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CHALLENGES OBJECTIVES

e (GGenomic data is growing exponentially, reaching petabyte volumes. e Population-level storage

e The structure of VCF' is compact but not optimized for advanced querying. o Flexible SQL-based querying
e Lixisting tools struggle with large-scale datasets and complex analyses. e Optimized performance

e Merging VCF data with diverse biological sources remains limited. e Seamless multi-omics integration

RELATED WORK THE VCF FILE STRUCTURE

¢ Command-line tools: Offer speed but Meta-Information
lack ﬂexibﬂity, e.g., BCFt00157 Tabir. ##fileformat=VCFv4.5

##fileDate=20090805
##source=myImputationProgramV3.1

3 ] . _ ##reference=file:///seq/references/1000GenomesPilot-NCBI36.fasta
lerarles' Enable CU.St()m aﬂalyses bUt e ##contig=<ID=20,length=62435964,assembly=B36,species="Homo sapiens",taxonomy=x>
quire multiple tools for a complete work- ##phasing=partial - |

. ##INFO=<ID=NS,Number=1,Type=Integer,Description="Number of Samples With Data">
How. e.g., UCﬂZb, cyvcfg, ##INFO=<ID=DP, Number=1, Type=Integer,Description="Total Depth">
##INFO=<ID=AF,Number=A,Type=Float,Description="Allele Frequency">
##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Allele">
Database systems: Scale well but vary ##INFO=<ID=DB, Number=0, Type=Flag,Description="dbSNP membership, build 129">
. ##INFO0=<ID=H2,Number=0,Type=Flag,Description="HapMap2 membership">
n how they represent the VCF data. e.g., ##FILTER=<ID=q10,Description="Quality below 10">

. . ##FILTER=<ID=s50,Description="Less than 507 of samples have data">
TileD B- VCF, Th@SNPpZt ##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=G(Q,Number=1,Type=Integer,Description="Genotype Quality">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read Depth">

Genotypes

PI’lOI’ StUdleS eXplOre ’r‘ela,t’[,O’l’La,l aﬂd JSON— ##FORMAT=<ID=HQ,Number=2,Type=Integer,Description="Haplotype Quality"> Header Samples
. #CHROM POS ID REF  ALT QUAL FILTER INFO FORMAT NAQ NA00002 NA00003
based models but lack broad evaluations. o |20 14370  rs6054257 G A 29 PASS  NS=3;DP=14;AF=0.5;DB;H2 GT:GQ:DP:HQ|©00x48:1:51,51 110:48:8:51,51 1/1:43:5:.,.
T |20 17330 . T A 3 ql0  NS=3;DP=11;AF=0.017 GT:GQ:DP:HQ| 0]0:49:3:58,50 3:5:65,3 0/0:41:3
) : T |20 1110696 rs6040355 A G,T 67 PASS  NS=2;DP=10;AF=0.333,0.667;AA=T;DB GT:GQ:DP:HQ|1/2:21:6:23,27 2[1:2:0:18,2 2/2:35:4
We introduce and evaluate novel relational @ | [20 1230237 . T : 47  PASS  NS=3;DP=13;AA=T GT:GQ:DP:HQ|010:54:7:56,60 0/0:48:4:51,51 0/0:61:2
= ||20 1234567 microsatl GIC  G,GTCT 50 PASS  NS=3;DP=9;AA=G GT:GQ:DP [ 0/1:35:4 0/2:17:2 1/1:40:3
models for VCF data management. =

Fixed Fields

RELATIONAL DATA MODELS STORAGE REQUIREMENTS

M Compressed VCF Ml TileDB [l Array Plain

Wide: each row represents a variant and Narrow: each row represents a Array Plain: store the genotypes in an array
each column represents a sample variant-sample pair . Full JSON . Narrow . Wide
vef array indices
vef narrow samples ;]TAid EN — —
vef wide samples chunk 1 In |s id genotypes 00001 ) 1 — —
— — — — = NAO00002 |2 [ _
In [ na00001 na00002 na00003 | ... 1 [NA00001|0]0:48:1:51,51 NA00O003 | 3 — -
1 ]0[0:48:1:51,51 [ 1]0:48:8:51,51 | 1/1:43:5:. 1 |NA00002 | 1/0:48:8:51,51 — n
2 10[0:49:3:58,50 | 0|1:3:5:65,3 | 0/0:41:3 1 |NA00003 | 1/1:43:5:. B B
3 [1]2:21:6:23,27 | 2|1:2:0:18,2  |2/2:35:4 |... 2 |NA00001 | 0]0:49:3:58,50 vef array genotypes — ]
4 10[0:54:7:56,60 | 0/0:48:4:51,51 | 0/0:61:2 2 |NA00002 | 0]1:3:5:65,3 In | genotypes
5 10/1:35:4 0/2:17:2 1/1:40:3 2 |NA00003 | 0/0:41:3 1 [["0]0:48:1:51,51", "1]0:48:8:51,51", "1/1:43:5:.", ...] — —
3 |NA00001 | 1]2:21:6:23,27 2 1["0]0:49:3:58,50", "0[1:3:5:65,3", "0/0:41:3", ...] = -
3 |NA00002 | 2[1:2:0:18,2 3 |["1]2:21:6:23,27", "2]1:2:0:18,2", "2/2:35:4", .. .| = -
3 |NA00003 |2/2:35:4 4 [["0]0:54:7:56,60", "0]0:48:4:51,51", "0/0:61:2", ...] B -
5 |["0/1:35:4", "0/2:17:2", "1/1:40:3", ...] B ;

Full JSON: store the sample ID and its genotype in a JSON

vef json samples
In | sample genotype
1 {{"S_id": HNAOOOO]_H, ||genotypel|: {HDPH: lllll, "GTH: ||O|0||, HGQH: |l48||, IIHQH: ||51,51||}}7 L.
2 {{"S_id": HNAOOOO]_H, ||genotype||: {HDPH: ll3||, HGT": ||O|O||, HGQH: |l49||, HHQH: H58,50||}}, .
3 {{"S_id”: "NAOOOO].”, ||genotypell: {HDPH: ll6|l, HGTH: ||1|2||’ ||GQ||: |l21||, HHQH: ||23,27||}}, L.
4 {{"S_id”: llNAOOOOlH, ||genotypell: {HDPH: ll7||, HGT": ||O|0||’ |IGQ||: "54:"7 HHQH: ||56’60||}}, L.
5 "S idll: ||NA00001||, " enot eH: HDPH: ll4||’ "GT": ||O 1H, HG ll: ||35|| Y e

s genotype”: { /17, "GQ: 35"}, ) Data model

" e e

Dataset ~13k samples and ~95k variants

EMPIRICAL EXPERIMENTS

e Data access: Retrieves entries for a set of sample IDs and/or variant range. “%” denotes a RDBMS5 models rival specialized tools.

selected amount. and “All” means no filtering is applied.
’ 5 PP No one-size-fits-all solution: Optimal model

e Variant filtering: Extends data access pattern and adds a filter on variant’s fixed fields. depends on query workload.

e Sample filtering: Extends data access pattern and adds a filter on genotype values. Returns Relational models offer superior scalability
matching sample IDs. for large VCF datasets.

Runtime heatmaps, each cell shows the best- and second-best-performing approaches along with their speed-up factor. Trade-offs are W()rkl()ad—dependent:
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— Query selectivity

|35 — Storage needs
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