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Learner modeling is pivotal in different applications of adaptive and personalized systems in the educational domain, such as
recommender systems and intelligent tutoring systems. However, how learner models are inferred and used in the these systems are
often not transparent to learners. In many cases, learner models are presented as a black-box, where learners have no means to control
or modify their models. To address these issues, in this paper, we present an innovative approach to learner modeling, particularly
focusing on modeling learners’ knowledge states. To this end, we combine Personal Knowledge Graphs (PKGs), Graph Convolutional
Networks (GCNs), and transformer sentence encoders (SBERT) to construct a transparent learner model. Specifically, we explicitly
involve learners in modeling their knowledge state by enabling them to mark concepts as ’Did Not Understand’ (DNU) in the MOOC
platform CourseMapper. This results in the construction of a user-controllable and scrutable PKG for the learner, thus increasing the
transparency of the learner modeling process. Furthermore, we leverage GCNs and SBERT to model the learner knowledge state based
on an enhanced representation of their DNUs. In this way, we provide a simple yet effective method for learner modeling which can
be used to improve performance in downstream tasks, such as adaptive systems, recommendation, and personalized search.
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1 INTRODUCTION

Learner modeling is a fundamental concept in online learning environments to provide learners with personalized
services. It involves creating a representation of a learner’s characteristics, preferences, and behaviors, called a learner
model. learner models typically capture learners’ abilities and behaviors by analyzing their actions and interactions
with the learning system [19]. Among a learner’s various attributes, their knowledge state stands out as a crucial
element within the learner model [14]. Most existing studies model learner knowledge states implicitly based on
learners’ interactions with the system. However, these systems often lack transparency and user control [3]. Several
studies integrated Open Learner Models (OLMs) in online learning environments to improve transparency by providing
learners with insights into their generated learner models [13]. The used OLMs, however, commonly operate as a black
box and give learners no insight into how they internally work to estimate their knowledge states. Moreover, these
OLMs do not allow learners to scrutinize (i.e., correct or modify) their models to align with their interests [6].

Learners’ interactions with an educational system can be represented as a graph. Recent studies have demonstrated
the capability of Knowledge Graphs (KGs) to model the user’s interactions with the system to generate a user profile
[47]. However, existing systems often lack user-specific data, limiting their ability to provide truly personalized content
[36]. This is where Personal Knowledge Graphs (PKGs) play an important role by focusing on user-relevant entities
from the KG and structuring this data around a specific user. Although PKGs are primarily used in the health domain,
their implementation in education remains limited. Since users, items, and preferences can be modeled as graphs, Graph
Neural Networks (GNNs), particularly Graph Convolutional Networks (GCNs), offer a powerful technique to encode
collaborative information to get the representation of user models [32]. Recognizing the power of GNNs in learning
from graph structures, the application of GNNs for user modeling has recently gained prominence, highlighting the
significance of leveraging their capabilities in capturing complex relationships and patterns in user-item interactions
[16–18, 21, 30, 32, 42, 45, 48]. Previous research has leveraged KGs and GNNs to predict user interests by approaching
user modeling as a link prediction task [16, 21, 42, 47] or a node classification task [17, 18, 45] in the e-commerce
domain. However, applying KGs and GNNs for user modeling in the educational domain is under-explored.

In this paper, we tackle the issue of lack of transparency, user control, and scrutability in learner modeling by
harnessing the capabilities of PKGs. We leverage PKGs to capture learners’ interactions with the MOOC platform
CourseMapper [5]. This enables us to achieve scrutability by empowering learners to construct and control their
models and enhance transparency by providing learners with a clearer understanding of how their learner models are
constructed. Furthermore, we combine PKGs and GNNs to model the learner’s knowledge state. Specifically, we utilize
the power of GNNs to enhance representations of entities in the PKG by leveraging structure and semantic relations
among PKG entities. Then, we model the learner knowledge state based on the concepts they do not understand
(referred to as DNU concepts) in a learning material in CourseMapper.

2 RELATEDWORK

2.1 Learner Knowledge State Modeling

Integrating learner models within online learning environments is crucial in understanding their behaviors and
characteristics. Learner models encapsulate an abstract representation of learners’ abilities and behaviors through the
analysis of their actions and interactions within the learning system [19]. These learner models represent attributes
of learners such as, domain knowledge, cognitive skills, interests, behaviors, as well as their meta-cognitive abilities
and affective states, which typically are inferred based on their interactions with the system [15]. In an educational
Manuscript submitted to ACM
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context, among the various attributes of a learner, their knowledge state emerges as one of the most pivotal elements
of information within the learner model [14]. Current learner modeling adopted in online learning systems mostly
relies on an ’overlaying learner model’ approach, wherein the learner model estimates learners’ knowledge state by
scrutinizing their interactions and activities within the system [14]. To this end, researchers have used different methods,
such as the Elo rating system [2, 28], the performance factor analysis (PFA) framework [38], the Bayesian knowledge
tracing (BKT) model [37], or item response theory (IRT) [29]. In general, using these methods, learner models are
generated implicitly based on learner’s performance and interactions with the system. However, due to the complexity
of these methods, how learner models are inferred is often not transparent to learners, as well as the learners are not
involved in the process of generating learner models which leads to the lack of learners’ trust and transparency with
the system [3, 28]. To overcome this problem, our paper introduces a more transparent approach for modeling the
learners’ knowledge state by involving the learners in the process of generating the learner model, thus introducing
more transparency in the learning system.

2.2 Transparent Learner Modeling

Addressing learners’ individual needs and preferences remains a significant challenge in massive open online courses
(MOOCs) and other online learning environments. Recent advancements in educational data mining and learning
analytics are tackling this challenge by developing accurate and transparent learner models within these platforms.
To achieve this, Open Learner Models (OLMs) come into play. While learner modeling is the process of collecting,
organizing, and inferring the learner model information, OLMs represent a learner model that is externalized and
accessible to either learners or instructors [15]. Integration of OLMs into educational systems aims to offer learners
insights into their learner models and consequently enhance the transparency of these systems [2, 3, 10, 11]. While
OLMs facilitate learners in understanding the model information utilized for personalization and identifying erroneous
assumptions made by the system [39], they typically lack the capability for users to scrutinize their models closely,
correct inaccuracies when they disagree with (parts of) it, or modify them to align with their preferences. Scrutable
learner models allow learners to directly change the system’s assessment and representation of their model at will
[19]. Numerous researchers within the user modeling and recommender systems communities have highlighted the
significance of enabling scrutability, emphasizing the need for users to offer explicit feedback on their generated user
models [9, 12, 19, 22–24, 40]. Considering the need for more scrutable learner models, our paper extends beyond the
mere provision of open learner models and introduces scrutable learner models by empowering learners to directly
manipulate the system’s representation of their models as desired [19]. In this way, we aim to enhance the accuracy of
the learner model by allowing students to modify their learner model representations, which they may perceive as
inaccurate, as well as introducing interactivity and controllability to the system to enhance user satisfaction.

Scrutable learner models are typically inferred based on students’ interactions with the educational system [15].
Similarly, current user modeling approaches in practical applications (e.g., social media, e-commerce, information
retrieval, recommender systems) emphasize implicit user modeling, which involves analyzing users’ actions and
interactions to create user models [1]. Considering that graphs provide an intuitive and efficient way to model and
analyze these behaviors, graph-based methods, such as Knowledge Graphs (KGs) and Graph Neural Networks (GNNs),
have recently emerged as a natural means enabling the development of an effective user model [32]. A KG is a type
of graph that consists of nodes representing entities and edges that depict the relationships between these entities.
Incorporating user information into the KG results in creating more accurate relations between users and items, as
well as user preferences [49]. While scrutable learner models are often presented through visualizations [15, 24], in
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this paper, we took benefit from the KG’s capability to capture structural and semantical information from learners’
interactions with the learning system and leverage KGs for scrutable learning modeling.

2.3 Personal Knowledge Graphs

Nowadays, Knowledge Graphs (KGs) are frequently used for user modeling and recommendation generation. However,
they lack user-specific information, which limits their effectiveness in delivering truly personalized content tailored to
individual user preferences [36]. Personal Knowledge Graphs (PKGs) address this limitation by capturing entities from
the KG only relevant to a specific user and representing this information in a structured way [8, 34, 36]. While PKGs
have applications in the health domain [36], their use in education remains limited. Different from existing studies
which adopted PKGs in education [20, 27], our work focuses on empowering learners to explicitly identify concepts
they "Did Not Understand" (DNU concepts). These DNU concepts are incorporated into their PKG, which represents
their learner model. In this way, we give control to the learners to generate their own scrutable learner model, thus
leading to improved accuracy and transparency.

2.4 GNN-based Learner Modeling

In the domain of user modeling, KGs can capture explicit interactions between users and items. The KG’s structural
data can be used to describe user attributes, such as interests, preferences, age, and gender. Recently, Graph Neural
Networks (GNNs) have emerged as a powerful tool that utilizes KG structure to learn and enhance the representation of
various entities in the KG. GNNs excel at capturing complex user interactions by representing users as nodes in a graph,
where edges depict the connections with different items based on user behavior. These connections allow GNNs to (1)
pass messages between two connected nodes, and (2) learn and enhance the representations of nodes by aggregating
information from multi-hop neighboring nodes [7, 25, 43, 44]. Several studies used KGs and GNNs to predict user
interests and preferences based on their interactions [21, 41, 42, 47]. These studies approached user modeling primarily
as a link prediction task. Other recent studies approached user modeling primarily as a node classification task using
KGs and GNNs. These studies mainly aimed to categorize user attributes (such as gender and age) using textual or
behavioral data in e-commerce domain [17, 18, 45, 46]. Existing studies primarily focus on GNN-based user modeling in
the e-commerce domain, leveraging user interaction data (views, purchases). These approaches view user modeling as a
link prediction task to predict user interests or as a node classification task to infer user demographics (gender, age).
Our work is different from existing studies in that we focus on user modeling in the educational domain. In particular,
we leverage GNNs to enrich the representation of the different KG items and model the learner’s knowledge state as a
weighted aggregation of the enhanced representation of their DNU concepts.

3 METHODOLOGY

In our approach, we combine PKGs, GCNs, and SBERT for transparent learner modeling in the MOOC platform
CourseMapper. The learner modeling process includes an offline and an online phase.

3.1 Offline Phase

The offline phase includes two main steps: (1) PKG construction and (2) representation learning of PKG items using
GCN (see Figure 1).

Manuscript submitted to ACM



Transparent Learner Knowledge State Modeling using Personal Knowledge Graphs and Graph Neural Networks 5

Fig. 1. The conceptual architecture of our proposed learner modeling approach

3.1.1 PKG Construction: A learner’s PKG contains Learner, Learning Material (LM), Slide (S),Main Concept (MC), Related
Concept (RC), and Category (Cat) as nodes, and HAS_READ, CONTAINS, HAS_CATEGORY, RELATED_TO, CONSISTS_OF,
UNDERSTOOD (U), and DID_NOT_UNDERSTAND (DNU) as relationships between the nodes. When a learner reads a
slide in CourseMapper, a triplet (Learner, HAS_READ, Slide) is added to their PKG. Moreover, CourseMapper integrates
a "Did Not Understand" (DNU) button at the bottom of each uploaded PDF learning material, typically lecture slides.
Clicking this button reveals a slide-level KG showing the top five main concepts extracted from the slide content.
Learners can interact by marking these concepts as ’Understood (U)’, ’Did Not Understand (DNU)’, or ’New’. This will
create new relationships between the marked concepts and the learner node in the PKG. The KG generation for a
new learning material in CourseMapper involves three steps: (1) KG construction, (2) concept expansion, and (3) KG
completion.

KG Construction: Each uploaded learning material in CourseMapper comprises multiple slides. We construct an initial
KG for each slide (Slide-level KG) through a four-step process: (1) Text extraction, (2) keyphrase extraction, (3) concept
identification, and (4) concept filtering. The first step involves extracting text content from the uploaded PDF using
PDFMiner [35]. Next, the SIFRank-SqueezeBERT algorithm [4] processes the text to identify the top-15 keyphrases
representing the slide content. These keyphrases are annotated using the DBpedia Spotlight service [31] to identify
words that correspond to entities or concepts in the DBpedia knowledge base, forming the main concepts (MCs) for the
slide. After MC extraction, a filtering and ranking process refines the concepts for each slide-level KG. To achieve this,
we utilize SBERT [33] to generate initial representations for each entity in the KG, capturing semantic relationships. By
comparing cosine similarity between these embeddings, we filter and rank MCs based on their relevance to the slide
and learning material. Combining semantic similarity scores yields an overall importance score for each MC. The top
five MCs with the highest scores are retained for each slide, emphasizing crucial concepts. This process repeats for each
slide in the learning material, forming slide-level KGs that are then integrated to create the KG for the entire learning
material (LM-level KG).

Concept Expansion: The KG structure is enriched through concept expansion using DBpedia SPARQL queries to
retrieve related concepts and categories associated with each MC [4]. However, a critical challenge emerges from
the large volume of related concepts and categories within DBpedia. As we delve deeper into the knowledge base,
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these associated entities tend to become increasingly abstract and potentially irrelevant to the specific learning
context. Additionally, incorporating all retrieved concepts without filtering would lead to an unwieldy and potentially
unmanageable KG size. After acquiring related concepts and categories, SBERT is used to generate their embeddings.
Related concept embeddings are computed based on the abstracts of their Wikipedia articles, while category embeddings
are derived from their names. These embeddings are then used to calculate the cosine similarity between each MC and
its related concepts/categories. This similarity score reflects their level of relatedness. Additionally, the cosine similarity
between each related concept/category and the learning material is calculated. These two similarity scores are then
summed up to create an overall score for each related concept/category. This score is used to rank the retrieved related
concepts/categories based on their relevance. Finally, the top 20 most relevant related concepts and the top 3 most
relevant categories for each MC are incorporated into the KG. This process enriches the KG structure by expanding and
exploring related knowledge while maintaining a manageable size.

KG Completion: Enriching the KG with related concepts and categories can lead to missing connections between
existing entities. To address this issue, we refined the KG by including bidirectional and transitive relationships between
the entities (main concepts, related concepts, and categories). This graph completion step ensures that the KG accurately
represents entity relationships, facilitating deeper understanding of the knowledge domain.

3.1.2 Representation Learning of PKG Items Using GCN:. Following PKG construction, we leverage the rich structural
and semantic information within the PKG to enhance the representation of its various entities using GCNs. Motivated by
LightGCN [26], we also simplified GCN by omitting feature transformation and nonlinear activation while aggregating
multi-hop neighbors and updating the representations. The enhancement process undergoes three key stages: (1)
Construct the initial embedding matrix, (2) construct the adjacency matrix, and (3) construct the final embedding matrix.

Construct Initial Embedding Matrix: To enhance the representation of PKG entities (slides, main concepts, related
concepts, and categories), we first create an initial embedding matrix. This matrix is derived from the textual content
of each entity using Sentence-BERT (SBERT). For slide nodes, the content of the slide itself is used to generate its
embedding. Embeddings for main concepts and related concepts are derived from the abstracts of their corresponding
Wikipedia articles. Category nodes utilize their category name for embedding generation.

Construct the Adjacency Matrix: Traditionally, adjacency matrices in graph networks represent connections between
nodes with a simple binary approach. A value of 1 indicates a direct connection (adjacency) between two nodes, while a 0
signifies no direct connection. This approach captures the basic structure of the network but doesn’t consider the strength
or influence of these connections. Our approach goes beyond this basic structure. We incorporate relationship weights
into the adjacency matrix. These weights are calculated based on the cosine similarity between the embeddings of
connected nodes (items) in the PKG. Higher cosine similarity indicates stronger semantic relatedness and, consequently,
a stronger influence between the connected nodes. Finally, to determine the significance of connections within the PKG,
we propose a simple "attention mechanism" that combines symmetric square root normalization inspired by LightGCN
[26] with SBERT-based semantic similarity [7]. This mechanism incorporates the structure and semantic information of
the PKG to assign weights to connections, reflecting the importance of the relationship between two directly connected
items 𝑢 and 𝑣 in the PKG, which is calculated as given below:

𝜔𝑢,𝑣 =
𝑐𝑜𝑠 (𝑒𝑢 , 𝑒𝑣)√︁
|N𝑢 | |N𝑣 |

(1)

where 𝑒 stands for the embedding of an item, while N𝑢 and N𝑣 refer to the set of items directly linked to 𝑢 and 𝑣

respectively. The term 𝑐𝑜𝑠 represents the cosine similarity between two embedding vectors. We calculate the adjacency
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matrix as follows:

𝐴𝐷𝐽𝑚 =


𝜔𝑢,𝑣, 𝑖 𝑓 𝑣 ∈ N𝑢

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
(2)

Construct the Final Embedding Matrix: We apply GCN to enhance the representations of items in the PKG. We use the
embeddings obtained at the last layer (i.e., layer 2 in our case) as the final embeddings. At layer 𝑙 + 1, the GCN uses an
aggregation function to derive the updated item representation. This function combines weighted embeddings from
both the item’s direct neighbors and the item itself (considered as a self-connection) from layer 𝑙 as given below:

𝑒
(𝑙+1)
𝑢 = 𝑒

(𝑙 )
𝑢 +

∑︁
𝑣∈N𝑢

𝜔𝑢,𝑣 𝑒
(𝑙 )
𝑣 (3)

The new embedding matrix at layer 1 is computed by multiplying the adjacency matrix 𝐴𝐷𝐽𝑚 with the initial
embedding matrix. We repeat this process at layer 2. Here, the adjacency matrix is multiplied with the newly generated
embedding matrix from layer 1. The final product of this multiplication at layer 2 becomes the final embedding matrix
containing the enhanced item embeddings which will be utilized in the online phase to model the learner knowledge
state.

3.2 Online Phase

The online phase focuses on the enhanced representations of learner models based on their DNU concepts (see Figure
1). In CourseMapper, learners have the option to explore the associated MCs on the slide through the DNU button at the
bottom of the slide. If they don’t understand an MC, they can directly indicate this by marking it as DNU. This allows
learners to actively inform the system about their knowledge state for different concepts. This ensures transparency
and scrutability in the learner model by enabling the learners to control their learner model. The learner-defined DNU
concepts form the foundation of their learner model. The system constructs a learner model, denoted as 𝐿, to represent
a learner’s knowledge state based on their DNU concepts. The learner model 𝐿 is a vector where a concept marked as
𝐷𝑁𝑈 (𝑈 ) is represented as 1 (0). The learner model is represented as a weighted average of their 𝐷𝑁𝑈 concepts. Each
concept’s weight is determined by the cosine similarity score between its embedding and the embedding of the learning
material. More relevant concepts receive higher weights, emphasizing their importance for the learner’s knowledge
state. By leveraging the enhanced embeddings of the learner’s 𝐷𝑁𝑈 concepts, alongside their corresponding weights,
the embedding for the learner model is computed as follows:

𝑒𝐿 =

[
1

𝜔𝑠𝑢𝑚

∑︁
𝑐∈𝐷𝑁𝑈

𝜔𝑐 𝑒𝑐

]
; 𝜔𝑐 = 𝑐𝑜𝑠 (𝑒𝑐 , 𝑒𝑙𝑚); 𝜔𝑠𝑢𝑚 =

∑︁
𝑐∈𝐷𝑁𝑈

𝜔𝑐 (4)

where 𝑒𝑐 is the enhanced embedding of concept 𝑐 and 𝜔𝑐 is its weight in the learning material 𝑙𝑚.

4 CONCLUSION

In this work, we presented an approach for learner modeling in the MOOC platform CourseMapper, particularly
focusing on modeling learners’ knowledge states. Our approach effectively combines Personal Knowledge Graphs
(PKGs), Graph Convolutional Networks (GCNs), and transformer sentence encoders (SBERT) to construct a controllable,
scrutable, and transparent learner model. The enhanced representation of a learner model can be used in future to
improve performance in downstream tasks, such as adaptive systems, recommendation, and personalized search.
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