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Abstract. In this poster, we propose optimum tag single nu-
cleotide polymorphism (SNP) selection methods based on integer
linear programming. Experimental results on simulated data show
that haplotype reconstruction based on tag SNPs is nearly as accu-
rate as reconstruction based on all SNPs.

Introduction
The completion of the Human Genome Project and the identi-

fication of millions of single nucleotide polymorphisms (SNPs) in
the human population has opened the way for large-scale associ-
ation studies between genetic variation and susceptibility to com-
mon diseases. At present, it is prohibitively expensive to directly
determine the haplotypes in diploid organisms such as humans.
However, there are several robust methods for determining the con-
flated SNP information in the so called genotype. Haplotypes are
currently inferred from the genotypes of a large population of indi-
viduals via statistical approaches such as the well-known PHASE
algorithm [6]. In order to reduce haplotyping costs, a two stage
methodology has been recently proposed (see, e.g., [2]). In the first
stage, all SNPs of interest are genotyped in a small sample of the
population. Common haplotypes are then inferred using statistical
methods, and a minimum set of tag SNPs is selected. In the second
stage, tag SNPs are genotyped in the remaining population. Statis-
tical methods are then used to infer haplotypes over the tag SNPs,
and finally the latter are extrapolated to full haplotypes.

Tag SNP Selection
Tag SNP selection has received much attention recently. Most of

the proposed methods start by decomposing haplotypes into blocks
with reduced haplotype diversity, then select tag SNPs within each
block independently. Sebastiani et al. [5] proposed a Best Enumer-
ation SNP Tags (BEST) algorithm for finding the minimum set of
tag SNPs that uniquely identify a given set of haplotypes. Unfor-
tunately, the worst-case runtime of the BEST algorithm grows ex-
ponentially in the number of SNPs and haplotypes as shown in the
table below. These runtimes were obtained on a 3.0GHz Pentium4
Dell Optiplex by running BEST on n haplotypes corresponding to
the rows of the n × n identity matrix.

n 10 12 14 16 18 20
BEST time <.01s 2s 29s 14m8s 6h4m 4d18h

Although BEST is typically faster on real haplotype data,
its runtime is still not practical for tag SNP selection of large
unstructured datasets such as that of Daly et al. [1], which
consists of 360 distinct haplotypes with 103 SNPs each. Prac-
tical runtime for minimum tag SNP selection can be achieved
by using integer programming methods. Let xi be an inte-
ger variable that is set to 1 when SNP i is selected as a tag
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SNP, and to 0 otherwise. As observed in [4], the problem of
selecting the minimum number of SNPs tagging a set H of
haplotypes with n SNPs each can be formulated as the following
integer linear program (ILP): minimize

∑n

i=1
xi subject to the

constraint that
∑

i:hi 6=h′

i

xi ≥ 1 for every pair of distinct hap-

lotypes h, h′ ∈ H. This ILP can be solved using commercial
solvers such as CPLEX (http://www.ilog.com/products/cplex/)
or open source optimization packages such as GLPK
(http://www.gnu.org/software/glpk/glpk.html). Using CPLEX, it
takes less than 7 seconds to select tag SNPs for the Daly et al. [1]
dataset that could not be handled by BEST.

Accuracy of Haplotype Reconstruction
To evaluate the accuracy of the haplotypes reconstructed by the

two stage methodology described in introduction we used a pro-
gram developed by R.Hudson [3] to generate populations of 200-
400 genotypes over 10-30 SNP sites. For each population, we sim-
ulated the first phase of a genotyping study with sample size 50.
Then, we inferred haplotypes on the whole population using three
methods: (1) by running PHASE on full genotypes, (2) by running
PHASE on the tag SNPs selected by the ILP, then extrapolating the
inferred haplotypes to full haplotypes, and (3) same as (2) but this
time using a random set of tag SNPs of the same size as the set
selected by the ILP. The table below gives the number of tag SNPs
and the haplotype phasing accuracy of the three methods (averaged
over 10 instances of each size). The results show that haplotype
reconstruction based on tag SNPs is nearly as accurate as recon-
struction based on all SNPs, while inference based on the same
number of random SNPs is significantly less accurate.

Pop. Size #SNPs #Tag PHASE/Full PHASE/ILP PHASE/Random
200 10 7.20 93.65 94.15 89.00
200 20 11.70 90.50 87.05 70.30
200 30 16.10 93.10 90.30 72.25
400 10 7.00 96.30 96.45 87.67
400 20 13.00 94.03 91.88 77.00
400 30 15.60 94.15 89.92 62.50
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