiple data sources by bridging the semantic gaps, which can be exploited in the modelling of a multi-faceted phenomenon.
Inspired by the advancement of KG, we proposed an approach based on KG and a machine learning algorithm for multi-faceted
modelling. Firstly, a domain-specified ontology was built to eliminate the varying distance metrics across facet boundaries, and
KGs were generated by populating the data surrounding a multi-faceted phenomenon into this ontology. Secondly, the KGs were
fed into a graph convolutional neural network (GCN) to learn the node features and the graph structure for graph embedding
simultaneously with the shared parameters. Lastly, with the aim of multi-faceted conceptual modelling, the features obtained from
the GCN model were used as inputs for machine learning algorithms to learn the hidden patterns of KGs. An experimental study
using real-world data from the cold rolling process was conducted to demonstrate the feasibility of the proposed model.
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1. Introduction

Enormous volumes of information or data are created, collected, and stored, which started as a result of the
continuous development of complex systems and sensor devices. This type of data is diverse, heterogeneous, and
fragmented [1]. In most cases, the relevant information of different modalities or sources is related to one intricate
phenomenon or system in real complex industrial applications. In this context, integrating data from multiple sources
is of great significance to obtain more comprehensive and informative information than that of each single data source.
Meanwhile, owing to the paradigm shift of data-driven approaches, the fusion information has been widely used to
model a multi-faceted conceptual system or phenomenon, which provides a united and versatile view of understanding
of the system or phenomenon [2]. Hence, data fusion (DF) is one of the hot research topics currently. However, the
conventional data fusion approaches concatenate feature vectors to fuse different facets, not considering varying
distance metrics across facet boundaries. In this case, one fundamental challenge in fusing disparate facets lies in
bridging the semantic gaps among them [3]. Meanwhile, graph-structured data receives considerable attention in recent
years since it is the natural target to cover the domain information in many applications, such as social networks and
molecular structures. As a typical type of graph-structured data, KG encodes knowledge in a specific domain, that
comprises rich relational information among elements. KG is composed of entities (nodes) and edges. Edges are
regarded as a fact, which shows a specific relational connection between two entities. Specifically, an edge is
demonstrated in the form of a triplet, including head entity, relation, tail entity. In this context, KG captures each
source domain's intrinsic ontology and achieves cross-links among facets. Therefore, KG provides a promising way
to fuse disparate data for bridging the semantic gaps of disparate data sources.

Based on the integration of multi-faceted information, it is significant to exploit KGs for obtaining the collective
and comprehensive information of multi-source data. For the task of multi-faceted phenomenon modelling, machine
learning is a prevailing technical choice. However, KG, which represents structured data effectively, is challenging to
manipulate by conventional machine learning models due to such triple's underlying symbolic nature [4]. When it
comes to the inputs of conventional machine learning models, they usually take feature vectors representing objects
in terms of tabular attributes (such as numeric attributes and categorical attributes) [5]. In this context, conventional
machine learning approaches cannot be directly applied in graph-structured data.

Consequently, with the aim of representation of KG to bridge these semantic gaps, graph embedding algorithms
have been proposed to learn the expressive and informative representation of graph-structured data [6]. Considered
that the graph information is conserved, graph embedding maps a graph into a low dimensional space. In other words,
given that the data lies in a low manifold, graph embedding approaches aim at reducing the dimensionality of the non-
relational data. Specifically, a similarity graph is built on the similarity of the pairwise features obtained from a block
of non-relational high-dimensional features. Each node is embedded into a low-dimensional space where connected
nodes are closer to each other. According to the different types of graph-structured data, the inputs of graph embedding
models are diverse in different cases. However, the outputs of graph embedding models are usually low-dimensional
vectors that contain the graph information. In this context, achieving the low-dimensional vectors enables the
feasibility of inputs of multi-faceted conceptual modelling using machine learning.

Conventional graph embedding methods have been utilised to analyse the graph-structured data in an effective yet
efficient way, such as DeepWalk, Node2vec, Graph2vec [7, 8]. Although graph embedding methods provide an
available way to represent graph information in low-dimensional vectors, these methods suffer from two major
limitations [9]. Firstly, the implementations of embedding methods are accompanied by a high computational cost,
because that there are no shared parameters between nodes in the encoder. It also means that the number of parameters
increases dramatically with the number of nodes. Secondly, it is difficult to apply the same graph embedding models
in different graphs. Especially, the embedding methods are unable to handle the dynamic graphs. In other words,
conventional graph embedding methods lack the ability of generalisation.

To address these limitations, graph embedding based on GCN has been designed to learn both structure information
and node features for graph embedding in an end-to-end manner [10]. Recent works have applied GCN for graph
embedding successfully in different scenarios [11-13]. Firstly, compared with conventional graph embedding methods
that learn the features of the node in a specific order, GCN propagates each node respectively, which leads to the
ignorance of the input order of nodes. In this context, GCN avoids traversing all possible orders for presenting a graph
completely, which leads to high computational cost. Secondly, each node of the graph is propagated with the shared
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parameters between nodes, which also avoids high computational costs. Thirdly, unlike conventional graph embedding
models that the state of an edge is represented as states of the connected nodes, GCN learns the hidden information to
update the information of nodes by a weighted sum of the information of their neighbourhoods.

In this study, with the aim of multi-source data integration by KGs, an approach based on GCN is proposed to learn
representations of KGs for the multi-faceted phenomenon modelling. Firstly, a domain-specified ontology was utilised
to generate knowledge graphs (KGs) by aggregating the knowledge of a multi-faceted conceptual phenomenon.
Secondly, a GCN model was applied to take KGs as inputs for connected feature extraction and graph embedding.
Thirdly, by using graph structure and node content information simultaneously, the results of graph embedding by
GCN were used to model the multi-faceted conceptual phenomenon. Lastly, an experimental study using real-world
data for multi-faceted conceptual modelling in the cold rolling process was conducted to demonstrate the feasibility
of the proposed model.

The main contributions of this study can be summarised as follows:

e We have proposed that KG provides a promising way to fuse multiple data for bridging the semantic gaps of

disparate data sources.

o We have prepared a graph embedding model based GCN to covert the KGs into a low-dimensional space.

e We have provided a comprehensive evaluation with a detailed analysis of experimental results and

comparisons with different prevailing machine learning models.

o We found that the feasibility of the proposed model was validated in a real-world case application.

The rest of this study is structured as follows. Section 2 provides literature reviews on multi-faceted information
modelling in machine learning, graph embeddings, and applications of KG in machine learning. In section 3, three
frameworks for KG construction, KG embedding, and KGs for machine learning are outlined. An experimental study
using real-world data is presented to demonstrate the feasibility of the proposed model in section 4. The conclusions
of this study are presented in section 5.

2. Literature review
2.1. Multi-faceted information modelling in machine learning

DF is defined as a joint analysis framework of multiple-source data to contain the information that the single source
does not recover [2]. Unlike the data collected from a single source, the data fused from multiple sources usually
assembles versatile information about one phenomenon [14]. Depended on the different objectives of DF, three levels
of DF have been defined and have formed the most prevailing taxonomy, which are low-level, mid-level, and high-
level respectively [2].

For low-level, DF methods apply integration algorithms that concatenate observational data directly, which is
known as the raw sensory data. In low-level fusion, the major characteristic is to build a data-driven model after
achieving fusion [15]. In this context, the major superiority of this level is to offer possibilities of result interpretation
directly in terms of the original variables obtained from each data block. Meanwhile, the major limitation is that many
multivariate data analysis approaches cannot be used in the data directly, since the number of observations is much
smaller than the number of variables. Hence, the preliminary operation of regularisations is necessary to handle the
dimensionality problem [16]. According to the characteristic of low-level DF, the integration algorithms of this level
are usually used in some similar scenarios, such as signal fusion and image fusion [17].

Mid-level DF can be regarded as feature level, where features drawn from each data block are fused to accomplish
the most informative feature vector through feature selection algorithms. Specifically, the feature sets extracted from
multiple sources are fused into a new high-dimension feature vector [4]. In this type of fusion, the obtained feature
vector is fed into data-driven models to produce the desired outcome. In this context, the major advantage of mid-
level DF lies in reducing the dimensionality of each data block separately before achieving to couple them [16].
However, when it comes to outcome interpretation of models, mid-level DF bridge the connections between features
selected in the final model and the original variables from the raw data blocks, thus resulting in the interpretation
predicament [16]. According to the characteristic of the mid-level DF, the approaches at this level are usually applied
in different scenarios, such as different sensor nodes. A framework of feature fusion was used to combine passive and
active remote sensing imagery, and to generate a more expressive and informative feature set. Based on that, a support
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vector machine (SVM) model took the feature set as inputs to recognise the American Bramble (a special kind of
plant) from surrounding vegetation [18]. An approach of mid-level DF was adopted to couple the medical data
acquired from the daily activity for the generation of a high-quality activity feature space. The integrated features were
fed into an improved random forest (RF) model to predict early heart disease [19].

At high-level DF, the decisions of different analytical outputs from the processing of each data block are fused to
accomplish the final result, which is known as decision level or information level. For this type of fusion, the variables
from each raw data platform are not considered, because the outcomes of models are only integrated. In this context,
the major advantage lies in greater confidence of the final performance by information integration from the different
model outcomes, thus leading to diminish the holistic uncertainty among the single model uncertainties. Meanwhile,
another obvious merit of high-level DF is to offer the bond possibility of the heterogeneous sensors. In this context,
the information from the heterogeneous sensors can be processed with different algorithms. However, there is a
corresponding limitation of high-level DF is that does not offer insight on relevant variables or features, thus giving
rise to the interpretation difficulty of links among analytical sources [16]. In the context of high-level data fusion, a
decision-level data fusion method was proposed to improve the accuracy of soil moisture content estimation [20]. A
decision-level data approach was applied to transform low-dimensional decisions based on individual sensor data into
high-dimensional decisions. Two case studies of quality control in additive manufacturing and predictive maintenance
in aircraft engines showed that this approach can decrease the prediction uncertainty and improve the prediction
accuracy respectively [21].

2.2. Knowledge graph embeddings

KGs represented by a collection of interlinked descriptions of entities are exploited to integrate the rich relational
information among elements. However, as a type of non-Euclidean data structure, conventional machine learning
models cannot be directly deployed in the graph domain. Specifically, conventional machine learning models are
applied in tackling data based on tabular format and the split-apply-combine paradigm [5]. With the aim of fitting the
input format for conventional machine learning models, KG embedding algorithms have been proposed to convert the
KG into a low dimensional space in which the graph structural information and graph properties are maximumly
preserved. Depended on the different theories, three types of KG embedding methods were defined and have formed
the most prevailing taxonomy, which are factorisation based, random walk based and deep learning based [7].

Factorisation based algorithms represent the edges in KGs by a matrix, and further factorise this matrix to achieve
the KG embedding. The matrices are applied to describe the connections between two nodes, which include adjacency
matrix, Katz similarity matrix, node transition probability matrix and Laplacian matrix. Various approaches based on
factorisation have been proposed, such as LLE [22], Laplacian Eigenmaps [23], Graph Factorisation [24]. For
factorisation-based approaches, they are not allowed to learn an arbitrary function. In this context, unless explicitly
included in their objective function, they cannot learn structural equivalence.

Random walks have been proposed to estimate many properties (such as node centrality and similarity) of the KGs.
They are especially useful when one can either only partially observe the graph, or the graph is too large to measure
in its entirety. Various embedding techniques using random walks on graphs to obtain the representations of KGs have
been proposed, such as DeepWalk [25], node2vec [26], HARP [27]. In random walk based methods, the mixture of
equivalences can be controlled to a certain extent by varying the random walk parameters.

Deep neural network-based methods have been designed to take the overall neighbours of each node as input, for
example, SDNE [28], VGAE [29] and LINE [30], thus leading to high computational cost and inappropriate for large
sparse graphs. To tackle these two problems, GCN has been proposed to define a convolutional operator on a graph
[10]. The embeddings of each node's neighbours are aggregated to this node iteratively using an embedding function.
In this context, the embedding aggregation of local neighbours makes this process scalable, and the representations of
global neighbours are achieved to each node by multiple iterations.

2.3. Applications of knowledge graph in machine learning

Depended on different task objectives, four types of applications of KG in machine learning were defined and have
formed the most prevailing taxonomy, which are node classification, link prediction, community detection and graph
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classification [31]. In terms of node classification, the missing types of nodes have been predicted using the given
information of the edges and nodes, which is regarded as the machine learning task. In link prediction, the task
objective is to obtain the outcome that if there is a link between two nodes. For community detection, the final goal is
to achieve subgraphs from a single large KG, which can be regarded as a clustering of the nodes. When it comes to
graph classification, the results of machine learning models are usually related to graphs, such as the label of a single
intact KGs.

As mentioned previously, various embedding algorithms already have been designed and implemented to extract
information from graphs in many industrial applications. For instance, regarding the node classification, researchers
proposed a promising technique (namely MINDWAL) to mine interpretable and informative walks from KGs [32].
The walks are a type of format to generate input features that can be fed into a classification algorithm for node
classification. Compared with other baseline techniques (such as decision tree, random forest), a competitive
performance of the accuracy was demonstrated by applying in the biomedical domain. For link prediction, a
competitive model based on deep learning was proposed to predict the interaction between two different drugs using
the features learned from KGs [33]. In terms of graph classification, a GMADL model was designed to learn the
subgraph features for mining graph data. Specifically, dictionary learning approaches were deployed to learn the
hidden patterns of graph data for generating sparse code. The feature matrices of the graph were represented by the
sparse codes. By building the graph classifier of SVM, the decent performances of accuracy and efficiency were
realised with eight graph benchmarks [34].

3. Methodology
3.1. Knowledge graph construction

Ontology is defined as a form of knowledge conceptualisation, which is a model to describe structured and
unstructured information through the general entities or concepts within a domain, properties, and the relationship
between these concepts [35]. As formal semantic models, ontologies have been used to display the related knowledge
representation of a specific domain rather than the description of a specific individual in a specified domain. Compared
with the KG, the ontology is regarded as a model to express both the structure and information of the knowledge of
the semantic environment and capture the relevant data from multiple sources within one phenomenon [36]. With the
aim of the KG construction, the data within a specific domain is imported into the classes and the related network of
ontologies to achieve multi-source data fusion. Hence, the KGs constructed are collected and stored to build a graph
database.

Fig. 1 shows the flowchart of the construction of KG. In this study, a KG construction approach using ontology
and data is used, which includes two stages.

For stage one, the relations among data blocks from multiple sources are identified that they contribute to one
phenomenon. According to different application scenarios, various types of multiple sources exist in industrial
applications, such as different sensors, different modalities, different features. Subsequently, the data that contributes
to one phenomenon need to be collected and prepared for multi-faceted conceptual modelling.

In stage two, a KG construction approach using ontology and data is used. Firstly, an ontology is built in a specific
domain, including a set of relevant concepts and their relations. Then, the data collecting from multiple sources is fed
into the ontology to generate KGs. As shown in Fig. 1, the KG contains information of entities and relations (is
represented by VV and E) after importing multi-source data.

An undirected KG is defined as G = (V, E) with N nodes v; € V and edges (vi,vj). An adjacency matrix A €
RM*N s defined as a square matrix used to represent a finite graph. In the adjacency matrix, elements present whether
pairs of vertices are adjacency or not in the graph. A degree matrix is defined as D;; = ¥; 4;;.
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Fig. 1. The schematic diagram for the construction of KG.

3.2. RF-GCN model based on graph embedding

Through constructing KGs for populating multi-source data, it is necessary to use an embedding algorithm that
transforms the KGs into a low-dimensional space for multi-faceted conceptual modelling. In this study, GCN is used
to extract the connected features and learn the representation of KGs for graph embedding in an end-to-end manner.
A convolutional operator defined on a localised first-order approximation has been proposed to handle the graph-
structured data directly, such as KG. Specifically, GCN propagates the information of each node by its neighbours
iteratively. In this context, the convolutional architecture learns hidden layer representations of KG, where both local
graph structure and node features are preserved simultaneously [37].

Given a specific undirected KG G = (V, E) with N nodes v; € V and edges (vi,vj), a GCN model is defined as
f(X,A) with the adjacency matrix A € R¥*¥ and the node feature matrix X. That also means that the GCN model
takes the adjacency matrix (which is represented as the graph structure) and the node feature matrix (which is
represented as node content information) as inputs. GCN model is stacked by multiple convolutional layers. A single
convolutional layer of GCN is demonstrated with the following rule:

H® = ReLU (D2AD2HOW®) Q)

Here, A = A + I is defined as the adjacency matrix of the undirected graph G with added self-connections. I is
defined as the identity matrix. Moreover, D;; = % Aij and W® describes a layer-specific trainable weight matrix, and
ReLU(") is an activation function. H® € R¥*P is the matrix of activations in the It" layer. H® = X, and X is the
original node feature matrix.

Fig. 2 shows the workflow of the RF-GCN model based on graph embedding. Specifically, the KG embedding
process includes three stages, which are KG expression, representation learning, and multi-faceted conceptual
modelling. Firstly, the node feature matrices and adjacency matrices are obtained and computed from KGs respectively.
In other words, the entities' attributes (is represented as node features) and the relation features (is represented as
adjacency matrix) are used to express the KGs. Secondly, expressing KG by the entity and the graph structure, these
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two types of matrices are imported into a two-layer GCN model. A two-layer GCN model is built to take the two
matrices as inputs for the representation learning of KGs automatically. For each node, the feature updates itself by its
neighbours within the shared parameters. Thirdly, based on the KG embedding, the information contained by KGs is
converted into embedding features, which are appropriate to be inputted into machine learning models. As the
outcomes of the GCN model, the embedding features are accomplished at the node level, which can be regarded as
feature extraction from KGs. With the aim of multi-faceted conceptual modelling, the embedding matrices are
imported into the RF model subsequently for machine learning tasks.

e S —
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[ e
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———————— N |
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| |
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Fig. 2. The RF-GCN model based on graph embedding.
4. Case study
4.1. Data description and preparation

In this section, an experimental study using real-world data for multi-faceted conceptual modelling was conducted
to illustrate the feasibility of the proposed model. We collected data from an electrical steel manufacturer where a
reversing mill is equipped for the cold rolling process. Electrical steel is a high-silicon iron alloy. High silicon content
in alloys enhances the electrical resistivity of the material, which results in reducing magnetic losses. A higher
concentration of silicon leads to the brittleness of the strip, which results in breakages occurred in the process of cold
rolling.

Based on our previous study [38], the relevant data that contribute to breakage are collected from hot-rolled coils,
annealing and pickling process, emulsion record, cold rolling process and quality inspections. Fig. 3 shows how data
are collected across the manufacturing process of the cold-rolled strip. The data sources for strip breakage modelling
are shown in Table 1, while the quality inspections data are used as the label.

The dataset is collected and stored from these five processes of the steel industry in this study, which covers the
production period of six months. For this historical dataset, 956 of them were labelled as "normal”, while 368 of them
were labelled as "breakage". In this case, the dataset is regarded as an imbalanced dataset.

Table 1. Details of relevant features for four processes.

Processes Number of features Examples of features

Hot-rolled coil 15 Chemical content, gauge, crown, quench temperature etc.
Annealing and Pickling 8 Annealing temperature, Jetflow speed etc.

Emulsion 9 Dirt result, pH, conductivity, chloride index etc.

Cold rolling 17 Rolling, tension, measured slip etc.
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Fig. 3. The workflow of five processes of the steel industry.
4.2. Experiments

The experiments were conducted using our proposed KG-based fusion scheme. To evaluate the performance, four
popular machine learning algorithms are built using the open-source package Scikit-learn with the default
hyperparameters, including complement Na'we Bayes (CNB), multi-Layer perceptron (MLP), SVM and RF. For the
SVM, the kernel type was radial basis function with reciprocal of feature number set as the kernel coefficient. In terms
of MLP, two hidden layers were designed. Within each layer, the number of neurons was set as the same as the number
of features. Lastly, the number of the estimators of the RF model was set as 100, and the square root of the number of
input features was selected for the best split.

To be specific, each coil was fed to the domain ontology for KG generation. As shown in Fig. 2, each graph
representing one coil was fed into the proposed GCN pipeline for graph embedding. Subsequently, the embedding
feature matrices were imported into four machine learning models for breakage prediction.

In addition, the 5-fold cross-validation tests were conducted to assess the performances, and the mean values of the
five folds were recorded. Although accuracy (ACC) is typically used as the performance metric for binary
classification tasks, the ACC is not sufficient for the class imbalance problem. In this case, the area under the receiver
operating curve (AUC) was also implemented along with ACC to evaluate the performance of our models. To be
specific, the configuration of the processing system used for these experiments is a CPU Core i7-9700 K 3.8 GHz.

4.3. Results and discussions

The feasibility of the proposed model for multi-faceted conceptual modelling was verified in four different models.
The performance in terms of ACC and AUC for the designed KG-based fusion scheme using different machine
learning algorithms are shown in Fig. 4. The comparisons among the four machine learning algorithms reveal that the
RF model show advantages over the other three machine learning models.

To be specific, it is obvious that RF surpassed the other machine learning baselines in terms of ACC (0.78).
Moreover, the experimental results show that a significant reduction in terms of AUC was found using the CNB, MLP
and SVM models, while the RF model performs best on this metric. Specifically, the RF achieved the best AUC (0.75)
comparing with other models. In this context, the RF model presents the potential for imbalanced datasets.

Compared with the MLP and SVM, CNB achieved the best result in terms of AUC, while it achieved the lowest
ACC. In this context, CNB is more suitable for imbalanced data sets in these three algorithms. Moreover, CNB is a
very simple classifier, which is embodied in implementing easily.
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Fig. 4. Results across different machine learning algorithms.

Additionally, the MLP model and the SVM model achieved much better performances on ACC than the CNB
model. However, it can be observed that there is a significant reduction in terms of AUC for these two models. For
the MLP model and the SVM model, the AUCs are 0.58 and 0.59, respectively. Typically, conventional SVM and
MLP algorithms perform barely satisfactory for the imbalanced dataset, which was revealed in the experiments that
these two models obtained low values in terms of AUC.

5. Conclusion

In this paper, we proposed a fusion scheme to bridge the semantic gaps among disparate data sources, which is the
application of KGs to integrate data from these sources. Since the KGs cannot be fed into machine learning models
directly, we proposed the graph embedding method based on the GCN to covert KGs into a low-dimensional space.
Specifically, a two-layer GCN model was built to learn the graph structure and node features of KGs simultaneously.
Based on that, a dense vector representation of KGs was created and imported into various machine learning models
for multi-faceted phenomenon modelling. A preliminary case study using the real-world data from the steel-making
process was conducted. The experimental results were evaluated, and the performances of different prevailing machine
learning models were assessed. The feasibility of the proposed model was validated in the steel industrial application.
In the future, a more representative and informative way of extracting the representations of KGs will be explored.
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