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ABSTRACT

Biomedical research generates data across thousands of databases -- genomic sequences in NCBI/ENA, protein
structures in PDB, clinical records in EHRs, drug information in DrugBank, disease annotations in OMIM, pathway
knowledge in Reactome -- yet integrating data across these silos remains a formidable challenge. Heterogeneous data
formats, inconsistent identifier systems, incompatible ontologies, and varying access protocols create a fragmented
landscape where researchers spend an estimated 60-80% of analysis time on data wrangling rather than scientific
discovery. Interoperability standards -- FAIR principles, FHIR for clinical data, GA4GH standards for genomics, and
biomedical ontologies -- aim to make data findable, accessible, interoperable, and reusable. We present the Biomedical
Database Interoperability Framework (BDIF), evaluating five interoperability approaches -- semantic web and linked data,
FHIR-based clinical data exchange, GA4GH genomic data standards, ontology-mediated integration, and knowledge
graph federation -- across four integration scenarios (clinical-genomic linkage, multi-omics data fusion, cross-database
drug-target assembly, and international cohort harmonisation). Our Interoperability Effectiveness Score (IES) measures
data linkage completeness, query performance, semantic accuracy, adoption feasibility, and scalability. Knowledge
graph federation achieves the highest IES (0.922) through schema-agnostic entity resolution and federated SPARQL
queries, while FHIR-based exchange achieves the highest adoption feasibility (0.960) through alignment with existing
healthcare IT infrastructure.
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1. Introduction

1.1 The Data Fragmentation Problem
Biomedical knowledge is distributed across over
1,800 databases catalogued in the Nucleic Acids
Research Database Issue (Rigden and Fernandez,
2024). Each database uses its own data model,
identifier system, and access protocol. A gene may
be identified by its HGNC symbol (TP53), Ensembl
ID (ENSG00000141510), NCBI Gene ID (7157),
UniProt accession (P04637), or RefSeq ID
(NM_000546) -- five identifiers for the same entity,
with non-trivial mapping between them (splice
variants, species orthologs, deprecated entries). A
disease may be coded as ICD-10 (C34.1), SNOMED
CT (254637007), OMIM (211980), or MeSH
(D002289), each with different granularity and
scope. This identifier heterogeneity means that
linking a patient's clinical diagnosis (ICD-10) to
their genomic variant (ClinVar) to the affected
protein (UniProt) to available drugs (DrugBank)
requires traversing 4+ identifier systems with
incomplete cross-references. Wilkinson et al.
(2016) proposed the FAIR principles (Findable,
Accessible, Interoperable, Reusable) as a
framework for improving data stewardship, but
FAIR compliance remains low: a 2023 survey
found that only 22% of biomedical databases meet
all four FAIR criteria (Sansone et al., 2023).

1.2 Five Interoperability Approaches

Five approaches address biomedical data
interoperability from different angles. Semantic
web and linked data represent biomedical entities
as RDF triples with URI identifiers, enabling
SPARQL queries across distributed datasets. FHIR
(Fast Healthcare Interoperability Resources)
provides RESTful APIs for clinical data exchange
between EHR systems. GA4GH (Global Alliance for
Genomics and Health) develops standards for
genomic data sharing (htsget for sequencing data,
Beacon for variant queries, Phenopackets for
phenotype exchange). Ontology-mediated
integration uses controlled vocabularies (Gene
Ontology, Human Phenotype Ontology, Chemical
Entities of Biological Interest) to harmonise
semantics across databases. Knowledge graph
federation constructs unified knowledge graphs
from heterogeneous sources with entity resolution
and schema mapping. Costa et al. (2025) evaluated
data-centric health approaches where data quality
and integration directly determine Al
performance, and Muller and Lindberg (2025)
assessed knowledge discovery systems that
depend on interoperable data access. Section 2
reviews the literature. Section 3 describes BDIF.

Results in Section 4, discussion in Section 5,
conclusions in Section 6.

2. Literature Review

2.1 FAIR Principles and Linked Data

The FAIR principles (Wilkinson et al., 2016) define
four requirements for scientific data: Findable
(persistent identifiers, rich metadata, indexed in
searchable resources), Accessible (retrievable by
identifier using standardised, open protocols),
Interoperable (formal, shared vocabulary for
knowledge representation), and Reusable (richly
described with provenance and clear usage
licences). Bio2RDF (Callahan et al., 2013)
converted 35 biomedical databases into linked
data (RDF format with URI identifiers), creating a
SPARQL-queryable network of 11 billion triples.
The EBI RDF Platform (Jupp et al., 2014) exposed
UniProt, ChEMBL, Expression Atlas, and
Reactome as linked data, enabling cross-database
queries (e.g., 'find all kinase inhibitors tested
against  proteins overexpressed in lung
adenocarcinoma'). The Semantic Web's promise of
universal data integration has been partially
realised in bioinformatics, but adoption is limited
by the complexity of RDF data modelling, the
performance limitations of SPARQL for large-scale
analytics, and the maintenance burden of keeping
linked data synchronised with rapidly evolving
source databases.

2.2 FHIR and GA4GH Standards

FHIR (HL7, 2019) has become the dominant
standard for clinical data interoperability, with
mandated adoption in the US (21st Century Cures
Act), EU (European Health Data Space), and
Australia. FHIR represents clinical data as
Resources (Patient, Observation, Condition,
MedicationRequest) accessible via RESTful APIs,
enabling standardised data exchange between
EHR  systems, research databases, and
patient-facing applications. SMART on FHIR
(Mandel et al., 2016) provides an authorisation
framework for third-party applications accessing
FHIR servers, enabling clinical decision support
tools to integrate with any FHIR-compliant EHR.
GA4GH develops genomic data standards: htsget
(Kelleher et al., 2019) for streaming sequencing
data, Beacon (Fiume et al., 2019) for federated
variant queries across biobanks, Phenopackets
(Jacobsen et al., 2022) for structured phenotype
exchange, and the Data Use Ontology (DUO) for
machine-readable data access conditions. The
GA4GH Driver Projects (including ICGC, PCAWG,
and TOPMed) have demonstrated these standards
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at scale. Table 1 maps the key studies.

2.3 Ontologies and Knowledge Graphs
Biomedical ontologies provide the semantic
backbone for data integration. The Gene Ontology
(GO, Ashburner et al., 2000) defines 43,000+
terms for molecular function, biological process,
and cellular component. The Human Phenotype
Ontology (HPO, Kohler et al., 2021) defines
16,000+ terms for clinical phenotypes. The
Experimental Factor Ontology (EFO) harmonises
metadata across GWAS, expression, and clinical
studies. These ontologies enable semantic
interoperability: two databases using different
terminologies for the same concept can be linked
through shared ontology terms. Knowledge graphs
integrate multiple databases and ontologies into
unified graph structures. Hetionet (Himmelstein et
al., 2017) integrates 29 databases into a single
graph for drug repurposing. PrimeKG (Chandak et
al., 2023) integrates 20 databases with 17 types of
biological relationships. The SPOKE knowledge
graph (Morris et al., 2023) integrates 41 databases
with 27 million nodes and 53 million edges. Jensen
and Hansen (2025) demonstrated that knowledge
graph-based DTI prediction achieves the highest
validation rate among Al approaches -- confirming
the value of integrated data structures.

Table 1: Key Studies in Biomedical Data
Interoperability

Study/ Y Approac Scope @Key Achievement
Standa e h
rd a
r
Jacobse 2 | Phenotyp Clinical @ Structured
n(Phen 0 e genetics  phenotype
opacket 2 @ exchange representation
S) 2
Ashbur | 2  Ontology Gene 43K terms,
ner 0 function universal
(GO) 0 annotation
0
Kohler | 2 ' Ontology @ Clinical @ 16K terms, rare
(HPO) 0 phenoty | disease diagnosis
2 pes
1
Himmel 2 | Knowled @29 data @ Drug repurposing,
stein (H O | ge graph bases AUROC 0.97
etionet) 1
7
Chanda 2 Knowled | 20 data | 17 relationship
k (Prim |0 @ ge graph  bases types, precision
eKG) 2 medicine
3

Study/ Y Approac Scope Key Achievement
Standa e h
rd a

r
Wilkins 2 | Principle @All scie @4 principles for
on 0 | s framew | ntific data stewardship
(FAIR) 1 | ork data

6
Callaha |2 | Linked 35 data | 11B RDF triples,
n (Bio2 ' 0 | data bases SPARQL queryable
RDF) 1

3
HL7 2 Clinical EHR RESTful clinical
FHIR 0 data API systems data exchange
R4 1

9
Mandel 2 | App fram Clinical @ Third-party EHR
(SMART | 0 ework apps integration
on 1
FHIR) 6
Fiume 2 Federate Genomi Cross-biobank
(GA4GH 0 | dvariant c datab @ variant discovery
Beacon) 1 | query ases

9

FAIR = Findable, Accessible, Interoperable, Reusable;
RDF = Resource Description Framework; SPARQL =
SPARQL Protocol and RDF Query Language; EHR =
Electronic Health Record.

3. Methodology

3.1 Five Interoperability Approaches

Approach I1 (Semantic Web and Linked Data)
converts 12 major biomedical databases (UniProt,
ChEMBL, Ensembl, DrugBank, OMIM, Reactome,
STRING, DisGeNET, ClinVar, GTEx, HPO, GO) to
RDF using Bio2RDF mappings, deployed on a
Virtuoso SPARQL endpoint with federated query
support. Approach 12 (FHIR-Based Clinical
Exchange) implements FHIR R4 servers at 4
hospital systems with Genomics Reporting IG
(Implementation Guide) for integrating clinical and
genomic data, using SMART on FHIR for
application access. Approach I3 (GA4GH Genomic
Standards) deploys htsget servers for variant data
access, Beacon v2 for federated variant queries
across 6 biobanks, and Phenopackets for
structured phenotype exchange. Approach I4
(Ontology-Mediated  Integration) wuses OBO
Foundry ontologies (GO, HPO, ChEBI, DOID,
UBERON) as the semantic layer, with automated
ontology mapping (LogMap, AML) to harmonise
terminology across databases. Approach I5
(Knowledge Graph Federation) constructs a
federated KG from all sources using entity
resolution (MinHash + BERT similarity for entity
matching), schema mapping (ontology-based
predicate alignment), and distributed SPARQL
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query processing.

3.2 Four Integration Scenarios

Scenario S1 (Clinical-Genomic Linkage) links EHR
diagnosis codes to genomic variants for 1,000
patients with both clinical records and
whole-exome sequencing. Success metric: fraction
of pathogenic variants correctly linked to the
patient's clinical phenotype through automated
cross-referencing. Scenario S2 (Multi-Omics Data
Fusion) integrates genomic (WES), transcriptomic
(RNA-seq), proteomic (mass spec), and
metabolomic (NMR) data for 200 cancer patients.
Success metric: fraction of data modalities
successfully linked to the same patient and same
biological entities (genes, proteins, metabolites).
Scenario S3 (Cross-Database  Drug-Target
Assembly) constructs comprehensive drug-target
interaction profiles from DrugBank, ChEMBL,
BindingDB, STITCH, and DGIdb. Success metric:
recall of known DTIs and identifier resolution
accuracy. Scenario S4 (International Cohort
Harmonisation) harmonises phenotype definitions,
diagnosis codes, and outcome measures across 5
European cohort studies (UK Biobank, Estonian
Biobank, FinnGen, Generation Scotland, HUNT)
for federated GWAS meta-analysis.

3.3 Interoperability Effectiveness Score

IES weights five dimensions: data linkage
completeness (0.25), query performance (0.15),
semantic accuracy (0.25), adoption feasibility
(0.20), and scalability (0.15). Data linkage
completeness measures the fraction of entities
successfully linked across databases (e.g., fraction
of genes with correctly mapped identifiers across
UniProt, Ensembl, and NCBI Gene). Query
performance measures the time to execute
cross-database analytical queries on standardised
hardware. Semantic accuracy measures whether
linked entities actually refer to the same biological
concept (verified by expert review of 500 randomly
sampled linkages). Adoption feasibility assesses
the engineering effort, institutional buy-in, and
regulatory compliance required for deployment.
Scalability measures performance under
increasing data volume (1x, 10x, 100x baseline).
Table 2 details parameters.

Table 2: BDIF Evaluation Parameters

Parameter Value Notes

Standardised

Integration | 4 (clinical-geno
i evaluation tasks

scenarios mic,
multi-omics,
drug-target,

cohort)
Databases 12 major UniProt, ChEMBL,
integrated | biomedical Ensembl, DrugBank,
databases etc.
Patients 1,000 (S1), 200 | Clinical + multi-omics
(S1, S2) (S2) data
Cohorts 5 European UK Biobank,
(S4) biobanks FinnGen, Estonian,

GenScot, HUNT

Semantic 500 Precision of entity

verification @ expert-reviewed @ resolution
linkages per
approach
Hardware 8-core server, Standard deployment
128 GB RAMV, target
SSD storage
IES 5 (linkage, Weighted composite
dimensions @ performance, score 0-1
accuracy,
adoption,
scalability)

Parameter Value Notes

Interoperab ' 5 (I1-15) Linked data, FHIR,
ility GA4GH, ontology, KG
approaches federation

KG = Knowledge Graph; FHIR = Fast Healthcare
Interoperability Resources; GA4GH = Global Alliance for
Genomics and Health.

4. Results

4.1 Knowledge Graph Federation Leads
Overall

Knowledge graph federation (I5) achieved the
highest TES of 0.922, driven by superior data
linkage completeness (0.960) and semantic
accuracy (0.940). The entity resolution pipeline
(MinHash blocking + BERT-based similarity
scoring) correctly linked 94.2% of gene identifiers
across UniProt, Ensembl, and NCBI Gene -- 8%
above the Bio2RDF linked data approach (I1,
87.4%) and 14% above manual cross-reference
tables (80.6%). For the drug-target assembly
scenario (S3), the federated KG recovered 92% of
known DTIs from the union of 5 databases versus
78% from any single database -- demonstrating
that federation captures complementary
information across sources. Semantic accuracy
scored 0.940: expert review of 500 entity linkages
found 97.2% correct matches (1.4% false positives
from ambiguous gene names, 1.4% missed due to
deprecated identifiers). Query performance scored
0.840: federated SPARQL queries across the
12-database KG completed in 2.8 seconds median
for single-entity queries and 14.2 seconds for
complex analytical queries -- acceptable for
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interactive  exploration but slower than ChEMBL (CHEMBL IDs), and BindingDB

pre-materialised data warehouses. (Monomer IDs).
4.2 FHIR Achieves Highest Adoption Table 3: Interoperability Effectiveness Score
Feasibility by Approach (0-1)

FHIR-based clinical exchange (I2) achieved the

. . . Approach Lin Quer Sem Ado Scal IE
highest adoption feasibility (0.960) because FHIR

kag y 5 ptio abili S
is mandated by regulation (US 21st Century Cures e Perf. Acc. n ty
Act, EU EHDS), supported by all major EHR I5:KGFe 0096 0.84 094 0.86 0.88 0.9
vendors (Epic, Cerner, Allscripts), and backed by deration 0 0 0 0 0 22

mature tooling (HAPI FHIR server, Microsoft FHIR

server). IES scored 0.896. For clinical-genomic paaLe i OREE) s O (0586 USRI (W DR RLES

. . ; Exchange 0 0 0 0 0 96
linkage (S1), the FHIR Genomics Reporting IG

linked 86% of ©pathogenic variants to I3: 0.86 0.88 0.90 0.88 0.86 0.8
corresponding clinical conditions through FHIR gtAei?l?r ds 0 0 0 0 0 84
DiagnosticReport and Condition resources. The

14% failure rate arose from variants in genes not I4: Ontolo  0.88 0.82 0.90 0.82 0.84 0.8
yet associated with the patient's coded diagnoses gg-Medlat L 0 0 0 0 =2
(variants of uncertain significance) and from

ICD-10 codes too coarse to match specific genetic I1: Linked 0.84 0.78 0.88 0.78 0.82 0.8
conditions. GA4GH standards (I3) scored IES ?;g;) 0 0 0 0 0 56

0.884 with the strongest performance for
international cohort harmonisation (S4): Beacon
v2 federated variant queries across 5 biobanks
completed in 4.6 seconds with 89% recall, and
Phenopackets standardised phenotype exchange
reduced cross-cohort phenotype mapping errors
from 18% to 4%. Ontology-mediated integration Approach S1:Clini S2: Mul S3: Dru S4:

IES weighted: linkage 0.25, query performance 0.15,
semantic accuracy 0.25, adoption 0.20, scalability 0.15.

Table 4: Scenario-Specific Performance
(Primary Metric) by Approach

(14) scored 0.868. Linked data (I1) scored 0.856. cal-Gen | ti-Omic | g-Targe | Cohort
Tables 3 and 4 t th let n omic s (%) t (%) Harmon
ables 3 and 4 present the complete results. (%) isation
4.3 Scenario-Specific Performance g;t];inked 78% 82% 84% (712;/0"/
For multi-omics fusion (S2), I5 (KG federation) erro;)
achieved the highest multi-modal linkage: 92% of
. . . . 12: FHIR 86% 74% 72% 78%
gene-protein-metabolite triplets correctly linked (12%
across genomic, proteomic, and metabolomic error)
datasets versus 76% for manual curation. The KG's 3 829% 8% 809 89% (49
entity resolution handled the cross-omics identifier I3: ° 78% ? 6 (4%
. GA4GH error)
challenge: the same metabolic enzyme has
different identifiers in the genomic (Ensembl), 14: i 80% 84% 86% 84% (8%
proteomic (UniProt), and metabolomic (HMDB) Ontology CIEReD)
databases, and the KG's learned similarity model I5: KG Fe | 88% 92% 92% 86% (6%
resolved these mappings with 96% accuracy. For deration error)
international cohort harmonisation (S4), I3 S1: % pathogenic variants linked to clinical phenotype.

S2: % gene-protein-metabolite triplets correctly linked.
S3: % known DTIs recovered. S4: % phenotypes correctly
harmonised (error = cross-cohort mapping error rate).

(GA4GH) excelled because Phenopackets provided
a standardised representation for phenotypes that
vary in coding across countries (ICD-10 in UK
Biobank, ICD-10-CM in US cohorts, national codes

in Finnish and Estonian registries). The - I -
Phenopacket standard reduced phenotype ‘2 FH.R_Mo

harmonisation time from 6 months (manual
mapping) to 2 weeks (automated with manual
review). For drug-target assembly (S3), I5
recovered 14% more validated DTIs than any other

approach by resolving compound identifier wwnesons [ -

conflicts between DrugBank (DrugBank IDs), oo 02 os os

0.4
Interoperability Effectiveness Score (0-1)

13: GA4GH 0.88

14: Ontology 0.87
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Figure 1: Interoperability Effectiveness Score (IES)
by Approach
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Figure 4: Multi-Dimensional Comparison -- Top 3
Approaches

5. Discussion

5.1 Knowledge Graphs as the Integration
Layer

KG federation's dominance reflects its unique
capability: schema-agnostic entity resolution that
handles the heterogeneity of biomedical data
without requiring source databases to adopt a
common standard. Unlike FHIR (designed for
clinical data) or GA4GH (designed for genomic
data), KGs integrate across data types by learning
entity equivalences from features rather than

requiring explicit cross-references. The
BERT-based entity resolution model correctly
linked 94.2% of gene identifiers by learning that
'"TP53' (HGNC), 'ENSG00000141510' (Ensembl),
and 'P04637' (UniProt) refer to the same entity
from their contextual descriptions -- even without
an explicit cross-reference table. This approach
scales to new databases without manual mapping
effort. Muller and Lindberg (2025) showed that
knowledge graph-based knowledge discovery
achieves the highest validation rate -- confirming
that structured data integration amplifies
downstream analytical power.

5.2 Standards Layering for Comprehensive
Interoperability

No single approach achieves perfect
interoperability across all scenarios. FHIR excels
for clinical data but lacks genomic semantics.
GA4GH excels for genomic data but does not
integrate clinical context. Ontologies provide
semantic harmonisation but not data access
protocols. KGs integrate across silos but require
significant engineering. The practical
recommendation is a layered architecture: FHIR
for clinical data ingestion, GA4GH for genomic
data access, ontologies for semantic mapping, and
a knowledge graph as the integration layer that
federates across all sources. This layered approach
achieves higher combined interoperability than
any single standard because each layer addresses
a specific aspect of the interoperability challenge.
Ivanov et al. (2025) evaluated cancer evolution
models that require precisely this kind of
multi-database integration to link clinical data,
genomic sequences, and drug information.

5.3 Limitations and Sustainability

Three limitations affect biomedical
interoperability. First, maintenance burden:
cross-references between databases become stale
as databases update independently -- Bio2RDF
releases lag 6-12 months behind source database
updates. Continuous integration pipelines with
automated testing would address this. Second,
privacy and access control: federated queries
across clinical databases must enforce patient
consent and data use restrictions at each node,
requiring sophisticated access control that current
SPARQL endpoints lack. Third, incentive
misalignment: database maintainers bear the cost
of implementing interoperability standards while
the benefits accrue to downstream users -- a public
goods problem that requires funder mandates
(FAIR compliance as a grant condition) and
community governance (OBO Foundry principles
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for ontology development) to address.

6. Conclusion

6.1 Key Findings

Knowledge graph federation achieves the highest
Interoperability = Effectiveness Score (0.922)
through BERT-based entity resolution that links
94.2% of gene identifiers across databases and
recovers 92% of known drug-target interactions
from 5 complementary databases. FHIR (0.896)
achieves the highest adoption feasibility through
regulatory mandates and vendor support. GAAGH
standards (0.884) excel at international genomic
data federation with 89% recall for federated
variant queries. A layered architecture combining
FHIR (clinical), GA4GH (genomic), ontologies
(semantic), and KG federation (integration)
provides the most comprehensive interoperability.

6.2 Future Directions

Three advances would transform biomedical data
interoperability. First, Al-powered automatic
schema mapping that learns to translate between
data models without manual specification --
reducing the engineering effort for integrating
new databases from months to hours. Second,
privacy-preserving federated knowledge graphs
that enable cross-institutional queries over
clinical-genomic data without exposing
patient-level records, using secure multi-party
computation or differential privacy. Third, living
knowledge graphs with continuous automated
updates from source databases, real-time entity
resolution, and provenance tracking that
maintains data currency without manual curation.
The BDIF evaluation toolkit, all integration
pipelines, entity resolution models, benchmark
datasets, IES calculator, and approach selection
guide are available at bdif-interop.org under CC
BY 4.0 licence.
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Appendix A

Integration Pipeline Specifications and
IES Calculation Methodology

This appendix provides complete pipeline
configurations for each interoperability approach,
including RDF conversion tools, FHIR server
configurations, GA4GH endpoint setup, ontology
mapping algorithms, and the IES scoring rubric.

Part I -- Pipeline Specifications

la. I1: Bio2RDF v4 + Virtuoso 7.2, 12 databases, 8.4B
triples, federated SPARQL .............. 14.2 s complex
query median

1b. 12: HAPI FHIR R4 server + Genomics Reporting
IGv2.0 + SMART on FHIR .............. 0.8 s per
resource query

2a. I3: htsget v1.3 + Beacon v2.0 + Phenopackets
v2.0, 6 biobank endpoints .............. 4.6 s federated
variant query

2b. 14: LogMap 4.0 + AML 3.2 for ontology
alignment, GO + HPO + ChEBI + DOID .............. 92%
mapping precision

3a. I5: MinHash (128 permutations) + BioBERT entity
resolution, distributed SPARQL .............. 2.8s
single-entity, 94.2% linkage

3b. All: Docker-containerised,
Kubernetes-orchestrated, CI/CD with nightly sync
.............. Automated freshness monitoring

Part II -- IES Scoring Rubric

4a. Linkage: Fraction of entities correctly linked

across target databases .............. Verified against
gold-standard cross-refs

4b. Query: 1.0 - log10(seconds) / 3 .............. 1s=1.0;
1,000 s = 0.0

5a. Semantic: Expert-verified accuracy of 500
randomly sampled entity linkages .............. Precision
metric

5b. Adoption: Regulatory mandate + vendor support
+ tooling maturity + community size ..............
Expert-assessed 0-1

6a. Scalability: Performance at 100x data volume /
performance at 1x .............. Higher ratio = better
scaling

6b. IES = 0.25*Linkage + 0.15*Query +
0.25*Semantic + 0.20*Adoption + 0.15*Scalability
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