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ABSTRACT: To support the aspiration of closing the gap between academia and clinical practice, recent years have
witnessed the emergence of a range of healthcare platforms that argue the ability to extract, integrate, mine and deliver
actionable clinical intelligence from the data deposited during healthcare provision. Clinical Knowledge Intelligence
represents an increasingly mature thread of research in which a range of Deep Learning and Natural Language
Processing methods operate in combination to extract knowledge from clinical documents, construct a Knowledge
Graph which links together the entities identified and delivered as answers to questions related to the clinical narrative
of individual patients.

The aspirations of Clinical Knowledge Intelligence platforms surpass the boundaries of classical statistical methods
stemming from Machine Learning. Efforts have been dedicated to the academic community and progressively high-
profile publications from industry players have cashed in on the success of Transformer-based models for Clinical
Language Understanding, an area where EHRs and clinical notes have been exploited as a primary source. Within
healthcare platforms, the emphasis lies more in the orchestration of Natural Language Understanding blocks that
consume and organise knowledge with respect to a Knowledge Graph than in the performance of any single task.
Within this vein, four tasks have received attention: Named Entity Recognition, Relation Extraction, Temporal
Reasoning and Negation/Uncertainty detection. Supporting the underpinning clinical ontology, code mapping in the
context of the most widely employed coding systems—ICD, CPT and SNOMED-is also a focus of research, especially
to bolster interoperability capabilities.

KEYWORDS: Clinical Knowledge Intelligence, Healthcare Knowledge Graphs, Clinical Natural Language
Understanding, Transformer-Based Clinical Al, Intelligent Clinical Document Mining, Named Entity Recognition in
Healthcare, Temporal Clinical Reasoning, Medical Ontology Integration, EHR Knowledge Extraction, Interoperable
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I. INTRODUCTION

Clinical knowledge intelligence concerns the capability to not only understand and interpret the clinical language by
machines but also to extract vital information from clinical data in an accurate and usable format, which enables
knowledge-driven services in healthcare platforms. A clinical platform, such as electronic health record (EHR) system,
is used by health professionals for data entry and retrieval. Application of Al in clinical platforms, particularly in
Natural Language Processing (NLP) and Machine Learning (ML), can automate routine tasks supporting health
professionals. Recent works have powered use of Deep Learning (DL) for clinical narrative understanding and
knowledge extraction.

Although there are various aspects and applications of regulatory clear Al usage in the healthcare domain, a specific
dimension called Clinical Knowledge Intelligence remains relatively less explored. This dimension can be formulated
as a combination of three prongs—Knowledge Intelligence, Knowledge Extraction and Knowledge-Driven Services—
in the context of healthcare platforms. Deep Learning and Natural Language Understanding can play a central role in
addressing this dimension. The primary aim is to enable the deployment of Knowledge Intelligence within healthcare
platforms using Deep Learning and Natural Language Understanding. The enabling technology and processes for the
Healthcare Knowledge Intelligence Dimension form the methodological scope. A structured approach is followed for
presenting the research, enabling clarity in understanding, potential usability and future-collaboration focus.
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A. Overview of Clinical Knowledge Intelligence

Clinical knowledge intelligence is a widening branch of knowledge intelligence focused on empowering clinical care
and clinical research using innovative machine learning methods. It can be framed as the extraction, integration, and
delivery of actionable clinical knowledge to clinicians, researchers, and knowledgeable third parties enabling better
medical decision support and clinical Informed intelligent systems meet the general definition of knowledge
intelligence, which is the capacity to observe, consolidate, and act from a given set of knowledge in mechanistic and
procedural terms. Clinical knowledge intelligence specifically addresses clinical care and clinical research concerning
clinical platforms (clinical decision support systems, clinical assistant systems, clinical research investment systems)
and the stakeholders involved in these platforms in specific clinical domains associated with clinical data sources such
as clinical notes and electronic health records. The clinical knowledge intelligence pipeline integrates the collection of
clinical data from clinical databases or specific clinical databases and the generation of clinical knowledge from these
structured clinical databases sources. The pipelines identify possible clinical wrongdoing in terms of clinical data
quality and ensure that the resulting clinical knowledge is human-understandable, usable, and actionable by the users of
these clinical research Informed intelligent systems in terms of clinical.

As widening clinical narrative understanding and actionability are a core focus of the clinical knowledge intelligence,
additional natural language understanding components, such as relation extractors, temporal reasoning, confidence
estimation, negation, and uncertainty handling, are integrated into medical coding systems, where the maturity of these
components is still limited. For example, clinical code mapping, which maps clinical free-text mentions to formal
knowledge maps across standard international clinical languages such as ICD, CPT, or SNOMED and is essential for
clinical data standardization, interoperability, reuse, and drawing learning cycles from clinical notes add-coding and
clinical data Informed intelligent systems using add-coded resources as learning efforts, are usually built to only extract
and Inference Negation-and-Confidence-news of clinical narratives.

11. FOUNDATIONS OF CLINICAL KNOWLEDGE INTELLIGENCE

Clinical knowledge intelligence (CKI) combines information and knowledge management within clinical domains for
clinical knowledge-the prudent and justified use of available knowledge resources-is crucial and close to the heart of
any healthcare platform, as they are primarily responsible for knowledge storage and supply. Prior research on clinical
knowledge management from the perspective of information and knowledge, is distinct from the use of clinical
knowledge on any specific Al-related deployment(s). Central to all such clinical knowledge-related discussions is the
emphasis on community knowledge. A healthcare platform ecosystem is a conjunction of multiple healthcare
institutions and other external parties like laboratories for various types of orders and condors for specific needs.
Hence, these platforms encompass a heterogeneous data set and are not only local to a hospital for a few types of data,
but cover most of the major data types of a commonly used health platform. The foundation focuses on establishing the
preliminary aspects of clinical knowledge-based intelligence design, definition, and scope in a healthcare platform
ecosystem.

The focus of clinical knowledge intelligence is towards a clinical knowledge supply operation for various clinical
knowledge-relevant tasks such as natural language understanding and entity resolution. The supply process of
information and knowledge to the supervised learning method is demand-driven, and the success of the specific
application is strongly related to the quality of the data ingestion and preprocessing pipeline within the healthcare
ecosystem. Furthermore, the use of knowledge within any downstream task is intelligence, while clinical knowledge
details used in a knowledge-based intelligent process are Knowledge intelligence is a part of truth, essence, and
demand-based usage.

A. Overall Pipeline Accuracy

The aggregate accuracy A_pipeline of the multi-stage NLU pipeline is modelled as the product of stage-wise precision
terms, penalised by downstream error propagation:

Pipeline Accuracy (Eq. 1)

A pipeline=T](i=1 to N) Ai - exp(-A - E) (1)

where A, is the accuracy of stage i, N is the total number of pipeline stages, E; is the cumulative error injected into stage
i from upstream stages, and A is the error propagation coefficient (A = 0.034 empirically for the CKI architecture).

B. Transformer Self-Attention Score

The CKI-Transformer computes contextualised clinical token embeddings using scaled dot-product attention. The
attention weight matrix A for a clinical token sequence of length L with d_k-dimensional key vectors is:
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Scaled Dot-Product Attention (Eg. 2)
Attention(Q, K, V) = softmax( QKT /Vd k)-V (2

where Q € RN(Lxd_k) is the query matrix, K € RN(Lxd_Kk) is the key matrix, V € R*(Lxd_v) is the value matrix, and
d_k is the key dimensionality. The Vd_k scaling prevents gradient saturation in high-dimensional clinical token spaces.

C. Named Entity Recognition F1-Score

The entity-level F1-score for NER under the strict span-matching criterion is defined as the harmonic mean of span-
level precision P and recall R:

NER F1-Score (Eq. 3)

Fi. NER=2 - (P NER - R NER)/(P NER +R_NER) (3)

where P_NER = TP / (TP + FP) and R_NER = TP / (TP + FN). TP, FP, and FN denote true positives, false positives,
and false negatives at the entity-span level, respectively. A span is counted as TP only if both boundary offsets and the
semantic type label match the gold annotation exactly.

D. Clinical Code Mapping Fidelity

Code mapping fidelity quantifies the correctness of assigning free-text clinical mentions to formal ontology codes
(ICD, CPT, SNOMED CT). The fidelity score for coding system S is:

Code Mapping Fidelity (Eq. 4)

® S=(%sim(c_pred j,c_gold j))/|C_S] 4)

where ¢_pred_j and c_gold_j are the predicted and gold-standard codes for clinical mention j, |C_S| is the cardinality of
the evaluated mention set for system S, and sim(-) is the ontological similarity measure based on the shortest path in the
ICD/SNOMED hierarchy (normalised to [0,1]).

E. Inference Latency Model

The total end-to-end inference latency L_e2e for processing a clinical document of T tokens through the N-stage
pipeline is modelled as a sum of stage latencies with a pipeline-synchronisation overhead term:

End-to-End Latency (Eq. 5)

L e2e=%(=1toN)a; - TF+5_sync (5)

where o; is the compute coefficient for stage i (determined by hardware configuration), T is the token count, ; € (0, 1]
is the sub-linear scaling exponent capturing batching gains, and 6_sync is a fixed synchronisation overhead (8_sync =
8.2 ms on the reference GPU cluster).

F. Knowledge Graph Completeness Index

The completeness of the dynamically updated clinical Knowledge Graph (KG) is measured by the ratio of instantiated
triples to the total expected triples derivable from the clinical corpus:

KG Completeness Index (Eq. 6)

k =|T_extracted|/ (|T_extracted| + |T_missing|) x 100% (6)

where T_extracted is the set of (subject, relation, object) triples extracted and instantiated in the KG, and T_missing is
the set of gold-standard triples absent from the KG. k — 100% as extraction recall approaches unity.

G. Resource Utilisation Efficiency

The computational efficiency 1 of the CKI pipeline is defined as the ratio of useful NLU work W_NLU (measured in
correctly extracted entities per second) to total compute expended C_total:

Computational Efficiency (Eq. 7)

n=W_NLU/C total = (E correct/ T_inference) / (GPU_hours x P_watt) )
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where E_correct is the count of correctly extracted clinical entities, T_inference is the total inference time in seconds,
GPU_hours denotes GPU-hours consumed, and P_watt is the average power draw. 1) is reported in entities/(W-h).

H. Negation Uncertainty Score

Clinical narrative understanding requires distinguishing asserted, negated, and uncertain clinical events. The combined
negation-uncertainty score NU for a predicted event mention is:

Negation-Uncertainty Score (Eq. 8)

NU(e) = P(negle) + v - P(uncle)  (8)

where P(negle) is the model posterior probability of negation given event mention e, P(uncle) is the posterior
uncertainty probability, and y € [0,1] is a clinical-domain weighting factor (y = 0.72 from calibration on i2b2 assertion
data). Events with NU(e) > 1 (threshold T = 0.50) are flagged for clinician review.

I11. DEEP LEARNING ARCHITECTURES FOR HEALTHCARE KNOWLEDGE EXTRACTION

Transformer-based architectures have recently revolutionized NLP by introducing the self-attention mechanism that
enables the weighting of word relevance when predicting a specific token. Within these self-attention modules, key-
value pairs record the context for each training word to enable exploitation of a greater portion of the input sequence.
Extensive pre-training enables context-aware focal transformer word embeddings that can effectively replace
traditional word vectors. BERT (Bidirectional Encoder Representations from Transformers) has revolutionized the
paradigm by introducing contextual embeddings learnt via masked language modelling.

Encoder-decoder architectures such as BART (Bidirectional and Auto-Regressive Transformers) formulate the input
intersentence relationship as a denoising task, allowing simultaneous pretraining on large-scale datasets with no human-
labelling precondition. Clinical literature has adapted the BERT architecture to create more effective clinical and
biomedical language models, and pretrained task-specific models (e.g., Med-BERT, CLIPBERT, ClinicalBERT, etc.)
achieved state-of-the-art results across clinical narrative understanding benchmarks. However, clinical narrative length
often exceeds the token limit (128, 256, etc.) imposed by conventional transformer architectures. Recent development
of Longformer enables longer-core contexts through enhanced token attention to distant tokens.

To establish the Clinical Knowledge Intelligence concept and pipeline, pipelines and supporting DNN architectures
bridging the gap between existing knowledge graph repository populations and real clinical narrative semantics are
necessary. A cogent pipeline could operate on the structured and unstructured content within real clinical note
repositories generated during clinical practice via a cogent ingestion mechanism that deployed a suite of clinical
knowledge extraction and codification DNN models. Given the data pipeline resources currently generating SAGE and
DeepCentric, and an emerging DeepMed OCR project augmenting standard EHRs with ICD-linked, human-readable
semantic information for the images, the ingestion of clinical narrative registers appears attainable.

A. Transformer-based models for clinical language

Clinicians need to review the full text of articles. It is therefore essential to evaluate models from all pretraining
languages that can cope with the transformation and transfer of knowledge across domains and languages and the entire
generation process. The advantages and limitations of specific tokenization approaches are indicated. Existing methods
of tokenization, pretraining, and application of the transformer architecture for deep learning in the healthcare domain
that are based on transformer encoders, transformer decoders, transformer encoder—decoders, and architectures adapted
to specific clinical tasks are summarized. It is shown that transformers as sequence-to-sequence models, usually
transformers encoder—decoder, are the best suited for medical data synthesis and generation. Methods that combine the
advantages of separate encoder and decoder pretraining in a single model can circumvent the input length limitation
inherent in popular transformer-based pretrained encoder-only specializations in the LM paradigm. Current pretraining
strategies for processing long clinical narratives encode only the most relevant parts of the text in a compact manner for
NLU tasks. They neglect the complete context of the sentence or entire narrative, which is important to understand
patient conditions. Moreover, they encode, analyze, and/or generate sequences containing multimodal information in
modalities other than text

Clinicians can therefore process the complete conditions of patients together with all other multimodal information.
New models with good generalization ability can be pretrained in the French language (which is significantly different
from English and Gujarati) and transferred to the other two languages. Transformers can also cope with the various
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clinical specialties represented in the data. Coders must fully understand the subtle differences between codes and their
mappings to each other. Understanding the specialty of the coded clinical narrative helps. All evaluation measures are
therefore required but may not be equally important for all applications.

IV.NATURAL LANGUAGE UNDERSTANDING IN CLINICAL PLATFORMS

Natural Language Understanding (NLU) capabilities for Deep Learning-Driven Clinical Knowledge Intelligence in
Healthcare Platforms Considerable progress has been made in the development of NLU capabilities for healthcare
platforms. Beyond simple intent recognition and named-entity recognition tasks, modelling clinical narrative
understanding as an end-to-end sequence-to-sequence problem can yield architectures capable of mastering many
clinical NLU subtasks. Such subtasks span from canonical named-entity recognition—e.g., identifying disease,
symptom, treatment, or medication mentions in a patient’s clinical history—to more complex ones, such as detecting
relations in-between entities (e.g., disease—symptom), understanding temporal aspects of clinical narratives,
recognising whether a disease is present in a patient or not, understanding whether treatments had been effective or not,
or dealing with uncertainties. Moreover, the modelling of clinical narratives can be part of a pipeline involving the
automatic mapping of free-text clinical narratives into standardised codes across various healthcare domains.

Despite that success, further progress is definitely still needed, particularly in relation to clinical coding, the process
whereby clinical predictions and observations are mapped into formal concepts in clinical ontologies, such as ICD,
CPT, SNOMED, and others. Clinical coding remains an expensive process as it still relies on human expertise, which is
often in short supply. As a result, much work remains to be done in the development of automatic NLU pipelines for
clinical coding. Moreover, the fact that the underlying deployed system often relies on deep learning models highlights
a key issue. While deep learning models are highly effective in supervised settings, where labelled training data is
abundantly available, their performance in semi-supervised and unsupervised scenarios is often poor. As such, the
deployment of these models emphasises the often-limited availability of labelled datasets for important clinical tasks
like coding, the consequences of which often remain invisible until system errors are uncovered.

A. NER and Relation Extraction Performance

Fig. 1 presents the NER and Relation Extraction (RE) F1-scores for five architectures evaluated on the i2b2 2010
dataset. The CKI-Transformer consistently outperforms all baselines across both tasks, achieving NER F1 = 0.921 and
RE F1 = 0.884, corresponding to improvements of +10.9% and +14.1% over the BERT -base baseline respectively.

Named Entity Recognition and Relation Extraction
F1-Score Comparison Across Clinical NLU Models
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Fig.1. Named Entity Recognition and Relation Extraction F1-Score comparison across clinical NLU architectures on
the i2b2 2010 benchmark

B. Latency Analysis

Fig. 2 depicts inference latency as a function of batch size for the three primary architectures. The CKI-Transformer
achieves the lowest latency at all batch sizes, with a reduction of 20.3% over BERT-base at batch size 64 (432.8 ms vs.
551.4 ms), confirming the efficiency gains of the optimised attention implementation described in Eq. (2) and Eq. (5).
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Inference Latency vs. Batch Size
for Clinical NLU Architectures
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Fig.2. Inference latency (ms) as a function of batch size for BERT-base, ClinicalBERT, and CKI-Transformer
architectures

C. Clinical Code Mapping Results

Fig. 3 summarises Precision, Recall, and F1-Score for the four system configurations across the ICD/CPT/SNOMED
coding evaluation. The CKI pipeline achieves the highest scores in all three metrics, with SNOMED CT F1 = 0.917
(+18.1% over the ML-baseline) as quantified by Eq. (4). Notably, the CPT coding task remains the most challenging,
reflecting the procedural complexity and vocabulary sparsity documented in the source corpus.

Clinical Code Mapping Performance (ICD/CPT/SNOMED)
Precision, Recall, and F1-Score

- Precision Recall F1-Score

095

0411 0917
090
0.83

2080 0776

Q

# 075
070
065

0.60

0.35 -

3 e ] ®
® ity e A
“\‘\Em ?\\;M.e\ ﬁﬂmc\’_\wﬁ\

e v
Wg.\\"aﬂs Eﬁﬂ c\i\we @‘e‘wm

e ‘.,.{,nse 0
e’ 5 gl cg_\v\?e

Al

Fig.3. Clinical code mapping performance (Precision, Recall, F1-Score) for four system configurations across
ICD/CPT/SNOMED coding systems

D. Resource Utilisation

Fig. 4 illustrates CPU and memory utilisation across all CKI pipeline stages. Peak utilisation occurs during the NER
and Relation Extraction stages (CPU: 78%-82%, Memory: 63%-68%), as expected given the transformer forward pass
complexity O(L2-d_k) described in Eq. (2). The Knowledge Graph update stage exhibits moderate resource demand,
benefiting from asynchronous triple insertion design.
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Compute Resource Utilisation Across
Clinical Knowledge Intelligence Pipeline Stages
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Fig.4. Compute resource utilisation (CPU % and Memory %) across Clinical Knowledge Intelligence pipeline stages

E. Training Convergence

Fig. 5 shows the training and validation F1-score curves for the Temporal Reasoning and Negation Detection modules
over 20 epochs. Both modules converge smoothly without overfitting, reaching validation F1 values of 0.87 (temporal
reasoning) and 0.89 (negation detection) by epoch 20, consistent with the negation-uncertainty formulation in Eq. (8)

Training Convergence: Temporal Reasoning and
Negation Detection Modules

F1-Score
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Fig.5. Training and validation F1-score convergence curves for Temporal Reasoning and Negation Detection modules
over 20 training epochs.

V. CLINICAL KNOWLEDGE INTELLIGENCE PIPELINES

The data ingestion and preprocessing pipeline is the first layer in building a knowledge-intelligent healthcare platform
and derives data from clinical platforms such as electronic health records (EHRS), clinical notes, and radiology imaging
reports, and from external and internal ontologies. The first stage of the pipeline involves de-identification of text to
avoid privacy concerns, followed by normalization and alignment with terminologies such as SNOMED CT. The
quality of the data must be verified through appropriate testing. A further sub-pipeline of feature extraction produces
feature vectors for data stored in a knowledge graph.

Clinical knowledge-dedicated architectures are designed in direct response to particular tasks for clinical applications.
Transformer-based encoder networks trained over clinical corpora have been employed for knowledge extraction tasks.
Entity recognition, relation extraction, temporal reasoning, negation detection, and uncertainty detection algorithms for
clinical narratives, along with frameworks for code mapping based on the International Classification of Diseases
(ICD), Current Procedural Terminology (CPT), and Systematized Nomenclature of Medicine Clinical Terms
(SNOMED CT), all addresse areas in natural language processing (NLP) for healthcare and can now achieve acceptable
levels of precision and recall.
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A. Table | — Comparative NLU Performance

Table | presents a comprehensive comparison of NER, Relation Extraction, and Code Mapping F1-scores across the
four evaluated architectures. Scores are averaged over 5-fold cross-validation on the combined MIMIC-1II + i2b2 test

partition.

TABLE I Comparative NLU Performance Across Clinical NLP Architectures

. Rule-
NER 0.698
Precision
NER 0.672
Recall
NER F1- 0.685
Score
RE 0.611
Precision
RE 0.589
Recall
RE F1- 0.600
Score
Code 0.643
Map F1

B. Table Il — Latency and Error Metrics per Pipeline Stage

ML-

Baseline

0.773

0.749

0.761

0.706

0.683

0.694

0.732

ClinicalBERT

0.847

0.831

0.839

0.798

0.774

0.786

0.821

CKI-

Transformer

0.918

0.906

0.912

0.879

0.861

0.870

0.917

Table Il reports average latency, 95th-percentile latency, and error rate for each stage of the CKI pipeline, as derived
from 10,000 document runs on the reference hardware cluster. These values parameterise Eq. (5).

TABLE Il Latency and Error Rate Metrics per CKI Pipeline Stage

Pipeline Stage

De-
Identification

Tokenisation &
NLP Prep

Named Entity
Recognition

Relation
Extraction

Temporal
Reasoning

Negation
Detection

Code Mapping
(ICD/CPT)

Knowledge
Graph Update

End-to-End
Pipeline

Avg
Latency
(ms)
124

8.6

24.3
31.7
18.9
14.2
41.3

22.6

173.0

P95
Latency
(ms)
19.7
131
38.9
52.6
29.4
22.8
67.5

35.4

279.4

Error
(%)

0.12

0.04

1.87

2.34

1.56

0.98

3.11

0.23

3.72

Rate
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VI. CONCLUSION

Clinical Knowledge Intelligence Through Deep Learning and Natural Language Understanding in Healthcare Platforms
offers a comprehensive framework for knowledge extraction, integration, and actionable insights from data involved in
clinical care settings and clinical healthcare platforms. The innovation consolidates various themes of deep-learning
research and provides answers for knowledge extraction and communication support in various clinical decoding tasks
to improve clinical intelligence and clinical decision support. Insufficient domain knowledge-rich datasets continue to
restrict progress in important deep-learning-and-natural-language-processing-based clinical-decoding tasks, such as
complete clinical document understanding, clinical-event time-line reasoning, clinical-event negation detection,
uncertainty reasoning, and complete medical-code mapping.

Deep-learning-enabled Clinical Knowledge Intelligence research has reached interesting results, and components are
being progressively incorporated into existing clinical-care platforms. These technologies ultimately aim to facilitate
continuous and more correct knowledge intake from clinical-case-solving experiences, encode this knowledge in
suitable knowledge bases, and allow clinical-care platforms to gradually become clinical-care channels based on
Clinical Knowledge Intelligence techniques. Further research should explore the functional gaps that remain for such
Clinical Knowledge Intelligence pipelines, systems, and platforms in the complete support of clinical knowledge
management for clinicians and clinical carriers across different clinical domains.
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