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Introduction
Approximating the recent phylogeny of N phased haplotypes at sequential loci along the
genome is a core problem in modern population genomics. Current leading approaches,
including tsinfer [1] and RELATE [2], are rooted in the Li & Stephens (LS) copying
model [3]. To facilitate further development and benchmarking in this area, we have
created a fast, easy-to-use, open-source R package kalis: Kit for Accelerated LI and
Stephens. kalis offers fast and memory-efficient onons of the forward and backward
algorithm. They allow users to rapidly calculate the posterior copying probabilities for
a given set of recipient and donor haplotypes either at a locus of interest or sequen-
tially along a chromosome (using optimized checkpointing, see below). Helper functions
enable parallelized calculation of common quantities of interest: the posterior copying
probabilities at a given locus or a N ×N matrix of pairwise genetic distances at a given
locus (like those used in RELATE).

Example: Decode a Locus from a Phased VCF
Here we demonstrate how straightforward it is to use kalis to calculate and plot a
clustered RELATE-style distance matrix at a given target locus starting with a VCF of
phased haplotypes and a vector of the cM distances between variants, recomb.map.

kalis can run with either the classic LS mu-
tation model or employ the asymmetric muta-
tion kernel used in RELATE to utilize derived-
vs-ancestral information. In this example,
we use the asymmetric kernel by specify-
ing use.speidel = T in the Parameters

function. We start at the command line, us-
ing bcftools [4] to convert haplotypes to
hap.gz format
bcftools convert -h my.vcf.gz
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Then in R, we run
remotes::install github("louisaslett/kalis"); library(kalis) # Install kalis
CacheHaplotypes("my.hap.gz") # Load haplotypes
pars ← Parameters(CalcRho(cM = recomb.map), use.speidel = T) # Set HMM Parameters

fwd ← MakeForwardTable(pars) # Run Forward & Backward Algorithms
bck ← MakeBackwardTable(pars)

Forward(fwd, pars, target.locus.index, nthreads = 8)

Backward(bck, pars, target.locus.index, nthreads = 8)

plot(DistMat(fwd, bck, type = "minus.min")) # Plot RELATE-style Dist Matrix at target locus

kalis Implementation Features
Flexible: among other extensions, we support

site-specific mutation rates
non-uniform prior copying probabilities

Scalable: Performance features include

Bit-based cache for ↑ memory bandwidth (Figure 4)
Customized assembly-level parallelism via vector intrinsics (supporting AVX512,
AVX2, and NEON architectures)
Novel rescaling of the LS forward and backward recursions for speed and numerical
stability

Exact: no approximations are used, all calculations in double precision

Reliable: Ships with 100,000+ unit tests (passing on all platforms tested to date)

User Friendly: delivers results directly in R for further exploration and computation
with minimal data preparation

Try kalis
Installation instructions, documentation and links to the source code at

kalis.louisaslett.com
(methods for iterating sequentially over loci will be pushed to stable release soon)

Performance Benchmarks
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Figure 1:kalis shows the expected order N2 and order
L scaling of the LS model. Computed on an AWS
c4.8xlarge instance (36 vCPUs, 60 GiB of RAM).
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Figure 2: milliseconds / variant performance of the forward algorithm on 10,000 haplo-
types across several loop unrolling levels (see title of each plot for loop unrolling level).
There is clearly a cost to doing too much unrolling, but 8 loop unrolls appears to give
some benefit. Using AVX2 and 48 cores, it takes less than 10 seconds to propagate a
10k × 10k forward table over 10,000 variants.
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Figure 3: time / variant performance of forward algorithm on 100,000 haplotypes. We see a clear
benefit from using instruction sets and pinning CPUs to avoid the cost of context switching
when many cores are available. Using AVX512 and 48 cores, it takes ≈ 38 mins to propagate
a 100k × 100k forward table over 10,000 variants.
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<latexit sha1_base64="cfWtqqkYoBUiLx4Sg5ORN+woQVA=">AAACF3icbVDJSgNBFOyJW4zbqEcvg1HwIGFGBT0GvOQYwSyQhNDT6Uma9DJ0vwmGYT5E8Kq/4U28evQv/AQ7y8EkFjQUVe/xqiuMOTPg+99Obm19Y3Mrv13Y2d3bP3APj+pGJZrQGlFc6WaIDeVM0how4LQZa4pFyGkjHN5P/MaIasOUfIRxTDsC9yWLGMFgpa7rtoE+QVrBMVcTP+u6Rb/kT+GtkmBOimiOatf9afcUSQSVQDg2phX4MXRSrIERTrNCOzE0xmSI+7RlqcSCmk46TZ5551bpeZHS9knwpurfjRQLY8YitJMCw8AsexPxP6+VQHTXSZmME6CSzA5FCfdAeZNvej2mKQE+tgQTzWxWjwywxgRsWQtXQqWGgENz2bPpEiGzgq0oWC5kldSvSsF1yX+4KZbP5mXl0Qk6RRcoQLeojCqoimqIoBF6Qa/ozXl23p0P53M2mnPmO8doAc7XL3L4oJw=</latexit>

Locus �
<latexit sha1_base64="Efv2+i/7pxOKoM+pOi58XQbICa0=">AAACGXicbVDLSgNBEJz1bXxFPXoZjIIHCbsq6DHgxYMHBfOAJITZSScZMjuzzPRKwrJfInjV3/AmXj35F36Ck5iDSSxoKKq66KbCWAqLvv/lLSwuLa+srq3nNja3tnfyu3sVqxPDocy11KYWMgtSKCijQAm12ACLQgnVsH898quPYKzQ6gGHMTQj1lWiIzhDJ7Xyew2EAaa3mieWZrQBUrbyBb/oj0HnSTAhBTLBXSv/3Wi7fAQKuWTW1gM/xmbKDAouIcs1Egsx433WhbqjikVgm+n494weO6VNO9q4UUjH6t9EyiJrh1HoNiOGPTvrjcT/vHqCnatmKlScICj+e6iTSIqajoqgbWGAoxw6wrgR7lfKe8wwjq6uqSuh1n1koT1tu++SSGU5V1EwW8g8qZwVg/Oif39RKB1NylojB+SQnJCAXJISuSF3pEw4GZBn8kJevSfvzXv3Pn5XF7xJZp9Mwfv8AQu7oNk=</latexit>

1
<latexit sha1_base64="u3sWWDM3Zq0j3w5IPcDEn02wzsI=">AAACBnicbVDLSgMxFM3UV62vqks3wSq4kDKjgi4Lbly2YB/QDiWTudOGZpIhyQhl6F5wq7/hTtz6G/6Fn2DazsK2HggczrmXe3KChDNtXPfbKaytb2xuFbdLO7t7+wflw6OWlqmi0KSSS9UJiAbOBDQNMxw6iQISBxzaweh+6refQGkmxaMZJ+DHZCBYxCgxVmp4/XLFrboz4FXi5aSCctT75Z9eKGkagzCUE627npsYPyPKMMphUuqlGhJCR2QAXUsFiUH72SzoBJ9bJcSRVPYJg2fq342MxFqP48BOxsQM9bI3Ff/zuqmJ7vyMiSQ1IOj8UJRybCSe/hqHTAE1fGwJoYrZrJgOiSLU2G4WrgRSjgwJ9GVo06WxmJRsRd5yIaukdVX1rqtu46ZSO8vLKqITdIoukIduUQ09oDpqIooAvaBX9OY8O+/Oh/M5Hy04+c4xWoDz9QvKqpk3</latexit>

2
<latexit sha1_base64="IJEJWI4lG1qW6E8Bc69DuGbMNbM=">AAACBnicbVDLSsNAFJ3UV62vqks3wSq4kJJUQZcFNy5bsLXQhjKZTNqh8wgzN0IJ3Qtu9TfciVt/w7/wE5y2WdjWAwOHc+7lnjlhwpkBz/t2CmvrG5tbxe3Szu7e/kH58KhtVKoJbRHFle6E2FDOJG0BA047iaZYhJw+hqO7qf/4RLVhSj7AOKGBwAPJYkYwWKlZ65crXtWbwV0lfk4qKEejX/7pRYqkgkogHBvT9b0EggxrYITTSamXGppgMsID2rVUYkFNkM2CTtxzq0RurLR9EtyZ+ncjw8KYsQjtpMAwNMveVPzP66YQ3wYZk0kKVJL5oTjlLih3+ms3YpoS4GNLMNHMZnXJEGtMwHazcCVUagQ4NJeRTZcKOSnZivzlQlZJu1b1r6pe87pSP8vLKqITdIoukI9uUB3dowZqIYIoekGv6M15dt6dD+dzPlpw8p1jtADn6xfMTJk4</latexit>

. . .
<latexit sha1_base64="juhQ4YdibI/laCg/xGEpr5CyohU=">AAACCnicbVDLSsNAFJ3UV62vqks3wSq4kJKooMuCG5cVTC20oUwmk3boPMLMjVBC/0Bwq7/hTtz6E/6Fn+C0zcK2Hhg4nHMv98yJUs4MeN63U1pZXVvfKG9WtrZ3dveq+wctozJNaEAUV7odYUM5kzQABpy2U02xiDh9jIa3E//xiWrDlHyAUUpDgfuSJYxgsFLQjRWYXrXm1b0p3GXiF6SGCjR71R+7RzJBJRCOjen4XgphjjUwwum40s0MTTEZ4j7tWCqxoCbMp2HH7qlVYjdR2j4J7lT9u5FjYcxIRHZSYBiYRW8i/ud1MkhuwpzJNAMqyexQknEXlDv5uRszTQnwkSWYaGazumSANSZg+5m7Eik1BByZ89imy4QcV2xF/mIhy6R1Ufcv6979Va1xUpRVRkfoGJ0hH12jBrpDTRQgghh6Qa/ozXl23p0P53M2WnKKnUM0B+frF3rSm0Q=</latexit>

1
<latexit sha1_base64="u3sWWDM3Zq0j3w5IPcDEn02wzsI=">AAACBnicbVDLSgMxFM3UV62vqks3wSq4kDKjgi4Lbly2YB/QDiWTudOGZpIhyQhl6F5wq7/hTtz6G/6Fn2DazsK2HggczrmXe3KChDNtXPfbKaytb2xuFbdLO7t7+wflw6OWlqmi0KSSS9UJiAbOBDQNMxw6iQISBxzaweh+6refQGkmxaMZJ+DHZCBYxCgxVmp4/XLFrboz4FXi5aSCctT75Z9eKGkagzCUE627npsYPyPKMMphUuqlGhJCR2QAXUsFiUH72SzoBJ9bJcSRVPYJg2fq342MxFqP48BOxsQM9bI3Ff/zuqmJ7vyMiSQ1IOj8UJRybCSe/hqHTAE1fGwJoYrZrJgOiSLU2G4WrgRSjgwJ9GVo06WxmJRsRd5yIaukdVX1rqtu46ZSO8vLKqITdIoukIduUQ09oDpqIooAvaBX9OY8O+/Oh/M5Hy04+c4xWoDz9QvKqpk3</latexit>

2
<latexit sha1_base64="IJEJWI4lG1qW6E8Bc69DuGbMNbM=">AAACBnicbVDLSsNAFJ3UV62vqks3wSq4kJJUQZcFNy5bsLXQhjKZTNqh8wgzN0IJ3Qtu9TfciVt/w7/wE5y2WdjWAwOHc+7lnjlhwpkBz/t2CmvrG5tbxe3Szu7e/kH58KhtVKoJbRHFle6E2FDOJG0BA047iaZYhJw+hqO7qf/4RLVhSj7AOKGBwAPJYkYwWKlZ65crXtWbwV0lfk4qKEejX/7pRYqkgkogHBvT9b0EggxrYITTSamXGppgMsID2rVUYkFNkM2CTtxzq0RurLR9EtyZ+ncjw8KYsQjtpMAwNMveVPzP66YQ3wYZk0kKVJL5oTjlLih3+ms3YpoS4GNLMNHMZnXJEGtMwHazcCVUagQ4NJeRTZcKOSnZivzlQlZJu1b1r6pe87pSP8vLKqITdIoukI9uUB3dowZqIYIoekGv6M15dt6dD+dzPlpw8p1jtADn6xfMTJk4</latexit>

...
<latexit sha1_base64="IeD+DcaxYtnoYY7981pTIcI4ENg=">AAACC3icbVDLSgMxFM34rPVVdekmWAUXUmZU0GXBjcsK9gHtUDKZTBubSYbkTqEM/QTBrf6GO3HrR/gXfoJpOwvbeiBwOOde7skJEsENuO63s7K6tr6xWdgqbu/s7u2XDg4bRqWasjpVQulWQAwTXLI6cBCslWhG4kCwZjC4m/jNIdOGK/kIo4T5MelJHnFKwEqNzjBUYLqlsltxp8DLxMtJGeWodUs/nVDRNGYSqCDGtD03AT8jGjgVbFzspIYlhA5Ij7UtlSRmxs+macf4zCohjpS2TwKeqn83MhIbM4oDOxkT6JtFbyL+57VTiG79jMskBSbp7FCUCgwKT76OQ64ZBTGyhFDNbVZM+0QTCraguSuBUgMggbkIbbo0luOirchbLGSZNC4r3lXFfbguV0/zsgroGJ2gc+ShG1RF96iG6oiiJ/SCXtGb8+y8Ox/O52x0xcl3jtAcnK9fYsubxA==</latexit>

. . .
<latexit sha1_base64="juhQ4YdibI/laCg/xGEpr5CyohU=">AAACCnicbVDLSsNAFJ3UV62vqks3wSq4kJKooMuCG5cVTC20oUwmk3boPMLMjVBC/0Bwq7/hTtz6E/6Fn+C0zcK2Hhg4nHMv98yJUs4MeN63U1pZXVvfKG9WtrZ3dveq+wctozJNaEAUV7odYUM5kzQABpy2U02xiDh9jIa3E//xiWrDlHyAUUpDgfuSJYxgsFLQjRWYXrXm1b0p3GXiF6SGCjR71R+7RzJBJRCOjen4XgphjjUwwum40s0MTTEZ4j7tWCqxoCbMp2HH7qlVYjdR2j4J7lT9u5FjYcxIRHZSYBiYRW8i/ud1MkhuwpzJNAMqyexQknEXlDv5uRszTQnwkSWYaGazumSANSZg+5m7Eik1BByZ89imy4QcV2xF/mIhy6R1Ufcv6979Va1xUpRVRkfoGJ0hH12jBrpDTRQgghh6Qa/ozXl23p0P53M2WnKKnUM0B+frF3rSm0Q=</latexit>

32-bit uint
<latexit sha1_base64="wpauNV6XRS5FSGvgctmGq5AU2iY=">AAACGXicbVDLSgMxFM34rPU11qWbYBVcaJlpBV0W3LisYB/QlpJJ0zY0kwzJHWkZ5ksEt/ob7sStK//CTzB9LGzrgQuHc+7lHk4QCW7A876dtfWNza3tzE52d2//4NA9ytWMijVlVaqE0o2AGCa4ZFXgIFgj0oyEgWD1YHg38etPTBuu5COMI9YOSV/yHqcErNRxcy1gI0hKxauAA465hLTj5r2CNwVeJf6c5NEclY770+oqGodMAhXEmKbvRdBOiAZOBUuzrdiwiNAh6bOmpZKEzLSTafYUn1uli3tK25GAp+rfi4SExozDwG6GBAZm2ZuI/3nNGHq37YTLKAYm6exRLxYYFJ4UgbtcMwpibAmhmtusmA6IJhRsXQtfAqWGQAJz2bXp4lCmWVuRv1zIKqkVC36p4D1c58tn87Iy6ASdogvkoxtURveogqqIohF6Qa/ozXl23p0P53O2uubMb47RApyvX7wToKs=</latexit>

. . .
<latexit sha1_base64="juhQ4YdibI/laCg/xGEpr5CyohU=">AAACCnicbVDLSsNAFJ3UV62vqks3wSq4kJKooMuCG5cVTC20oUwmk3boPMLMjVBC/0Bwq7/hTtz6E/6Fn+C0zcK2Hhg4nHMv98yJUs4MeN63U1pZXVvfKG9WtrZ3dveq+wctozJNaEAUV7odYUM5kzQABpy2U02xiDh9jIa3E//xiWrDlHyAUUpDgfuSJYxgsFLQjRWYXrXm1b0p3GXiF6SGCjR71R+7RzJBJRCOjen4XgphjjUwwum40s0MTTEZ4j7tWCqxoCbMp2HH7qlVYjdR2j4J7lT9u5FjYcxIRHZSYBiYRW8i/ud1MkhuwpzJNAMqyexQknEXlDv5uRszTQnwkSWYaGazumSANSZg+5m7Eik1BByZ89imy4QcV2xF/mIhy6R1Ufcv6979Va1xUpRVRkfoGJ0hH12jBrpDTRQgghh6Qa/ozXl23p0P53M2WnKKnUM0B+frF3rSm0Q=</latexit>

i
<latexit sha1_base64="Ab3l0BS7olIieEs5fgGiX02qYe0=">AAACBnicbVDLSgMxFM3UV62vqks3wSq4kDKjgi4Lbly2YB/QDiWTudOGZpIhyQhl6F5wq7/hTtz6G/6Fn2DazsK2HggczrmXe3KChDNtXPfbKaytb2xuFbdLO7t7+wflw6OWlqmi0KSSS9UJiAbOBDQNMxw6iQISBxzaweh+6refQGkmxaMZJ+DHZCBYxCgxVmqwfrniVt0Z8CrxclJBOer98k8vlDSNQRjKidZdz02MnxFlGOUwKfVSDQmhIzKArqWCxKD9bBZ0gs+tEuJIKvuEwTP170ZGYq3HcWAnY2KGetmbiv953dREd37GRJIaEHR+KEo5NhJPf41DpoAaPraEUMVsVkyHRBFqbDcLVwIpR4YE+jK06dJYTEq2Im+5kFXSuqp611W3cVOpneVlFdEJOkUXyEO3qIYeUB01EUWAXtArenOenXfnw/mcjxacfOcYLcD5+gUmKZlv</latexit>

N
<latexit sha1_base64="7A5MpjYyhHxUukDR6AEQZXpyDLg=">AAACBnicbVDLSgMxFM34rPVVdekmWAUXUmZU0GXBjStpwT6gHUomk2lDM8mQ3BHK0L3gVn/Dnbj1N/wLP8G0nYVtPRA4nHMv9+QEieAGXPfbWVldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7IIYJLlkDOAjWTjQjcSBYKxjeTfzWE9OGK/kIo4T5MelLHnFKwEr1h16p7FbcKfAy8XJSRjlqvdJPN1Q0jZkEKogxHc9NwM+IBk4FGxe7qWEJoUPSZx1LJYmZ8bNp0DE+s0qII6Xtk4Cn6t+NjMTGjOLATsYEBmbRm4j/eZ0Uols/4zJJgUk6OxSlAoPCk1/jkGtGQYwsIVRzmxXTAdGEgu1m7kqg1BBIYC5Cmy6N5bhoK/IWC1kmzcuKd1Vx69fl6mleVgEdoxN0jjx0g6roHtVQA1HE0At6RW/Os/PufDifs9EVJ985QnNwvn4B+gSZVA==</latexit>
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<latexit sha1_base64="Ua50ADbgDgIgTkNCttke8ZqNaBo=">AAACEXicbVDLSsNAFJ34rPVVdekmWBQXUhIVFFcFNy4r2Ac0oUwmk3boZCbM3Igl5CsEt/ob7sStX+Bf+AlO2yxs64ELh3Pu5R5OkHCmwXG+raXlldW19dJGeXNre2e3srff0jJVhDaJ5FJ1AqwpZ4I2gQGnnURRHAectoPh7dhvP1KlmRQPMEqoH+O+YBEjGIzkeUCfIMNhqG7yXqXq1JwJ7EXiFqSKCjR6lR8vlCSNqQDCsdZd10nAz7ACRjjNy16qaYLJEPdp11CBY6r9bJI5t4+NEtqRVGYE2BP170WGY61HcWA2YwwDPe+Nxf+8bgrRtZ8xkaRABZk+ilJug7THBdghU5QAHxmCiWImq00GWGECpqaZL4GUQ8CBPgtNujQWedlU5M4Xskha5zX3oubcX1brJ0VZJXSIjtApctEVqqM71EBNRFCCXtArerOerXfrw/qcri5Zxc0BmoH19Qs7jp5k</latexit>
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<latexit sha1_base64="y0oPSzlKslRE/0vvZs/MGTdotSA="></latexit>

i + 3
<latexit sha1_base64="+PrzkHxMkkR8ZW1hHS52a1zJxt4=">AAACCHicbVDJSgNBFOyJW4xb1KOXwaAISpgxgh4DXjxGNAskQ+jp6Uma9DJ0vxHCkB8QvOpveBOv/oV/4SfYWQ4msaChqHqPV11hwpkBz/t2ciura+sb+c3C1vbO7l5x/6BhVKoJrRPFlW6F2FDOJK0DA05biaZYhJw2w8Ht2G8+UW2Yko8wTGggcE+ymBEMVnpg55VuseSVvQncZeLPSAnNUOsWfzqRIqmgEgjHxrR9L4EgwxoY4XRU6KSGJpgMcI+2LZVYUBNkk6gj98QqkRsrbZ8Ed6L+3ciwMGYoQjspMPTNojcW//PaKcQ3QcZkkgKVZHooTrkLyh3/242YpgT40BJMNLNZXdLHGhOw7cxdCZUaAA7NRWTTpUKOCrYif7GQZdK4LPuVsnd/VaqezsrKoyN0jM6Qj65RFd2hGqojgnroBb2iN+fZeXc+nM/paM6Z7RyiOThfvwtRmeM=</latexit>

Figure 4: Haplotypes in kalis are internally stored
in 32-bit chunks to maximize memory band-
width. These bits are manually unpacked into
integers for further arithmetic using BMI in-
structions.
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