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Abstract. In order to improve the quality and accuracy of academic writing, automatic citation recommendation has
recently been adopted. By combining deep contextual text models and graph-based scientific literature representations, this
paper aims to build an effective system to enhance citation recommendations. In order to simultaneously understand the
content and citation structure, a pair of semantic encoders and an adaptive attention mechanism are proposed. Experiments
can use a wide range of academic datasets. The model performed excellently, ranking in the top 5 compared to unimodal
and shallow fusion methods, with an accuracy of 55.2% and a mean average precision of 0.426. According to the results of
the ablation study, language understanding and graph learning architectures should be used simultaneously to address the
issue of ambiguous references and improve the reliability of retrieval. In other fields such as computer science and
biomedicine, this method can also be applied. According to the findings, the new system will be more reliable and effective
in providing citation recommendations. These findings may provide new directions for research and offer important support
for other studies.
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Introduction

With the rapid increase in the number of scientific publications, the conditions of academic communication have
changed. Researchers currently face the challenge of how to find, evaluate, and integrate useful citations from
a vast amount of research. Automated citation recommendations are gradually beginning to address the
aforementioned issues and are expected to help users discover relevant research to support the construction of
knowledge networks in their own research and related fields [1]. Using effective citation recommendation tools
can accelerate the literature review process. By correctly citing foundational research, the quality and reliability
of academic research can be ensured [2]. Various types of citation reasons, different contexts in scientific
communication, and numerous publishing platforms are all key factors in creating an effective and universally
applicable recommendation system [3]. In order to improve the accuracy and interpretability of citation
prediction, many computational methods that integrate machine learning, natural language processing, and
network science have been developed [4].

Early citation recommendation studies primarily used text-based similarity measures, connecting manuscripts
with recommended literature through methods such as TF-IDF vectorization, topic modeling, and word
embeddings trained on domain-specific corpora [5]. The aforementioned content-based methods can identify
lexical and semantic similarities, but they often overlook the structural relationships between scholars in
knowledge-sharing systems [6]. Graph-based methods have recently been used to represent citations or co-
author nodes of scientific papers [7]. This framework utilizes network topology to identify influential works and
send relevant signals, but data sparsity, cold start issues, and changes in citation behavior remain problems [8].
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The emergence of transformer-based language models such as BERT, especially SciBERT, has led to extensive
research on extracting deep contextual information from scientific texts [9]. Using language models or graph
algorithms in isolated environments still cannot extract all the information from the content and citation
relationships of articles [10].

To address the aforementioned issues, this paper proposes a citation recommendation framework based on the
contextual awareness of pre-trained language models and the structural representation capabilities of graph
neural networks. By aligning text embedding techniques with the structure of the global citation network,
citations can be predicted more accurately, even in the case of new topics and data scarcity. Through multiple
experiments and comprehensive testing conducted in this manner, the new method has significantly improved
upon previous results in both content and graphics. Finally, the goal of this study is to promote the development
of academic recommendation systems and to support the progress of current automated academic discovery
both theoretically and practically.

Related Work

Citation Recommendation Techniques

Based on text similarity, the initial citation recommendation systems used vector space models and TF-IDF
weighting to match manuscripts with other works [11]. With the development of this field, probabilistic topic
models, such as Latent Dirichlet Allocation (LDA), have been used to uncover hidden semantic patterns in the
data. This model is more reliable than simple lexical indicators [12]. Online recommendation systems aimed at
adding content cues based on citation co-occurrence and co-authorship trends widely adopt collaborative
filtering methods [13]. The hybrid model that combines content and user behavior has shown good generality
and scalability in various research fields [14]. The changes in citation relevance reflect shifts in scientific trends
and publication patterns [15]. The aforementioned traditional methods have failed to fully understand citation
intent or dynamic citation semantics, and they remain ineffective in certain areas [16]. The development of
context-aware and learning-based solutions stems from the aforementioned issues [17].

Pretrained Language Models in Science

New research on citation analysis in scientific text mining benefits from pre-trained language models [18]. BERT
and its domain-adapted versions, such as SciBERT, have been modified to address specific scientific language
and environmental issues, achieving good results in information extraction and classification [19]. Citation
systems can better understand the author's intent and style if the above-mentioned contextual embedding
models are used [20]. Using transformers in citation recommendation can improve the accuracy of complex
discourse and precise citation reasoning [21]. Pre-trained models are overly specialized and constrained by the
relatively small input size of scientific manuscripts [22]. In order to extend and enable document-level reasoning,
some studies have already combined language models with external domain knowledge and citation relationship
data [23]. The issue of aligning the learned representations with the actual purposes of citations and the
academic context has not been addressed [24].

Graph Neural Networks in Scholarly Networks

Graph Neural Networks (GNNs) have improved citation-based models, enabling the identification of extensive
structural dependencies within academic networks [25]. In the GNN framework, authors and academic papers
are depicted as interconnected nodes. By transmitting information between relevant entities, the flow of
knowledge can be revealed [26]. Graph Convolutional Networks and attention-based networks, such as GNNs,
are very suitable for capturing global influence patterns and local citation structures. These GNNs are helpful for
node classification and citation prediction [27]. In order to improve interpretability and task efficiency, many
studies are investigating the construction of hybrid models. This type of model integrates information such as
text, citation structures, and author relationships [28]. These systems must be flexible enough to adapt to a very
broad range of real-world academic landscapes. It must also be able to adapt to network changes to
accommodate new works and changes in citation behavior. Ongoing issues include sensitivity to network
sparsity, the cold start problem for new publications, and the demand for transparency and interpretability in
the recommendation process.
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Joint Model Architecture

SciBERT Encoding

As shown in Figure 1, the adaptation strategy for SciBERT is first constructed to effectively capture the specific
semantic features of academic language. In the architecture, the pre-trained parameters of SciBERT are used for
further optimization to adapt to the specific features of scientific texts. It also includes hierarchical context fusion
and adaptive attention mechanisms. The document enters subword tokenization through a deep, multi-head
bidirectional transformer stack. The encoder separates the local syntactic channel and the global contextual
channel to preserve local syntactic relationships and extended contextual dependencies. This ensures that the
word embeddings output by the model remain consistent.
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Figure 1. Overview of the proposed SciBERT-GNN joint model architecture.
Both are parallel spaces, simultaneously presenting all the tokens of the sequence. One focuses on phrase-level
syntactic metrics, while the other emphasizes the overall ideas of the text. Use a dynamic gate to assign different
weights to the average of the two streams. According to the importance of the content and the surrounding
environment, apply different weights to the gate coefficients for each label.

Token i is a mixed token of two channels, represented as:

e; =o(a; ™+ (1—a;) - h¥™) Eq.(1)
where «; is a token-specific attention-derived gating score, and ¢ is a non-linear activation function. This setup
will help address the issue of domain-specific terminology in English; although syntactically ambiguous, the
context is rich.

Use segmentation at the document level instead of simple pooling, and the aggregation of token embeddings is
guided by the boundaries of scientific sections. Each component, such as the introduction, methods, and results,
is assigned different weights. The model can be divided into methodology-based citations and context-based
citations.

Through the dual weighting and formation of hierarchical and token-level variants, the aggregation of document
embeddings is completed:

1 L n
Vdoc = ZZ w (Z al,iel,i> Eq.(2)
=1 1

i=
where w; is the contextual significance assigned to transformer layer [, and a, ; denotes the intra-layer attention
of token i, enabling selective focus on citation-relevant fragments.
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Citation Network Construction

In order to connect scholars' relevant knowledge bases, a directed acyclic citation graph has been constructed,
with each node corresponding to a scientific work and each edge displaying a citation relationship. Through the
learned SciBERT embeddings initialization, node features can identify document-level fine-grained semantic
differences. Edge attributes are used to extract signals and contextual sentiments that reference specific
sections.

Mathematically, the citation network can be described by an adjacency matrix A, where A;; = 1 if document i
cites document j, and zero otherwise. Each node i is further assigned a feature vector x;, and each directed
edge ( i,j ) receives an embedding dependent on the textual context in which the citation occurs.

Citation-aware edge embedding is computed by hashing the local co-occurrence encoding, constructing a
context matrix C;; that integrates sentiment orientation and rhetorical function:

Cj=vy (Sentij,Zoneij,Freqij) Eq.(3)
where y is a non-linear mapping that fuses sentiment, rhetorical zone, and frequency of citation within the
document.

The normalized adjacency kernel addresses network density irregularities by propagating node influence:

Aij = —Aij Eq.(4)
Jaid;
where d; and d; are the out-degree and in-degree of nodes i and j, conferring scale invariance to the network's
propagation dynamics.

Added self-loop regularization to prevent individual documents from collapsing in the representation space
during message passing:
£ =5 xn+(1-%)" Z Ayjx; Eq.(5)
JEN ()
where £ is a trainable coefficient balancing self-information and propagated signals, and V' (i) denotes the
neighborhood of i.

GNN Layer Integration

The integration module overlays a graph neural network atop the citation network, where each GNN layer is
architected to synthesize SciBERT-derived local semantics with global citation structures. Distinct from canonical
GNNs, our design incorporates a context-guided message passing strategy, in which node updates are not solely
a function of neighboring node features, but also modulated by citation-context edge attributes and attention-
driven adaptive kernels.

For each layer, node representation hgl) at depth [ is updated by a context-weighted aggregation of its
neighbors, mediated by learned citation context gates:

o _ i-1) -1
hP =2 r" ™)+ A -2 z (R, C;) Eq.(6)
JEN (D)
where 4 is a dynamic blending coefficient, ¢ and 1 are context-adaptive transformation functions, and g;; is the
attention score derived from citation context.

Upon stacking multiple GNN layers, the final document representation explicitly encodes multihop relational
dependencies enriched with deep semantic content. To optimize the synergy between SciBERT and GNN
modules, a cross-module residual bridge is introduced. This bridge incorporates high-frequency semantic signals
from the transformer directly into the graph's upper-layer updates, mitigating information dilution through
depth:

Zi(ﬁnal) =p hEGNN) + (1= p) * Vdoc,i Eq.(7)

(final) h(GNN)
i

where z; is the final node representation for document i,
initial SCIBERT encoding, and p is a trainable weighting factor.

is the top GNN layer output, Vg, is the
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These two levels work together to achieve local accuracy and global structure in the text, combined with the
model's high performance in precise, context-aware citation recommendations.

Experimental Setup

Datasets and Preprocessing

The computer science citation network and the biomedical academic dataset are two academic corpora used
for empirical evaluation, both containing full-text articles and explicit citation information. As shown in Figure 2,
the data pipeline begins with document collection and goes through a series of filtering steps. To ensure the
consistency of the experimental space, only peer-reviewed publications with complete metadata (including title,
abstract, author affiliations, and reference list) can be stored. A significant class imbalance was found in the
corpus statistics. The average in-degree of most articles is 7.4, but the distribution of citations is severely right-
skewed, indicating that academic communication is prioritized over connections.

Document Acquisition & Filtration
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Figure 2. Experimental pipeline and data flow diagram.
Structured preprocessing was performed on the web and text. Scientific stopword pruning, sentence
segmentation, text field normalization, and Unicode normalization divide each document into rhetorical parts,
and then create input blocks for extracting SciBERT features. Create a citation graph, where nodes represent
documents and edges represent citation relationships. In order to reduce the strong centrality effect, during the
graph construction process, the edges of over-cited review articles are given lower weights.

Strictly match the citations in the text with those in the reference list. Construct an adjacency tensor T for each
reference document d; and its set of references R; to obtain information about the local reference context
window and relevant text information. Formally, each citation contains a token window w:

w
Tijik =6 Z ¢ (Xim1ic) Eq.(8)
m=—-w
¢>(xi’m, rk) quantifies the semantic similarity between token m in document i and entity 7, in the candidate
reference set, while § is a normalization and thresholding operator to remove spurious matches and accentuate
genuine citation anchors.

Baselines and Metrics

In order to fairly evaluate the quality of the model, some well-known scientific document retrieval techniques
and citation recommendation benchmarks were selected. In previous text matching, TF-IDF and cosine similarity
were compared; the neural model was a general BERT embedding, and previously, node2vec-based citation
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graph embeddings were also used. Graph Attention Networks and Bidirectional LSTM combined frameworks are
used to handle multimodal text features.

A comprehensive evaluation will be conducted using a large number of topological, semantic, and ranking
metrics. Let the true reference set for document i be y;, and the top k citation lists predicted by each method

be j/l.(k) Graded relevance and binary relevance will be evaluated using three common metrics: standard
accuracy, Mean Reciprocal Rank (MRR), and Normalized Discounted Cumulative Gain (NDCG).

The following formula represents the total Accuracy of the citation prediction:

(k)
N
Accuracy = Z |yL YL

Reciprocal ranking is the inverse of the ranklng posmon of each true citation in the model output:

1 1
MRR=—Z Eq.(10
N ¢ r rank; a.(10)
i=

where rank; denotes the list position of the first correct recommendation for document i.

Eq.(9)

To calculate the cumulative impact and graded relevance of the recommendation order, use the NDCG at cutoff
point k:

Zrel” — 1
NDCG@k = Z Z Eq.(11
Ok =Nl 7. LTog, G+ D) a.(11)

where rel; ; encodes manual or C|tat|on frequency based graded relevance and Zj, is a normalization factor.

These three-evaluation metrics are relatively detailed in comparison. The experimental results show that the
SciBERT-GNN model performs excellently in both strict and soft rankings, especially in the high-recall region.

Implementation Details and Parameter Settings

The reproducibility and scalability of the dataset with over 100,000 documents are ensured on a distributed GPU
platform equipped with CUDA-accelerated scientific computing libraries. The learning process is scheduled using
an adaptive gradient optimizer with decoupled weight decay and is performed using cosine learning rate
annealing after a warm-up. For the SciBERT encoder, maximum sequence length is set to 768 tokens, with
segment-wise truncation for longer articles. The transformer comprises 12 layers, each holding 768 hidden units
and 12 self-attention heads; model weights are initialized from domain-pretrained checkpoints and then fine-
tuned end-to-end.

In the GNN component, three graph convolution layers were deployed, with hidden states of dimension 256.
Dropout layers with probability 0.15 are interleaved to prevent overfitting in dense citation clusters. We
formalize the global objective as a dual-loss function, balancing citation link prediction loss and intra-graph
semantic consistency. Let z() denote the final embedding of document i, and let Y;j be an indicator variable of
a citation link from i to j :

Ly = — Z [v,log o(2® - z)
0
+(1 = ¥;)log (1= o(z? - 20))]

Additionally, an intra-cluster regularization loss is introduced, penalizing semantic drift within topical
neighborhoods. Let C; be the set of documents in topic cluster [ :

Z B Z |2 =z Eq.(13)

Eq.(12)

i,jeCy
The total training objective is then given by:
Liotal = M1Ljink + M2Lreg Eq.(14)

where 1, and 1, are empirically balanced via grid search with respect to held-out validation data.
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Used for full graph sampling, with a batch size of 16, and gradient accumulation to reduce GPU memory
requirements. Based on 8 epochs and the patience threshold for validating NDCG, early stopping was used. Using
20% of the randomly sampled data to evaluate the model's stability. In order to ensure the accuracy and
interpretability of the experimental results, a stable benchmark and ablation test foundation have been
established, including training workflows, detailed logging, and checkpoints, among other things.

Experimental Results and Analysis

Overall Performance Comparison

Figure 3 shows all the main performance metrics. As shown in Figure 3(a), the integrated model improved the
accuracy of the top 5 configurations to 55.2%, while other configurations remained between 41.3% and 44.7%.
To improve early retrieval performance, KKK recommends that the model always display relevant citations at
the top of the search results [29].

As shown in Figure 3(b), the proposed method performs better in terms of Mean Average Precision (MAP). The
obtained value is 0.426, while other methods only score 0.06. It is expected that at all stages of the
recommendation list, the number of relevant research articles will also increase, which will demonstrate a more
precise selection method.

In terms of comparing the ranking quality of the models, as shown in Figure 3(c), the model's NDCG value is
always above 0.49 at the cutoff point of 10, while other systems are all below 0.43. The above findings indicate
that, in addition to high recall rates, it is reasonable to prioritize based on actual academic impact as measured
by citations, and this aligns with human expert expectations.

Figure 3(d) shows the Mean Reciprocal Rank (MRR), with this model achieving 0.483, which is approximately
0.06 points higher than other models. This improvement indicates that users can obtain important reference
information in fewer steps, making daily learning easier [30].

(a) Precision at Top-5 (b) Mean Average Precision (MAP)
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Figure 3. Main performance metrics: (a) Precision at Top-k; (b) Mean Average Precision (MAP); (c) NDCG; (d) Mean Reciprocal Rank (MRR).
Figure 4 shows the impact of design choices on model performance. As shown in Figure 4(a), as the number of
GNN layers increases from one to three, the MAP value significantly increases, reaching a maximum of 0.426. If
the number of layers is too deep or overly smooth, it will lead to a decline in performance; node representations
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will lose their uniqueness, and important relational information will also be weakened. In order to maintain the
expressive power of graph-based learning, the depth of the architecture must be limited [31].

Figure 4(b) shows that as the embedding size increases, the top-5 accuracy steadily rises. At an embedding size
of 256, it reaches the highest value of 55.5%. As the embeddings get larger, the accuracy slightly decreases.
Smaller representation capabilities are more suitable for referencing context without overfitting, while
excessively large embedding dimensions may introduce noise or redundancy.

Figure 4(c) is a typical case of achieving model generalization through batch size adjustment. Using a batch size
of 32 for training accelerated the convergence speed while consistently maintaining the NDCG above 0.49,
thereby avoiding variance and degradation caused by different batch sizes. Smaller batch sizes can provide
sufficient gradient stability for efficient training and are less likely to cause issues of over-aggregation or under-
aggregation during the optimization process. In summary, these findings indicate that to ensure the accuracy
and robustness of large-scale citation recommendations, architectural calibration is necessary [32].

0.46 (a) MAP vs. Number of GNN Layers (b) Precision@5 vs. Embedding Size
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Figure 4. Hyperparameter analysis: (a) MAP vs. Number of GNN Layers; (b) P@5 vs. Embedding Size; (c) NDCG vs. Batch Size.

Ablation Study and Feature Contribution

In order to study the internal mechanisms and necessary components of the SCiBERT-GNN combined model, an
ablation study has been conducted, as shown in Figure 5. Carefully examine the effects of the main module and
connection strategies to demonstrate their individual and overall contributions to citation recommendation
capabilities.

Figure 5(a) shows that the model's performance significantly declines in the absence of the dual-channel
embedding module. It can be seen that these two modules should work together to improve citation matching
accuracy at both the local syntactic and global semantic levels. This is because the Mean Average Precision (MAP)
decreased by more than 12%. Eliminating the context-aware gating mechanism also reduced the NDCG score,
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especially in citations embedded in linguistically ambiguous or multi-intent paragraphs. The decline in
discernment indicates that understanding the actual purpose and implicit rhetorical signals behind academic
citations requires attention-based integration.

Figure 5(b) shows a detailed comparison of various feature fusion methods, and the results indicate that cross-
layer fusion is the most effective. In all test cases, it achieved the highest accuracy, NDCG, and Mean Reciprocal
Rank (MRR). The benefits of deep multi-level interactions are particularly evident in top-ranked retrievals. This
indicates that shallow stitching or isolated fusion methods cannot integrate the complex literature-citation
signal spectrum required for real-world academic applications [33].

As shown in Figure 5(c), the fully integrated model variant not only has reduced per-epoch variance but also
exhibits lower terminal loss. The simplified loss curve shows that training time was reduced by up to 18%, and
stable performance was achieved in modeling large, noisy citation graphs. The features required for using
citation recommendation systems in underdeveloped or resource-limited areas

Figure 5(d) shows the fine-grained and category-aware analysis of module gains. The first issue is that some
methods and backgrounds were not correctly cited. The recall rate for the top 10 in this category increased by
17%. This improvement is necessary; the aforementioned citation types typically require deep contextual
reasoning and are more sensitive to the fine-grained aspects of the language network. Failure analysis also
indicates that the lack of gating or deep fusion mechanisms leads to increased confusion between semantically
similar categories [34]. In order to achieve robust, scalable, and interpretable citation recommendations,
architectural synergy within the framework is necessary.

(a) Performance Under Different Ablation Settings (b) Metric Heatmap for Feature Fusion Types
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Figure 5. Ablation and feature contribution: (a) Performance under different ablation settings; (b) Metric heatmap for feature fusion types;
(c) Training loss convergence; (d) Category-wise top-k hit rate.

Case Studies and Visualization

Case studies and analysis visualizations can better understand model interpretability and adaptability. As shown
in Figure 6(a), the model's predictions for the distribution of background, methods, and results citations are
consistent with the actual citation roles. Specifically, the proportions are 41%, 29%, and 18%, which are close to
the actual proportions. According to alignment, the model can include and decode subtle academic intentions,
with its suggestions being quantitatively accurate and rhetorically suitable for scientific discourse [35].
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As shown in Figure 6(b), in order to make the spatial projection easier to interpret, the t-SNE mapping will be
divided into high-dimensional embeddings belonging to the same domain. For example, papers published in the
fields of biomedicine and computer science are separated, demonstrating that the learned representation space
is semantically structured. These features can help ensure consistency within the same section and allow for
cross-domain transfer, thereby reducing the risk of boundary ambiguity in multidisciplinary research.

Figure 6(c) shows the model directly evaluating true and predicted citations in typical academic queries. The
integrated model is still able to recover important references that other systems have missed, even in cases
where citation relevance is closely related to methodology rather than explicit co-citation links. The centralized
retrieval method will increase the recall rate of the top five true positives by 19% and help end users directly
find relevant materials in complex research [36].

(a) Citation Category Distribution in a Sample Case (b) t-SNE Visualization of Learned Embeddings
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Figure 6. Visualization and case studies: (a) Citation category distribution; (b) t-SNE embedding visualization; (c) True vs. predicted
citations.

The system evaluation of robustness and error patterns is shown in Figure 7. As shown in Figure 7(a), at a 15%
label noise rate, the model's MAP is still greater than 0.41. This indicates that the performance of other methods
is significantly lower than that of this model. The network can self-regularize well and is more tolerant of small-
scale data irregularities that may occur in real-world academic corpora.

Figure 7(b) shows more information, indicating that the lack of distinction between background citations and
result citations is the main reason for prediction errors. Although most classifications are correct, a considerable
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number of ambiguous references are misallocated; in academic content with non-explicit structures, there are
issues with identifying semantic boundaries.

According to the cross-domain evaluation shown in Figure 7(c), the model has scalability and generalizability.
The value for computer science is 0.48, the value for biomedical research is 0.46, and the value for
multidisciplinary applications is 0.43, with all disciplines having high NDCG metrics. Stable operating conditions
indicate that the model is suitable for this field and also applicable to the wide range of disciplines in current
scientific research [37].

(a) Robustness Analysis under Label Noise (b) Confusion Matrix for Citation Category Prediction
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Figure 7. Robustness and cross-domain evaluation: (a) Robustness under label noise; (b) Confusion matrix for citation categories; (c)
Domain-wise performance.

Conclusion

The combined system of deep contextual language understanding and graph-based academic relationship
analysis models will be used to expand research on automatic citation recommendation. In multiple experiments,
dual-channel semantic encoding and adaptive citation-aware attention have improved the accuracy of retrieval
and the quality of ranking. According to ablation studies, visualization results, and cross-domain benchmark
experiments, continuous improvements in accuracy, robustness, and generalizability have been demonstrated.
The model can distinguish between various types of citations and supports contextual citations to provide
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appropriate references in different situations, which helps improve the quality of academic writing and literature
reviews.

There are still some issues and shortcomings. Although our approach is quite general, it performs poorly in
various low-resource environments due to sparse metadata or disorganized document structures. Currently,
there is an over-reliance on explicit text and citation formats, which cannot cover cases where citations are
implicit or encoded in other ways, such as in charts, tables, or supplementary digital materials. For the above
reasons, it is necessary to develop learning methods that can handle various forms of scientific communication
in the future while avoiding data loss.

Looking ahead, future research will enhance the adaptability of the framework by integrating multiple signal
modalities. These modalities include embedding non-textual references and personalized research contexts. It
is also expected that self-supervised pre-training will be developed, dynamically integrating user feedback,
targeting underrepresented disciplines. According to the above ideas, this framework is likely to be adopted by
the scientific community to promote the dissemination of digital scholarship more efficiently, transparently, and
broadly.
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