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Scalable Hardware Accelerator for Comparing DNA
and Protein Seguences

Philippe Faes, Bram Minnaert, Mark Christiaens, Eric BanNean Saeys, Dirk Stroobandt, Yves Van de Peer

Abstract— Comparing genetic sequences is a well-known prob- presented by Gotoh.
lem in bioinformatics. Newly determined sequences are begn
compared to known sequences stored in databases in order to .
investigate biological functions. In recent years the numer of A. Alignment

available sequences has increased exponentially. Becausethis A well known problem in bioinformatics is the compar-

explosion a speedup in the comparison process is highly regqad. . : : :
To meet this demand we implemented a dynamic programming ison of Desoxyribonucleic Acid (DNA) sequences and of

algorithm for sequence alignment on reconfigurable hardwae. Protein sequences. The former are represented by strings of
The algorithm we implemented, Smith-Waterman-Gotoh (SWG) nucleotides, where possible nucleotides are A, C, G, and T,
has not been implemented in hardware before. We show a an alphabet of four symbols. The latter are represented by a
speedup factor of 40 in a design that scales well with the size string of amino-acids. The 20 possible amino-acids are also

of the available hardware. We also demonstrate the limits of . -
larger hardware for small problems, and project our design m represented by roman capital letters, forming an alphabet o

the largest Field Programmable Gate Array (FPGA) available 20 Symbols..We will focus on com_paring protei.n sequences,
today. but the algorithm and the acceleration we describe is idehti

when comparing DNA sequences. The calculation for DNA
I. INTRODUCTION sequences is considerably easier, because of the shqtter al

In this paper we present a scalable accelerator for corrg)arl%e . . . .
, : ) : Comparing genetic sequences is based on the properties of
protein sequences. Comparing protein sequences is a ve

. . . . fdtations. Over time a sequence mutates and three elementar
computationally expensive operation that is often pergmm . . : ) . N
. . r . . . mutation operations are considered: nucleotides or antius a
in the field of bioinformatics. A typical operation would

’ . can be inserted, deleted or substituted.
be to compare one newly determined sequence with eace}M : . : )
utations can be visualized by alignment For example

sequence in a database, and calculate their similaritiae. Q . . :
such database, the NCBI protein database [1], containssalmp possible al|gn.ment between the protein sequenGaS AT
- ; : ; and TTATATTT is
3 million protein sequences with lengths ranging from 6 to
36805 amino-acids. The computational complexity of one --AG TTAT
comparison is of the ord&p(N; N»), the product of the length [ 1] ]
of the two sequences. TTATATT-T.
An algorithm that is often used for comparing sequences
is the Smith-Waterman[2] algorithm, which was extended by The edit distancé of an alignment expresses the similarity
Gotoh([3]. Our implementation of this Smith-Waterman-Gotopf the two sequences. It is calculated as the sum of the
(SWG) algorithm can compare two sequences of length 10gfhtching scores of individual characters (positive forehas
in 50 ms on a modern desktop computer. We have been agif usually negative for substitutions) and the penalti¢he

to accelerate this operation with a factor 40, using a FPGAyaps. For the above example the edit distance is
Previous hardware solutions [4], [5] simplify the Smith-

Waterman algorithm by setting many of the parameters to a
fixed value, by only allowing DNA comparisons, and by not M (AA) +M(GT) +3M(T,T) - 2G(1) - G(2), (1)
implementing the Gotoh extension. We put only very weak
restrictions on the length of the protein sequences, stipiper
Gotoh extension and provide the full flexibility of arbityar
substitution matrices and insertion penalties.

Even with the current FPGASs, we can accelerate the algo-
rithm by a factor 40. B. Smith-Waterman Algorithm

We demonstrate the scalability by projecting our desigowont The Smith-Waterman algorithm [2] uses dynamic program-
an FPGA which is seven times bigger than the FPGA we usetng to find theoptimal local alignment. This is the align-
for our initial development. ment of two subsequences which produces the maximum edit

with A the so-calledsubstitution matrix which contains
the matching scores and mismatch penalties @ndhe gap
penalty function

Il. PROTEIN COMPARISON 1This is a misnomer in existing literature: the value we daleu does
. . . . . . not have the axiomatic properties of a “distance”. A betemt would be
In this section we will present the basic prlnC|pIes of prote similarity, since higher values represent better matches. We wik stith
comparison, the Smith-Waterman algorithm and its extensite conventional terndistance
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distance. The algorithm is based on a linear gap penalty T(T|A|T]A|[T|T|T

(G(n) = yn). A possible local alignment of the previous two 0/0/0]|0|0|0]|0|0]|O

protein sequences is Al0]0|0]3/0]3]0]0|0

G|ojojo|o|2|2]2]0]0

AG TTAT T|o|3]3]2][3]2]/5]5]4

1] Tlo[3]6|5]|5]4]5]8]s

ATATT-T, A|0|0|5]|9(4(8|7|7|7

T|0|3|3]|8/12]11/11]10|10

another local alignment is

AGTTAT Fig. 1. B Matrix for the alignment ofAGTTAT and TTATATTT.

|11
A -TTT.
C. Adaptation
Two genetic sequences, and s, with charactersgs{‘2 A common use-case for the Smith-Waterman algorithm is

(j = 1..Ny)2), the gap penalty functiods(n) = yn and a to compare one (or more) sequences to all sequences in a large
substitution matrixd/ are given. T. F. Smith and M. S. Wa-database, in order to find a small number of close matches.
terman showed that the optimal local alignment can be fouhdter, a more detailed comparison can be performed on these
by constructing four matricesB (Best), H (Horizontal), V' matches. When this strategy is taken, we are not interested i
(Vertical) andD (Diagonal). In the first phase of the algorithmthe exact alignment, but merely in the edit cost.
these matrices are constructed by initializing these wafae Since we will not perform a back-track phase, the values of
i=1..Ny andj = 1..Ny: the D, H and V' matrices need not be stored. We only need
to store one row of thé3 matrix if we calculate its values in
a row-by-row fashion. We store the prelimindmgstresult in

B(Q’ 0 =0 (2) a separate variable, and update whenever a higher value in th
B(i,0) = 0, (3) B matrix is calculated. This greatly improves the scalapiit
B(0,5) = 0, (4) the algorithm, since the memory requirements are no longer

O(N1 -NQ), but O(Nl) SinCEC(Sl,Sg) = 0(82,81), we
can change the order of the sequences when one sequence is
longer than the other. This allows us to reduce that the mgmor

and recursively calculating the other values:

D(i,j) = B(i—1,j—1)+M(s],s3), (5) requirements ta (min(Ny, Ny)).
H(l,]) = B(i,j—l)—’}/ (6)
V(i,j) = B(i—-1,j)—v (7) D. Gotoh Extension
B(i,j) = max(D(i,j),H(i,7),V(i,7),0). (8)  Gotoh [3] proposed a modification to the Smith-Waterman
We can calculateB (4, j) without referencingD, H or v @lgorithm to support gap penalties of the foriin) = w +
by substituting formulae 5, 6 and 7 into formula 8: (n - 1e. We r_efer to the original paper f_or the details and
suffice by stating that two more subtractions and two more
o max-operations are required for calculating an elemenhef t
B(i,j) = max (B(i—1,j—1)+ M(sy,s3), B matrix. We have implemented full support for the Gotoh
B(i,j—1) -1, extension, even though it increases the requirements on the
B(i—1,7) -7, hardware. To our knowledge, no other hardware accelerators
0) ) have been presented for the Smith-Waterman-Gotoh algwrith
or any other algorithm with the Gotoh extension.
The highest element in th& matrix is the comparison
distance of the two sequenceS(si,s2). The position of IIl. HARDWARE |IMPLEMENTATION
this element denotes the position of the end of the two _
subsequences. A. Overview

The second phase of the algorithm is the trace-back phaseThe core of our implementation consists of a scalable
Assuming that B(i*,j*) contains the highest element ofpipeline, a controller and some memories (Fig. 2). The nodes
the B matrix we search the maximum values bBfi*, j*), of the pipeline are used for evaluating Eq. 9 in a massively
H(i*,5*) andV (i*, 7*) as in Eq. 8. Then we move diagonallyparallel way. Each node can evaluate the equation, and pass
horizontally or vertically respectively until we meet awall) the result to the next node. The final node writes its resalts t

which indicates the start of the subsequences. a scratch-pad memoryso that is can later be retrieved by the
To clarify we present thé3 matrix in Fig. 1 for the running first node. The pipeline is connected with the memories that
example, withy = 1, M(i,i) = 3 and M (i,j) = —1 for contain theprotein sequencegach node has its own copy of

1 # j. It is clear that the value of each elemdB(n, m) can the substitution matrixso that we do not need a large global
be calculated as soon as the values ¥, j) for i < n and interconnection between each node and a central multi-port
j < m have been calculated. memory. Finally, each node is a four-stage pipeline infitsel
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mem1 mem?2 T

controller

A

Fig. 4. Calculate Elements dB with a Pipeline and Scratch-pad Memory

the design can be adapted so that one of both sequences is

streamed through the pipeline, and thus can be of arbitrary

length. Only the size of the scratch-pad memory limits the

Fig. 2. Architecture of the Hardware size of one of both sequences. Since the size of this memory
is directly proportional to the maximum value 8f;, we feel

0 2 2 our design can scale very well to larger protein sequences.

0 3 C. Access to Substitution Matrix

In our implementation each cell of the pipeline processes
an element of the dynamic programming arr&yin one
Fig. 3. Calculate Elements d& with a Large Pipeline clock cycle, and then moves to the element below the current.
Calculating one element requires evaluating Ed. Bhis
) ) ) . includes a memory lookup ol (s}, s?). In order to avoid
We will now explain the basic parts of our SWG implemeneomplex interconnections between one central copyfofind
tation, and how they are controlled by the controller in morg the cells of the pipeline, we place a copyXfin each cell.

detail. This increases memory requirements, but not to the extant th
memory becomes a bottleneck. Our largest design uses almost
B. Pipeline and Scratch-pad Memory all of the FPGA's logic elements, but only 35% of the avaiéabl

For executing the Smith-Waterman algorithm, one colunfR€mory. _ _ _ _
of the B matrix will be processed by a single node of the Before starting an alignment operation, we load the substi-
pipeline over a period ofN; clock cycles. The resulting scoretution matrix into the local memories by piping the valuemin
will be passed on to the next node of the pipeline. sShouibe plp_qllne. This again facilitates the data mterco_rmecan_d
we have enough cells in the pipeline, we could execute tRgalability, because each cell only has to communicatethéh
algorithm by having each column calculated by one node, BEVious and the next cell in the pipeline.
depicted in Fig. 3.

In order to calculateB(i,j), a node needs to know theD. Elements of; and s

values_ofB(z'_,j—l), B(i-1,j-1) andB(i-1,). Th|_s MEans,  passing the elements of a protein sequence to each node of
for agiven timestem, each node needs the value it calcula_\t e pipeline independently would cause non-scalabledater
at timen —1 and the values its predecessor calculated at timgSqtions. we take advantage of the predictable nature of the
n—1and atn —2. All these values are stored and transferregiaine. If a certain element of is used by a node, the same
in the pipeline as needed. element will be used by the successor of that node in the next
Becal_Jse we Wanfc to support sequences larger than the ?i'ﬁ?estep. This means we can pipe the elements, afito the
of the pipeline, we introduce a scratch-pad memory. The | beline at nodd. Every node will pass the element of on
node of the pipeline cannot pass its data to a successor NQd&ne next node
but rather stores its resglts in a memory._Th_e data in theTpha elements of, are somewhat more complicated. Every
memory are fed to the first node of the pipeline when the, e il use the same element of for a certain period of
next SEt,Of columns are procegsed. . time before it moves on to another column in tBematrix.
T_he size of the sequences is only !|m|ted by th.e MEMOfYo\vever, the neighbouring nodes will never need the same
available on the FPGA. Ou_r current implementation allowgia ment ofs,. This means we must pass the element directly
two sequences of 1024 amino-acids, and uses only 35%8l4ch node when the node needs it, i.e. when the node is at

the available memory on the FPGA, most of which is usgfly st row of a new column. We notice that no two nodes
for duplicating the substitution matrix in each node of the, . aver start a new column at the same time. so we can
pipeline. We are confident that we can easily adapt our design ’

for much longer sequences (at least up to 16384). MoreoveBRemember we are ignoring the Gotoh extension for the sakéadfyc



T When we execute the unmodified Java program on our
- T o = adapted Java Virtual Machine (JVM), the JVM will automati-
cally intercept the alignment method. Instead of executirg
‘e P4 method on the main processor, it has the alignment execated o
' the FPGA. All subsequent communication between the main
processor and the FPGA is handled by the JVM.

Fig. 5. Passing elements to the pipeline The use of a transparent interface leaves the choice of
hardware to the JVM, so that the programmer can concentrate
on the algorithm. The transparent interface is also robust
to multi-threading. It will be possible to fork different\da
Whreads that each invoke one FPGA. Moreover, when a thread
waits for an FPGA to finish its work, the Central Processing
Mhit (CPU) becomes available for a different Java thread. Ou

design has the potential of scaling well with multiple FPGAs

and with multiple CPUs.

time-multiplex a single interconnection channel for pagsi
the elements ok, (Fig. 5). Whenever a node starts a ne
column, it will find the correct element on thiss;-channel.
The node stores the element until it has finished its colu
If no node starts a new column, tee-channel is unused.

E. Pipelining

The operations performed in one node are: IV. SIMULATED SPEED-UP

1) calculate the memory address wheis, s3) can be  we have simulated the computation of an alignment of two
loaded frc_>mjthe local memory, proteins of size 1024, for various pipeline sizes. Recait th

2) load M(s}, s3) from memory, the software implementation takes 50ms to execute. As can

3) calculateB(i, j) using Eq. 9, _ _ be seen from Fig. 6, the initial speedup is proportional ® th

4) check if B(i, j) is a new maximum, if so set maximumamount of added hardware. For larger pipelines, the speedup
to B(i, ). decreases for two reasons.

The results of these operations are passed on to the next nodg€irstly, since the computation time decreases, the commu-
Because the operations enumerated here are rather compl@gtion overhead can no longer be ignored. The minimal
they cannot be executed in a single clock cycle on an FPG#ime required, for infinitely fast hardware is the time to
We have constructed each node as a four-step pipeline. Téigy the data to the FPGA over the PCI bus. This problem
does not degrade the over-all throughput, because each negie be reduced by copying the substitution matrix and the
can still finish one operation per clock cycle. It only meanguery sequencéeonly once so that only the sequences from a
that four matrix elements will be in the pipeline of a singlelatabase need to be copied over the bus. The bus can also be
cell at the same time. When we revise Figures 3 and 4, weed more efficiently by using Direct Memory Access (DMA)
should think of the highlighted elements as those eleméats ttransactions. Theoretically DMA burst transaction carchea

are in the final stage of the pipeline of the indicated node Tkhroughput of 133MB/s, while our current PCI bus simulation
other stages are already filled with elements that will come &llows for a throughput of 6MB/s. We could theoretically ac-

the final stage in the next clock cycles. celerate the communication by a factor of up to 22. Fig. 6 also
shows the execution times without communication overhead.
F. Related work Secondly, when the size of the pipeline approaches the size

Systolic arrays, somewhat similar to our pipeline, havenbe& the protein sequence, the pipeline cannot be used opjimal
proposed for sequence matching by [5]. The original implér-he pipeline will be filled with bubbles (nodes that do no

mentation, however requires that the length of the systofieful calculations) and it will delay the computation. g8
array is twice the length of the largest sequence. Sinc@wotdemonstrated more clearly in Fig. 7 , where we align a protein

sequences with thousands of amino-acids are known today, fif Sizé 70 with one of size 112.

requirement is not feasible on current FPGAs. Other authors! '€S€ results show that it may be usefuldmnscaléethe

[4] have proposed a systolic array that can compare a sequef@rdware when expecting many short alignments. Since we
of arbitrary length to a sequence of a fixed length ¢asu US€ an FPGA, it is feasible to reconfigure the hardware at run
38). This is too large a restriction for most bioinformaticiMe SO that the hardware can be adapted to the expected use.

gueries. By contrast, our current implementation can align
two sequences of length 1024, and can easily be scaled to/- SYNTHESISRESULTS AND MEASURED SPEED-UPS

accommodate larger sequences. We have synthesized our design for the Altera Stratix 1s25
FPGA of our target system. The largest feasible design has
G. Communication between Java and FPGA a systolic array of 59 nodes. The highest possible clock

We have developed a hardware accelerator using a traﬂgguim‘gs ;Sn'\%afr?m 312'12 MHszg;an grrach;:‘_one s%l_ngle
parent interface[6], [7] between the high level controlofr no elo_ .h h z Ior K ? array o d no es.d IS %on 'anS
grammed in Java[8]) and the actual FPGA. First we developgﬂrl_C a|nr1] tdat t € cloc | requency l_oes not degrade when
a pure Java application for protein alignments, based on [§j:a|ng the design up to larger systolic arrays.

We determined which Java method takes up most computatiosir,e query sequence is the sequence that is held constart sdaihning

time and developed a hardware accelerator for this methodver an entire database.
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Fig. 8. Execution times at maximum clock frequency

VI. PROJECTED RESULTS

We synthesized our design for the largest FPGA available
from Altera, the Stratix 1l 180 (EP2S180F1508C5) chip. We
were able to fit a pipeline of 350 nodes into a single chip.
The clock frequency ranges from 70.05 MHz for a design
with only one node to 42.84 MHz for the design with 350
nodes. This is an acceptable variation in clock frequeney ov
such a wide range of designs. It confirms again the benefit of
local interconnections, with a very limited amount of glbba
interconnections. We can conclude that our design can be
scaled up to fit the largest FPGAs known today.
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