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To contribute to making animal production more sustainable



Thousands/millions of

● Phenotypic observations (so called ‘traits’)

● Production, health, welfare, environment

● Animals with known genealogy (several generations)

● DNA-profiles

● Summarized with ~50,000 values (SNP; 0, 1, 2 or missing) 

per individual

Phenotype = Environment + Genetic

= +



Phenotype = Environment + Genetic

𝐲 = 𝐗𝐛 +𝐖𝐚 + 𝐞

𝐲: vector of phenotypic records

𝐛: vector of fixed effects (e.g., herd, sex)

𝐚~𝑀𝑉𝑁 𝟎, 𝚺 : vector of random additive genetic (animal) effects

● 𝚺: pedigree and genomic-based relationship matrix

𝐞 ~𝑀𝑉𝑁 𝟎, 𝐑 : vector of random residuals

Linear mixed model



▪ Typically

● Rows: Up to millions of individuals

● Columns: ~50-100K Single Nucleotide Polymorphisms

Genotype matrix 𝐙 – main challenges



▪ Challenges

● Storage

● Multiplication with

1. itself, 

2. a real dense matrix, or 

3. a real sparse matrix

Genotype matrix 𝐙 – main challenges



▪ Storage

➔Compressed genotypes

➔Bit-level

E.g. 2 million genotypes with 50,000 SNPs

● Double precision: 800 GB ➔ Compressed: 25 GB

➔Limited memory requirements

Genotype matrix 𝐙 – storage



Genotype matrix 𝐙 – storage

1-byte integer4 SNP genotypes (4-32 bytes)

SNP 
genotype

Homozygous
first allele

Heterozygous Homozygous 
second allele

Missing

Decimal 0 1 2 3

2-bit 00 10 11 01

3210  00101101  45



▪ Two ways

● 𝐙𝐙′ ➔ genomic relationship matrix

● 𝐙′𝐙 ➔ linkage disequilibrium

▪ Multiple applications

● Genomic evaluations

● Population genomics

● Genome-wide association studies

▪ Also needed in plant and human genomics

1) Genotype matrix 𝐙 – multiplication with itself



▪ Potential of FPGAs already demonstrated

1) Genotype matrix 𝐙 – multiplication with itself



▪ Various applications

● Genome-wide associations studies

● Genomic evaluations

● …

2) Genotype matrix 𝐙 – multiplication with a real 

dense matrix



▪ Genomic evaluations

● Solved by PCG

● Required two multiplications

● 𝐙𝚲𝟏 and 𝐙′𝚲𝟐

● Up to 90% of computational load of one PCG iteration

➔Tailored algorithms needed for compressed genotypes

● CPU and GPU

2) Genotype matrix 𝐙 – multiplication with a real 

dense matrix



▪ Multiplication with compressed genotypes

➔Two strategies investigated for CPUs and GPUs

1. Decompression of (blocks of) 𝐙 followed by the multiplication

with the corresponding 𝚲𝒊

Or

2. Storage of all possible results in a hash table followed by 

looking up the results corresponding to 𝐙

➔Can we perform these multiplications with FPGAs?

2) Genotype matrix 𝐙 – multiplication with a real 

dense matrix



▪ 2.61 million genotypes 

● 47,006 SNPs

▪ CPU: AMD EPYC 7513

▪ GPU: Nvidia H100

● 80 GB

▪ 20 threads

Example – Irish dataset
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▪ 𝐒: sparse matrix

▪ Needed for 

● Preconditioning: 𝐙′𝐒𝐙

● PCG iteration: 𝐙′𝐒𝐙 −1𝚲𝟏

▪ Result: dense matrix

● Rows: ~#SNPs

3) Genotype matrix 𝐙 – multiplication with a real 

sparse matrix



▪ DNA sequencing analysis and storage

▪ DNA sequence alignment

▪ Genotype imputation

▪ …

Other problems…

17



▪ Genotype matrix - several challenges

● Storage

● Multiplication with 1) itself, 2) a real dense matrix, or 3) a real 

sparse matrix

▪ Possible with current datasets, tailored algorithms, software, hardware

BUT datasets get bigger every day!

➔Current large datasets will be “small” tomorrow!

How can FPGAS contribute to sustainable animal breeding?

Conclusions
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Thank you!
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𝐲 = 𝐗𝐛 +𝐖𝐚 + 𝐞

𝐗′𝐑−1𝐗 𝐗′𝐑−1𝐖
𝐖′𝐑−1𝐗 𝐖′𝐑−1𝐖+ 𝚺−1

𝐛
𝐚

=
𝐗′𝐑−1𝐲

𝐖′𝐑−1𝐲

● Large (>109 equations) and ill-conditioned

● Mainly sparse

● Dense block (up to a few million rows/columns)

● Due to genomic information

Mixed model equations



▪ Two-level PCG

▪ Matrix-free approaches

● Main cost: (compressed) genotype matrix

Solving large mixed model equations



▪ 17 million records (6 traits)

▪ 26.5 million animals

▪ 2.61 million genotypes with 47,006 SNPs

➔Double precision:~982 GB

➔Compressed: ~31 GB

▪ Equations: 372 million

▪ RAM required for PCG: 86 GB

Large example – Irish dataset



▪ CPU: AMD EPYC 7513

▪ GPU: Nvidia H100

● 80 GB

▪ 20 threads

Large example – Irish dataset
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▪ At each PCG iteration: 𝐙𝚲𝟏 and 𝐙′𝚲𝟐

● Up to 90% of computational load of one PCG iteration

➔Tailored algorithms for compressed genotypes

● Optimal use of the hardware (e.g. vectorization, loop unrolling)

● CPUs and GPUs

➔Can we perform these multiplications with FPGAs?

2) Genotype matrix 𝐙 – multiplication with a real 

dense matrix
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