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Challenges
• Genomic data is growing exponentially, reaching petabyte volumes.

• The structure of VCF is compact but not optimized for advanced querying.

• Existing tools struggle with large-scale datasets and complex analyses.

• Merging VCF data with diverse biological sources remains limited.

Objectives
• Population-level storage

• Flexible SQL-based querying

• Optimized performance

• Seamless multi-omics integration

Related Work
• Command-line tools: Offer speed but

lack flexibility. e.g., BCFtools, Tabix.

• Libraries: Enable custom analyses but re-
quire multiple tools for a complete work-
flow. e.g., vcflib, cyvcf2.

• Database systems: Scale well but vary
in how they represent the VCF data. e.g.,
TileDB-VCF, TheSNPpit.

• Prior studies explore relational and JSON-
based models but lack broad evaluations.

• We introduce and evaluate novel relational
models for VCF data management.

The VCF File Structure

1 The VCF specification

VCF is a text file format (most likely stored in a compressed manner). It contains meta-information lines (prefixed
with “##”), a header line (prefixed with “#”), and data lines each containing information about a position in the
genome and genotype information on samples for each position (text fields separated by tabs). Zero length fields are
not allowed, a dot (“.”) must be used instead. In order to ensure interoperability across platforms, VCF compliant
implementations must support both LF (“\n”) and CR+LF (“\r\n”) newline conventions.

1.1 An example
##fileformat=VCFv4.5
##fileDate=20090805
##source=myImputationProgramV3.1
##reference=file:///seq/references/1000GenomesPilot-NCBI36.fasta
##contig=<ID=20,length=62435964,assembly=B36,md5=f126cdf8a6e0c7f379d618ff66beb2da,species="Homo sapiens",taxonomy=x>
##phasing=partial
##INFO=<ID=NS,Number=1,Type=Integer,Description="Number of Samples With Data">
##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">
##INFO=<ID=DB,Number=0,Type=Flag,Description="dbSNP membership, build 129">
##INFO=<ID=H2,Number=0,Type=Flag,Description="HapMap2 membership">
##FILTER=<ID=q10,Description="Quality below 10">
##FILTER=<ID=s50,Description="Less than 50% of samples have data">
##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=GQ,Number=1,Type=Integer,Description="Genotype Quality">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read Depth">
##FORMAT=<ID=HQ,Number=2,Type=Integer,Description="Haplotype Quality">
#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT NA00001 NA00002 NA00003
20 14370 rs6054257 G A 29 PASS NS=3;DP=14;AF=0.5;DB;H2 GT:GQ:DP:HQ 0|0:48:1:51,51 1|0:48:8:51,51 1/1:43:5:.,.
20 17330 . T A 3 q10 NS=3;DP=11;AF=0.017 GT:GQ:DP:HQ 0|0:49:3:58,50 0|1:3:5:65,3 0/0:41:3
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
20 1230237 . T . 47 PASS NS=3;DP=13;AA=T GT:GQ:DP:HQ 0|0:54:7:56,60 0|0:48:4:51,51 0/0:61:2
20 1234567 microsat1 GTC 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

This example shows (in order): a good simple SNP, a possible SNP that has been filtered out because its quality is
below 10, a site at which two alternate alleles are called, with one of them (T) being ancestral (possibly a reference
sequencing error), a site that is called monomorphic reference (i.e. with no alternate alleles), and a microsatellite with
two alternative alleles, one a deletion of 2 bases (TC), and the other an insertion of one base (T). Genotype data are
given for three samples, two of which are phased and the third unphased, with per sample genotype quality, depth
and haplotype qualities (the latter only for the phased samples) given as well as the genotypes. The microsatellite
calls are unphased.

1.2 Character encoding, non-printable characters and characters with special mean-
ing

The character encoding of VCF files is UTF-8. UTF-8 is a multi-byte character encoding that is a strict superset
of 7-bit ASCII and has the property that none of the bytes in any multi-byte characters are 7-bit ASCII bytes. As
a result, most software that processes VCF files does not have to be aware of the possible presence of multi-byte
UTF-8 characters. VCF files must not contain a byte order mark. Note that non-printable characters U+0000–
U+0008, U+000B–U+000C, U+000E–U+001F are disallowed. Line separators must be CR+LF or LF and they are
allowed only as line separators at end of line. Some characters have a special meaning when they appear (such as
field delimiters ‘;’ in INFO or ‘:’ FORMAT fields), and for any other meaning they must be represented with the
capitalized percent encoding:

%3A : (colon)
%3B ; (semicolon)
%3D = (equal sign)
%25 % (percent sign)
%2C , (comma)
%0D CR
%0A LF
%09 TAB

1.3 Data types

Data types supported by VCF are: Integer (32-bit, signed), Float (32-bit IEEE-754, formatted to match one of the
regular expressions ^[-+]?[0-9]*\.?[0-9]+([eE][-+]?[0-9]+)?$ or ^[-+]?(INF|INFINITY|NAN)$ case insensi-
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Relational Data Models

vcf_wide_samples_chunk_1
ln na00001 na00002 na00003 . . .
1 0|0:48:1:51,51 1|0:48:8:51,51 1/1:43:5:.
2 0|0:49:3:58,50 0|1:3:5:65,3 0/0:41:3
3 1|2:21:6:23,27 2|1:2:0:18,2 2/2:35:4 . . .
4 0|0:54:7:56,60 0|0:48:4:51,51 0/0:61:2
5 0/1:35:4 0/2:17:2 1/1:40:3

Figure 1: VCF Wide model

Wide: each row represents a variant and 
each column represents a sample

vcf_array_genotypes
ln genotypes
1 ["0|0:48:1:51,51", "1|0:48:8:51,51", "1/1:43:5:.", . . . ]
2 ["0|0:49:3:58,50", "0|1:3:5:65,3", "0/0:41:3", . . . ]
3 ["1|2:21:6:23,27", "2|1:2:0:18,2", "2/2:35:4", . . . ]
4 ["0|0:54:7:56,60", "0|0:48:4:51,51", "0/0:61:2", . . . ]
5 ["0/1:35:4", "0/2:17:2", "1/1:40:3", . . . ]

vcf_array_indices
s_id e_id
NA00001 1
NA00002 2
NA00003 3
. . . . . .

(a) VCF Array Plain
vcf_array_json_genotypes
ln genotypes
1 [{"DP": 1, "GQ": 48, "GT": "0/0", "HQ": "51,51"}, {"DP": 8, "GQ": 48, "GT": "1/0", "HQ": "51,51"}, {"DP": 5, "GQ": 43, "GT": "1/1"}, . . . ]
2 [{"DP": 3, "GQ": 49, "GT": "0/0", "HQ": "58,50"}, {"DP": 5, "GQ": 3, "GT": "0/1", "HQ": "65,3"}, {"DP": 3, "GQ": 41, "GT": "0/0"}, . . . ]
3 [{"DP": 6, "GQ": 21, "GT": "1/2", "HQ": "23,27"}, {"DP": 0, "GQ": 2, "GT": "2/1", "HQ": "18,2"}, {"DP": 4, "GQ": 35, "GT": "2/2"}, . . . ]
4 [{"DP": 7, "GQ": 54, "GT": "0/0", "HQ": "56,60"}, {"DP": 4, "GQ": 48, "GT": "0/0", "HQ": "51,51"}, {"DP": 2, "GQ": 61, "GT": "0/0"}, . . . ]
5 [{"DP": 4, "GQ": 35, "GT": "0/1"}, {"DP": 2, "GQ": 17, "GT": "0/2"}, {"DP": 3, "GQ": 40, "GT": "1/1"}, . . . ]

vcf_array_json_indices
s_id e_id
NA00001 1
NA00002 2
NA00003 3

(b) VCF Array JSON

Figure 1: VCF Array Plain and VCF Array JSON models
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Figure 1: VCF Array Plain and VCF Array JSON models

Array Plain: store the genotypes in an array

vcf_json_samples
ln sample_genotype
1 {{"s_id": "NA00001", "genotype": {"DP": "1", "GT": "0|0", "GQ": "48", "HQ": "51,51"}}, . . . }
2 {{"s_id": "NA00001", "genotype": {"DP": "3", "GT": "0|0", "GQ": "49", "HQ": "58,50"}}, . . . }
3 {{"s_id": "NA00001", "genotype": {"DP": "6", "GT": "1|2", "GQ": "21", "HQ": "23,27"}}, . . . }
4 {{"s_id": "NA00001", "genotype": {"DP": "7", "GT": "0|0", "GQ": "54", "HQ": "56,60"}}, . . . }
5 {{"s_id": "NA00001", "genotype": {"DP": "4", "GT": "0/1", "GQ": "35"}}, . . . }

(a) VCF Full JSON model
vcf_js_id_samples
ln genotypes
1 {{"DP": "1", "GT": "0|0", "GQ": "48", "HQ": "51,51"}, . . . }
2 {{"DP": "3", "GT": "0|0", "GQ": "49", "HQ": "58,50"}, . . . }
3 {{"DP": "6", "GT": "1|2", "GQ": "21", "HQ": "23,27"}, . . . }
4 {{"DP": "7", "GT": "0|0", "GQ": "54", "HQ": "56,60"},
5 {{"DP": "4", "GT": "0/1", "GQ": "35"}, . . . }

vcf_js_id_indices
s_id e_id
NA00001 1
NA00002 2
NA00003 3

(b) VCF Full JSON ID model

Figure 1: VCF Full JSON and VCF Full JSON ID models

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

Narrow: each row represents a 
variant-sample pair

vcf_narrow_samples
ln s_id genotypes
1 NA00001 0|0:48:1:51,51
1 NA00002 1|0:48:8:51,51
1 NA00003 1/1:43:5:.
2 NA00001 0|0:49:3:58,50
2 NA00002 0|1:3:5:65,3
2 NA00003 0/0:41:3
3 NA00001 1|2:21:6:23,27
3 NA00002 2|1:2:0:18,2
3 NA00003 2/2:35:4
4 NA00001 0|0:54:7:56,60
4 NA00002 0|0:48:4:51,51
4 NA00003 0/0:61:2
5 NA00001 0/1:35:4
5 NA00002 0/2:17:2
5 NA00003 1/1:40:3
. . . . . . . . .

(a) VCF Narrow

vcf_narrow_json_samples
ln s_id genotypes
1 NA00001 {"DP": 1, "GQ": 48, "GT": 0/0, "HQ": 51,51}
1 NA00002 {"DP": 8, "GQ": 48, "GT": 1/0, "HQ": 51,51}
1 NA00003 {"DP": 5, "GQ": 43, "GT": 1/1}
2 NA00001 {"DP": 3, "GQ": 49, "GT": 0/0, "HQ": 58,50}
2 NA00002 {"DP": 5, "GQ": 3, "GT": 0/1, "HQ": 65,3}
2 NA00003 {"DP": 3, "GQ": 41, "GT": 0/0}
3 NA00001 {"DP": 6, "GQ": 21, "GT": 1/2, "HQ": 23,27}
3 NA00002 {"DP": 0, "GQ": 2, "GT": 2/1, "HQ": 18,2}
3 NA00003 {"DP": 4, "GQ": 35, "GT": 2/2}
4 NA00001 {"DP": 7, "GQ": 54, "GT": 0/0, "HQ": 56,60}
4 NA00002 {"DP": 4, "GQ": 48, "GT": 0/0, "HQ": 51,51}
4 NA00003 {"DP": 2, "GQ": 61, "GT": 0/0}
5 NA00001 {"DP": 4, "GQ": 35, "GT": 0/1}
5 NA00002 {"DP": 2, "GQ": 17, "GT": 0/2}
5 NA00003 {"DP": 3, "GQ": 40, "GT": 1/1}
. . . . . . . . .

(b) VCF Narrow JSON
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(a) VCF Narrow

vcf_narrow_json_samples
ln s_id genotypes
1 NA00001 {"DP": 1, "GQ": 48, "GT": 0/0, "HQ": 51,51}
1 NA00002 {"DP": 8, "GQ": 48, "GT": 1/0, "HQ": 51,51}
1 NA00003 {"DP": 5, "GQ": 43, "GT": 1/1}
2 NA00001 {"DP": 3, "GQ": 49, "GT": 0/0, "HQ": 58,50}
2 NA00002 {"DP": 5, "GQ": 3, "GT": 0/1, "HQ": 65,3}
2 NA00003 {"DP": 3, "GQ": 41, "GT": 0/0}
3 NA00001 {"DP": 6, "GQ": 21, "GT": 1/2, "HQ": 23,27}
3 NA00002 {"DP": 0, "GQ": 2, "GT": 2/1, "HQ": 18,2}
3 NA00003 {"DP": 4, "GQ": 35, "GT": 2/2}
4 NA00001 {"DP": 7, "GQ": 54, "GT": 0/0, "HQ": 56,60}
4 NA00002 {"DP": 4, "GQ": 48, "GT": 0/0, "HQ": 51,51}
4 NA00003 {"DP": 2, "GQ": 61, "GT": 0/0}
5 NA00001 {"DP": 4, "GQ": 35, "GT": 0/1}
5 NA00002 {"DP": 2, "GQ": 17, "GT": 0/2}
5 NA00003 {"DP": 3, "GQ": 40, "GT": 1/1}
. . . . . . . . .

(b) VCF Narrow JSON

Empirical Experiments
• Data access: Retrieves entries for a set of sample IDs and/or variant range. “%” denotes a

selected amount, and “All” means no filtering is applied.

• Variant filtering: Extends data access pattern and adds a filter on variant’s fixed fields.

• Sample filtering: Extends data access pattern and adds a filter on genotype values. Returns
matching sample IDs.

Runtime heatmaps, each cell shows the best- and second-best-performing approaches along with their speed-up factor.
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Variant filtering
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Summary
• RDBMS models rival specialized tools.

• No one-size-fits-all solution: Optimal model
depends on query workload.

• Relational models offer superior scalability
for large VCF datasets.

• Trade-offs are workload-dependent:

– Storage needs

– Query selectivity

– Dataset size

• Array Plain model – Good all-rounder.
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