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Includes metadata, variant annota2ons, and sample genotypes

Flexible and extensible: Dedicated fields allow rich annota2ons

Standardized text file for genomic sequence varia2ons

Records differences from a reference genome
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VCF File
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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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VCF files’ text structure and parsing impede efficient database querying

Complex analyses require s2tching together disparate tools

Limited interoperability hinders mul2-modal analysis

Growing genomic datasets outpace legacy pipelines
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BCFtools & Tabix: industry-standard command-line tools – Danecek et al. 2021

Integra4ng Variants and Ontologies in a Document Database – Liu et al. 2019

Genotypic Data in Rela4onal Databases: different representa2ons – Lichtenwalter et al. 2017

TileDB-VCF: specialized database system for gene2c data – Papadopoulos et al. 2016
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Objec4ve:  

‣ Scalable storage for petabytes of data 

‣ Flexible SQL-based querying 

‣ Seamless mul2-omics (beyond VCF) integra2on

Core Idea: Transform VCF into structured rela2onal tables

Challenge: Mapping semi-structured VCF to rela2onal schemas
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Comprehensive performance benchmarking: compe22ve performance

Open-source implementa2on

Novel data models for storing VCF data in RDBMS
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Narrow: each row represents a single variant-sample pair

Array Plain: store the genotype data in an array

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

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

vcf_wide_json_samples_chunk_1

ln na00001 na00002 na00003 . . .
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"}

Figure 1: VCF Wide model

vcf_wide_json_samples_chunk_1

ln na00001 na00002 na00003 . . .
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"}
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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"}

Figure 1: VCF Wide model

Wide & Wide JSON
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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

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

Narrow & Narrow JSON
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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

vcf_array_genotypes
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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", . . . ]
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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"}, . . . ]
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(b) VCF Array JSON

Figure 1: VCF Array Plain and VCF Array JSON models

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"}, . . . ]

2 [{"DP": 3, "GQ": 49, "GT": "0/0", "HQ": "58,50"}, {"DP": 5, "GQ": 3, "GT": "0/1", "HQ": "65,3"}, . . . ]

3 [{"DP": 6, "GQ": 21, "GT": "1/2", "HQ": "23,27"}, {"DP": 0, "GQ": 2, "GT": "2/1", "HQ": "18,2"}, . . . ]

4 [{"DP": 7, "GQ": 54, "GT": "0/0", "HQ": "56,60"}, {"DP": 4, "GQ": 48, "GT": "0/0", "HQ": "51,51"}, . . . ]

5 [{"DP": 4, "GQ": 35, "GT": "0/1"}, {"DP": 2, "GQ": 17, "GT": "0/2"}, . . . ]

vcf_array_json_indices

s_id e_id
NA00001 1

NA00002 2

NA00003 3

(a) VCF Array JSON

Figure 1: VCF Array Plain and VCF Array JSON models

Array Plain & Array JSON
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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
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Data Access: Retrieves a range of variants for a given set of sample IDs

Variant Filtering: Data access + Filter on the variant’s fixed fields

Sample Filtering: Data access + Filter on the sample’s genotype

Performance Evaluation



Comparison baseline
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BCFtools + Tabix:

• Standard Command-Line Toolkit

• File-Based Operations

• Tabix for genomic regions indexing

• Widely adopted approach

TileDB-VCF:

• Specialized Array Database

• Optimized for Genomic Data

• API-Driven Integration

• Modern DBMS Baseline

Compared to the overall best Array Plain 
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Data Access: Retrieves a range of variants for a given set of sample IDs

Variant Filtering: Data access + Filter on the variant’s fixed fields

Sample Filtering: Data access + Filter on the sample’s genotype

Performance Evaluation



Retrieves a range of variants for a given set of sample IDs

Data Access
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Data Access:  Heatmap of runtime (min) 

Performance Evaluation

Ti
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Dataset ~13k samples and ~95k variants

BCF Tools with Tabix
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Data Access: Retrieves a range of variants for a given set of sample IDs

Variant Filtering: Data access + Filter on the variant’s fixed fields

Sample Filtering: Data access + Filter on the sample’s genotype

Performance Evaluation



Sample Filtering

Homozygous
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Select Samples that are homozygous at position 10257

10257



27

Query performance

Sample Filtering:  Heatmap of runtime (min) 

Dataset ~13k samples and ~95k variants

Array PlainBCF Tools with Tabix

Ti
le

D
B-

VC
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Data Access: Retrieves a range of variants for a given set of sample IDs

Variant Filtering: Data access + Filter on the variant’s fixed fields

Sample Filtering: Data access + Filter on the sample’s genotype

Performance Evaluation



Variant Filtering

Select Variants where AF ≥ 0,01 across all samples

AF ≥ 0,01



30

Variant Filtering:  Heatmap of runtime (min) 

Dataset ~13k samples and ~95k variants

Performance Evaluation

Ti
le

D
B-

VC
F

Array Plain



Storage requirements 
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Insights & Trade-offs
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Compe44ve performance: RDBMS models rival specialized tools

No one-size-fits-all solu2on: Op2mal model depends on query workload

Rela2onal models offer superior scalability for large VCF datasets

Array Plain model standout: Best overall run2me and storage

Trade-offs are workload-dependent:  

‣ Storage needs  

‣ Query selec2vity 

‣ Dataset size



Future work
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Model op2miza2on: Hybrid data models

Scalability & cloud deployment design

Advanced indexing strategies

Integra2on with mul2-omics pipelines



Thank you!

Mohamed Sabri Hafidi 
hmohamedsabri@unibz.it

Source code:


