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Abstract—In  this paper we describe our design and
characterization of a co-processor architecture to accelerate
median-based phylogenetic reconstruction  for gene-
rearrangement data. Our current design performs a parallelized
version of the breakpoint median computation and achieves an
average speedup of 876 for simulated input data having a high
evolution rate. After imtegrating our hardware-based median
computation into the GRAPPA toolset, we have achieved an
average speedup of 189 over the entire phylogenetic re-
construction procedure. The results in this paper suggest that
FPGA-based acceleration is a promising approach for
computationally expensive phylogenetic problems that are based
on combinatorial optimization.
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L. INTRODUCTION

The recent reductions i cost associated with DNA
sequencing have resulted in an explosion in the amount of
genomic data of all types. These include large collections of
isolated genes, entire prokaryotic genomes, genomes of
unknown organisms (i.e. the now famous Sargasso Sea data),
and complex eukaryotic genomes (model organisms). Making
effective use of this data, from understanding small local
changes in the genome of tumor cells to reconstructing the Tree
of Life, will require an evolutionary perspective. In particular,
the availability of fully sequenced and well-annotated
prokaryotic genomes allows us to move beyond the mere
sequence level and into the study of genomic evolution.

Once a genome has been annotated to the point where gene
homologs can be identified, each gene family can be assigned a
unique integer and each chromosome can be represented by an
ordering {a string) of signed integers (where the sign indicates
the strand).  Rearrangement of genes under inversion,
transposition, and other operations such as duplications,
deletions, and insertions are known to be an important
evolutionary mechanism. Their use in reconstructing
phylogenies has been studied intensely since the pioneering
papers of Sankoff [1]. Understanding these rearrangements 1s
also a crucial step in comparative genomics, gene prediction,
and other analyses. Biologists have embraced this new source
of data in their phylogenetic and comparative genomics work
[2], while computer scientists are slowly solving the difficult
problems posed by the manipulations of these gene orders [3].
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In the past several vears, substantial progress has been
made in understanding genome rearrangements and computing
with such data. Pevmer's group provided the first
breakthrough with a solution for computing shortest sequences
of rearrangements (so-called edit distances) that would
transform one ordering into the other [4]. Subsequent work
from Moret's group gave a linear-time algorithm to compute
these edit distances [5], techniques to tackle the NP-hard
median problems [6], faster and better-scaling approaches to
phylogenetic reconstruction [7], and the software package
GRAPPA which has become one of the most accurate methods
for inversion phylogenies [8]. Moreover, the extension of
GRAPPA that uses the heuristic technique of disk-covering [9]
(DCM-GRAPPA [10]) runs quickly on large datasets with
more than 1,000 genomes.

As such, the number of taxa in the dataset is no longer the
main issue. However, scoring a candidate tree requires solving
many instances of the median computation, which may take
days or even months to finish when the involved genomes are
distant. Thus finding efficient median solvers 1s still desired.

Parallelizing the current methods on clusters or SMPs is
one obvious way to alleviate this problem. However, large-
scale parallel computers are extremely expensive to acquire and
maintain.  As such, this approach is not feasible for many
biological and medical labs. Our approach is to apply High-
Performance Reconfigurable Computing (HPRC) to finely
parallelize GRAPPA and achieve cluster-class performance
using an inexpensive, lightweight, and efficient desktop
platform.

In the HPRC model, one or more Field Programmable Gate
Array (FPGA) devices are attached to a general purpose CPU
and used as an application-specific co-processor. An FPGA 1s
a reconfigurable logic device that can be electromically
configured (programmed) to implement any arbitrary digital
logic circuit using the FPGA’s programmable logic gates and
integrated memory blocks.

Aside from the obvious differences in the way they are
programmed, developing an efficient HPRC application is
fundamentally very similar to developing a traditional HPC
application. In both cases, the developer must explicitly
identify parallelism and extract it. However, due to the lower
communication and systems overhead, an HPRC system allows
























