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Abstract

BLASTn is a ubiquitous tool used for large scale DNA
analysis. Detailed profiling tests reveal that the most com-
putationally intensive sections of the BLASTn algorithm are
the scan and ungapped extension stages consuming approx-
imately 94% of its total execution time. Exploiting the in-
herent parallel nature of an FPGA is the fundamental ad-
vantage of porting BLASTn onto it. The aim of this paper is
two-fold. First, we build upon our prior work with BLAST
to develop a hardware/software co-design that is composed
of multiple cores that can be scaled in two dimensions. The
ungapped extension and a second dimension are new in this
work. Second, we use this non-trivial example to explore
spatially scalable designs. To provide the ability to move the
design to a future generation chip, a mathematical model of
performance that incorporates all of the system design pa-
rameters and the user’s preference (high throughput vs low
latency) is developed. We demonstrate here that the model
correctly predicts the optimal ratio between the two dimen-
sions on a Xilinx Virtex-4 and measures four to five times
faster performance figures as compared to a state of the art
general purpose processor.

1 Introduction

For the last two decades, applications have benefited
from frequency scaling. Every new generation of ICs of-
fer both more transistors and faster clock rates. Increasing
the clock rate allows every sequential application to exe-
cute faster on newer devices. Even though it is expected
that the number of transistors will continue to increase at a
dramatic rate, the system clock frequency in newer devices
will grow much slower than in the past. Rather than relying
on gains in frequency, future applications will need to be
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designed such that they are spatially scalable to utilize the
additional transistors that each new technology generation
provides. This is especially true of FPGA-based applica-
tions. While many designs consist of simple cores that can
be easily replicated, this does not always result in a spatially
scalable design whose performance grows linearly.

BLASTn is an excellent example of this phenomenon.
Running on a single core, this critical bioinformatics appli-
cation is compute-bound. However, the application quickly
becomes I/O-bound by increasing the number of compu-
tational cores. This is because each instance needs a large
look-up table that is stored in main memory and all the cores
are using the same I/O subsystem to read databases. Thus,
multiple cores are contending for space in the cache, a por-
tion of the fixed bandwidth to memory, and bandwidth to the
I/O subsystem. An FPGA core that accelerates BLASTn
cannot be arbitrarily replicated because the off-chip band-
width is fixed and, ultimately, will limit performance.

This paper describes a parametrized implementation of
NCBI BLASTn for Platform FPGAs. Our goal is two-fold:
we extend our prior BLASTn core and then use the new
core to explore a spatially scalable design. Specifically,
the BLAST implementation described here adds another di-
mension to our prior work[5] that reduces latency (as well
as improves throughput). This new core also introduces un-
gapped extensions to the basic hardware core — a func-
tion that was previously implemented in software. Using
this new core, a spatially scalable design has been imple-
mented. Based on the number of BLAST cores, their or-
ganization, and the off-chip memory bandwidth, this paper
describes a mathematical formulation of the design’s perfor-
mance. This allowed us to develop a novel algorithm that
— given the characteristics of an FPGA device, the board’s
memory bandwidth, and user preferences — calculates the
optimal parameters for the design. This approach highlights
a new level of scalability and portability: as larger chips be-
come available and I/O technology evolves, one simply en-
ters the characteristics of a new system and the algorithm
determines the design’s generic parameters.



2 Background and Related Work

The BLAST application was originally developed at
Washington University, but in 1990 [2, 1], development of
the public domain code shifted to the National Center for
Biotechnology Information (NCBI). The application, which
is actually a collection of programs, is used to compare
an unknown genomic sequence, called a query against an
existing subject genomic database to identify high similar-
ity regions between them. The BLAST software has been
developed in five flavors based on the nature of the sub-
ject database and query. These are: BLASTn, BLASTp,
BLASTx, TBLASTn, TBLASTx. BLASTn is the program
used to make local searches between a nucleotide based
query and subject database. Nucleotides comprise of four
different letters (monomers) : A (Adenine), C (Cytosine), G
(Guanine) and T (Thymine), represented using 2 bits.

The algorithm is divided into four major steps. The first
step involves creation of the query lookup table and over-
flow table. The query is run through once forming all eight
lettered words (w-mers). The offsets of these words are
stored in the query lookup table. Each word is converted
into a 16 bit hexadecimal number which is the location in
the query lookup table where its offset is stored. If a cer-
tain word is repeated in the query, its offsets are stored in an
overflow table. The offset value of that word in the lookup
table is updated to a pointer to the overflow table. Since
BLASTRn is a similarity search rather than exact matching,
the maximum number of repetitions considered per word is
set to eight. The size of the lookup table and the overflow
table is [22(WordLength) 5 39] bits,

The second step or the scan stage identifies exact match-
ing words in the database and the query sequence. These
exact matches are called hits and their score value is eight.
The stride length is set to four letters or eight bits. The
scan stage is measured to consume =~ 78% of the total
execution time. The offsets of the matched words in the
subject database and query are sent to the ungapped exten-
sion stage. where each hit is extended to the left and right
by the stride length number of letters. Their scores are in-
cremented by one for every exact match found. All hits
that score greater than a threshold score set by the user are
sent to the gapped extension stage. Depending upon the
user’s selection, gapped extension is done using either the
Needleman-Wunsch algorithm[13] or the Smith-Waterman
algorithm[15]. The ungapped extension is measured to con-
sume another 12% to 16% of the total execution time. The
complexity of the algorithm is:

O(Nseq X (Nu + Ng)) ¢))
where Nge.q > Ny > Ng

where N4 is the number of sequences in the database, N
is the number of hits found during the scan stage and N is

the number of hits sent for gapped extension.

Biological sequence searching using FPGAs and systolic
arrays [9, 8, 4, 6] has been an active area of research for
over a decade. A lot of research has been done in im-
plementing the Smith-Waterman [15, 22] and Needleman-
Waunsch [13] algorithm over hardware platforms to enhance
the performance of search algorithms. The bottleneck for
BLASTn resides in the first stage where the hits are lo-
cated. This issue has been addressed by Mercury BLAST
[11, 3]. More work has also been done in implementing
the entire application on the FPGA like Tree-BLAST [7]
and the TUC implementation [17, 16]. Another interest-
ing design was proposed by [21] to port the entire appli-
cation on chip. RCBLAST [12] proposed an index based
searching scheme for BLASTn. Commercial companies,
like Time Logic [20] and SGI/Mitrionics [19] sell the De-
cypher machine and RASC Appliance respectively, mar-
ket high speedup numbers over present multi core proces-
sors, but provide little detail about their designs. Recently,
the IBM Cell broadband Engine[18] has also been used to
speedup BLASTn.

All the previous implementations have shown significant
speedups compared to software; however, most do so by
compromising fidelity. Mercury BLASTn [3] claims 98%
to 99% accuracy in results. Tree-BLAST [7] reports extra
alignments (although reporting the same E-values) and [10]
considers two repetitions of any word in the query, instead
of eight. While one could argue that BLAST is a heuristic
and 100% compatibility with NCBI BLAST is unnecessary,
it is difficult to convince biologists of the same. The typical
user would have no idea whether the differences are statisti-
cally significant. Thus, in addition to “better performance”,
complete consistency with NCBI BLAST is important.

3 Design

The goal of this design is two-fold. First, we augment
our previous high-throughput design [5] to include a latency
reducing single query option. We also add ungapped exten-
sion to the hardware core. Second, we build a bandwidth-
aware scalable design that allows us to mathematically re-
late the bandwidth requirements to the size of various gener-
ics. Hardware implementations are based on the current
2.2.20 version of NCBI BLAST software.

3.1 Modified Query Lookup and Overflow Table

The inclusion of ungapped extension to the scan hard-
ware core required modifications to be made to the query
lookup and overflow tables. Four letters, each to the right,
left and their count in the query are grouped into 32 bit
words and written to the offset’s next element in the query
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Figure 1. Demonstration of the modified over-
flow and Lookup tables

lookup table, called the Left/Right Data. If there is no off-
set written to a location, its value and the Left/Right Data’s
value is set to —1. The same procedure is repeated while
writing to the overflow table. Hence, the size of each table
is doubled to 2'¢ x 64 bits as shown in Figure 1. These
modifications are made to eliminate accesses to main mem-
ory during ungapped extension of the hits. This process
increases the latency of the software by one clock cycle per
offset written to the tables, but is insignificant compared to
the total execution time of the entire algorithm.

3.2 Scan Ungapped Extension Core

The scan ungapped extension core is the hard-
ware implementation of the blast_nascan and the
nt_word_finder functions. The core has six main com-
ponents: (1) a subject data FIFO, (2) a scan finite state
machine, (3) an ungapped extension and bus master finite
state machine, (4) two Hit Index Tables, (5) four lookup
queues and (6) two output FIFOs (offset and score). The
general setup of the core is shown in Figure 2. The sub-
ject database is buffered into the subject data FIFO from
the DDR?2 through a direct channel (Native Port Interface)
of the Multi Port Memory Controller (MPMC). The size of
this FIFO is set to 512 x 64 bits. The Hit Index Tables
are dual port BRAMs of size 2048 x 32 bits. The first bit
of each offset element in the query lookup table is grouped
into 32 bit words and written by the software running on
the PowerPC-405 to the Hit Index Tables via the Processor
Local Bus (PLB). This table facilitates the hit check pro-
cess locally as opposed to multiple reads from DDR?2 for
every word in the subject database, which is expensive in
terms of latency. A detailed study of the benefits of the
Hit Index Table is listed in [5]. The scan finite state ma-
chine’s operations are (1) pop four bytes of data from the
subject FIFO (2) increment the subject offset counter (3)
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POP SUBJECT DATA
CALCULATE HIT INDEX ADDR
HIT CHECK

SUBJECT OFFSET COUNTER

SUBJECT DATA FIFO (4KB)
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Figure 2. Structure of the scan and ungapped
extension core

calculate addresses in the Hit Index Tables and (4) make hit
checks every clock cycle. Four words are compressed into
four bytes of subject data which have to be checked for hits
in the query. The pipelined architecture of the scan finite
state machine ensures all these steps are completed in one
clock cycle. Lookup queues are created to store the matched
subject database word, matched database word’s offset and
the subject data’s Left/Right Data. Each of the four lookup
queues are dedicated to each hit check made every clock cy-
cle, in case more than one hit is identified simultaneously.
The size of each lookup queue is set to 16 x 64 bits.

The ungapped extension and bus master finite state ma-
chine arbitrates across the lookup queues in a round robin
technique. If a lookup queue is not empty, the state machine
pops its data element and issues a read request across the
PLB to fetch the query offset and Left/Right Data from the
query lookup table stored in the DDR2. If the data fetched
is a pointer to the overflow table, sixteen elements (eight
query offsets and eight corresponding Left/Right Datum)
are fetched. Calculation of the ungapped extension score
takes one clock cycle to execute, after the Left/Right Data
is read by the core. This score is calculated as the subject
and query offsets are written to the offset FIFO. On the sub-
sequent clock cycle, the ungapped extension score is written
to the score FIFO. The sizes of the output and score FIFOs
are set to 256 x 32 bits.

The total time taken to execute the scan function and
the ungapped extension function in hardware is denoted by
Trw. Tsaw denotes the time taken by the core to execute
the scan function for a sequence of the database of length
Sren. Due to the pipeline in the scan finite state machine,
during the first clock cycle (T), the first subject data ele-
ment is popped. During the second clock cycle (T 1), the
Hit Index Table addresses are calculated. The third clock
cycle onwards, all processes execute every clock cycle.

max(Tsuw) = TF + Turr + (Spen/4) 2

T7 is the time taken to issue a read request to the PLB



Table 1. Time taken to execute the Scan
and Ungapped Extension functions for se-
quences of env_nt.nt (3GB) Database

Database Hardware | AMD Opteron | Number of
Sequence Core on (2GHz) One hits
Length FPGA Core

638 Bytes 112us 121pus 41
6378 Bytes 573us 750us 399
9138 Bytes 613us 1639us 743
13359 Bytes 583us 1149us 590
14480 Bytes 631us 1987 s 779

and wait for an acknowledge, measured to be seven clock
cycles. Trpr is the time taken to read query offset and
Left/Right Data from the query lookup table. Tror is the
time taken to read eight overflow query offsets and their
corresponding Left/Right Data. Ty gw is the time taken
to fetch the query offsets from the DDR2 and compute the
ungapped extension score.

max(Tyaw) = (2T7) + Trrr + Tror = 48
comax(Tyw) = (Ngeq((Sren/4) + 48))clock cycles  (3)

Since the ungapped extension is run during the scan in
hardware, the complexity of the algorithm is reduced to
O(Ngeq % (Ng)). The performance of the software exe-
cution of NCBI blast_nascan and nt_word_finder
functions run on a 2GHz AMD Opteron (single core) with
128KB L1 cache, IMB L2 cache and 8GB DDR2 are as
follows: Tsgw is the time taken to run scan function in
software. 77, is the time taken to update the for loop and
incrementing the subject offset counter. T is the time taken
to shift every byte of the subject database to the index regis-
ter which is compared to the query lookup table for locating
hits. Let T’y be the time taken to make a hit check and up-
date the offset data structures in case of a hit. These instruc-
tions are measured to take four clock cycles. All cases as-
sume 100% L1 cache hits and the entire database sequence
and query is pre-buffered into the L2 cache.

TSSW = (SLen(TL + TS + THC)) = 4SLen (4)

Ty is the time taken to calculate ungapped extension scores.
Ty 1 is the time to make loop comparisons over the number
of hits found. T's 4 and T(, 4 is the time taken to access four
letters to the left and right of the hit in the subject database
and query respectively. Each of these instructions take one
clock cycle to execute. T is the time taken to make eight
comparisons and update the score. N H is the total number
of hits found in the scan function.

Ty = (NH(Tyr + Tsa + Toa + Tc)) =13NH (5)
comin(Tsw) = Ngeg(13NH + 4SLep) clock cycles  (6)
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Figure 3. Design of the System

Since, the AMD Opteron is clocked at 2GHz and the FPGA
core at I00MHz, from equations 3 and 6:

.. min(Speedup) o< (2.6 NH + 0.8S51¢r,) @)

According to 7, the implementation of the scan and un-
gapped extension of the FPGA is theoretically about 1.2 —
1.5 times faster and the rate increases with the increase in
number of hits. Table 1 lists the experiments’ results which
validates this point.

3.3 Scalable Design Model

In [5], various queries’ hit index tables were loaded into
multiple cores connected across a single direct channel
of the Multi Port Memory Controller. This resulted in
incomplete utilization of all its ports, but high throughput
due to hits located across several queries in parallel.
(latency of system) o< (1/throughput of system).
Sequences of the database streamed over multiple channels
from the DDR2 in parallel results in low latency but
the number of cores loaded with different queries’ Hit
Index Tables is reduced, reducing the throughput. For a
XC4VFX60 FPGA, the channel’s bandwidth (ch_bw)is
measured to be 1.6GB/s when data is read continuously
over one channel (continuous mode). However, when reads
occur simultaneously over multiple channels, the burst
mode bandwidth is measured to be 0.98GB/s. With two
(n) Hit Index Tables in the core, data is consumed at a
rate of 0.4 GB/s. The mathematical model for designing
an optimal (N x M) grid of cores with N channels for
streaming in the sequences of the database over M queries
for any platform FPGA is as follows:

1 — max throughput
N — ncuhmb,;h — min latency )
- — optimal performance
0.2n

where num_ch is the total number of channels available.
Each Hit Index Table utilizes four 18Kb BRAM blocks.
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Each lookup queue and output FIFO utilizes one 18Kb
BRAM block each. The subject FIFO utilizes two 18Kb
BRAM blocks. For adding every query, four lookup
queues, two output FIFOs and n number of Hit Index
Tables are added to the system. For every channel, one
subject FIFO is added to the system. The DDR2 wrapper
consumes twenty-one 18Kb BRAM blocks and eight 18Kb
BRAM blocks for every channel added to the system. A
32KB and 64KB cache for the PPC consumes sixteen and
thirty-two 18Kb BRAM blocks respectively. The trimode
macc FIFO and pci bridge consume two 18Kb BRAM
blocks each. Let B be the total number of 18Kb BRAM
blocks available on the chip.

W _32KB Cache
(4n +6)N
M = )]
B — (10N +57)
— | —-64KB h
{ (4n+6)N J 64KB Cache

Hence, using equations 8 and 9, depending upon any sys-
tem’s specifications, its optimal N x M grid size can be
determined. Figure 3 demonstrates the layout of the sys-
tem.

4 Experimental Setup and Evaluation

To evaluate the effectiveness of the proposed technique,
a set of experiments was designed to test the absolute rate
of computation and scalability of the FPGA accelerated im-
plementation. A Xilinx ml410 evaluation board embed-
ded with the XC4VFX60 FPGA is used for the tests. Two
Powerpc-405 processors are fabricated on the FPGA. Linux
2.6.26 is run on one of the processors at 300MHz. The
BLASTn executables, formatted databases and formatted
queries are stored in a WD1600AAJS 160GB hard disk.
The interface to the hard disk is through PCI and the PCI-to-
PLB bridge (Figure 3). Four configurations of cores (1 x12,
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Figure 5. Performance with respect to cost of
equipment

2x6, 3 x4 and 5 x 2) on the Virtex-4 were successfully syn-
thesized and tested with the BLASTn algorithm running on
Linux. All the four configurations’ synthesis reports show
99% on-chip memory and 98% slice utilization. 12 queries
of various sizes, ranging from 0.77KBases to 136KBases,
were searched over the env.nt and env.nr databases,
downloaded from the NCBI website. For performance com-
parison purposes, these tests were run on a server with 2
dual core AMD Opterons (2GHz) with 128KB L1 cache,
1MB L2 cache, 8GB DDR2, 1TB HDD (SATA interface)
and two blades of TimeLogic’s Decypher machine. The re-
sults of the tests are shown in Figure 4. The bar chart in-
dicates speedups measured with different configurations on
the FPGA, the AMD Opteron server and the Decypher ma-
chine over a single core’s performance of the AMD Opteron
server. The best performance on the FPGA was achieved for
the 2 x 6 configuration of cores, validating our mathematical
model (equations 8, 9) described in section 3. The Decypher
machine though is measured to be about twice as fast as the
2 x 6 configuration of cores on the FPGA. The cost of the
Decypher machine is quoted at $42000, the AMD Opteron
server is quoted at $3000 and the Xilinx ml410 board is
quoted at $2500. The performance/$ results shown in Fig-
ure 5 plot the ratio of speedups attained against a single
core of the AMD Opteron for the same tests described in
Figure 4. The FPGA'’s best implementation priced 16 times
lower than the cost of the Decypher machine proves to be
an inexpensive yet one of the fastest existing solutions to
the BLASTn problem having complete consistency with the
NCBI results.

Figure 6 shows the measured relations between spatial
computing and their execution time taken. The scan and un-
gapped extension functions are measured to utilize on an av-
erage 3% and the communication overhead takes 1% of the
total execution time when run on the FPGA, as opposed to
an average 87% and 5% respectively on the AMD Opteron
server. This indicates the compute-bound problem in soft-
ware is converted to be I/O bound by increasing the number
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of cores and introducing parallelism in the hardware im-
plementation. The majority of the total execution time of
the algorithm is taken to read data from the hard drive to
the RAM. Hence, with an increase in the number of cores,
more physical area on the chip is utilized but it provides
lower execution latencies.

5 Conclusion

This paper describes a BLASTn accelerator core that
performs the scan and ungapped extension functions. The
core, used in a spatially scalable design, uses a mathemat-
ical model of performance and a novel algorithm to de-
termine the optimal parameters for a given FPGA system.
A variety of configurations were tested and the model cor-
rectly predicted their performance of the configuration. The
resulting FPGA design has been shown to be very competi-
tive; it outperforms a typical AMD Opteron compute server
in terms of throughput and performance/$.

The design described here runs on single FPGA node.
However, this node is just one of 64 nodes in a high-
performance computing cluster[14]. The layout of the sin-
gle node system was designed so that the replicated cores
could, in the future, be extended to span all of the FPGAs
in this cluster. This, combined with parallel disk access and
the high speed network, will change the bandwidth numbers
and introduce new variables into the mathematical formula-
tion. The next step will be to extend the spatial scalability
study to include this multi-FPGA platform.
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