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Abstract

Approzimate string matching problem is a common
and often repeated task in information retrieval and
bioinformatics. This paper proposes a generic design
of a programmable array processor architecture for a
wide variety of approzimate string matching algorithms
to gain high performance at low cost. Further, we de-
scribe the architecture of the array and the architecture
of the cell in detail in order to efficiently implement
for both the preprocessing and searching phases of most
string matching algorithms. Further, the architecture
performs approximate string matching for complex pat-
terns that contain don’t care, complement and classes
symbols.  We also implement and evaluate the pro-
posed architecture on a field programmable gate array
(FPGA) device using the JHDL tool for synthesis and
the Xilinx Foundation tools for mapping, placement,
and routing. Finally, our programmable implementa-
tion achieves about 9-340 times faster than a desktop
computer with a Pentium 4 3.5 GHz for all algorithms
when the length of the pattern is 1024.

1. Introduction

The problem of approximate string matching is
stated as follows: Let a given alphabet (a finite char-
acter set) X, a short pattern string p = pipa...pm of
length m, a large text string t = t1ts...t,, of length n,
with m << n and a maximal number of errors allowed,
k > 0, we are interested in finding all approximate oc-
currences of a substring of ¢ whose distance to p is
at most k. Errors can be substituting, deleting or in-
serting a character. The approximate string matching
problem can be extended to include more flexible pat-
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terns, including patterns that contain with don’t care,
complement and classes symbols. In general, an ap-
proximate string matching algorithm consists of two
phases: the preprocessing phase in p and the search-
ing phase of p in . The preprocessing phase involves
the construction of the two two-dimensional bit-level
arrays R and M where each row corresponds to a char-
acter of the pattern which can be used in the searching
phase. The searching phase consists of constructing of
an array in order to find all approximate occurrences
of pin .

Several arrays processor architectures have been
proposed by several researchers for flexible approxi-
mate string matching [10, 4, 11, 12, 6, 8]. The above-
mentioned application specific arrays processors can
provide the fastest means of running a particular al-
gorithm with very high processing element (PE) den-
sity. However, they are limited to a single algorithm,
and thus cannot supply the flexibility necessary to run
the wide variety of algorithms for approximate string
matching. Therefore, this paper discusses a generic ar-
ray processor architecture and the architecture of the
cell, including descriptions of the major components
that help the architecture achieve its goals.

There are two basic goals for the generic architec-
ture. The first is to propose a unified programmable
array processor architecture suitable for efficient exe-
cution of a class of approximate string matching al-
gorithms [1, 13, 9, 3, 7]. There are a great number
of approximate string matching algorithms in text re-
trieval, and programmability is required to accommo-
date these different algorithms within a single system.
As new algorithms are developed, this architecture will
be able to execute many of them without the need for
redesigning the architecture.

The second goal is the proposed programmable array



processor architecture to achieve flexibility while pro-
viding high performance on a level with the application
specific architectures. Further, the proposed architec-
ture to support approximate string matching for simple
and complex patterns, like don’t care, complement and
classes symbols.

2. A Unified Array Processor Architec-
ture

In this section, we describe the architecture of the
programmable array processor and cell.

2.1. Architecture of the Array

The architecture of the linear programmable array
is shown in Figure 1. This structure was obtained as a
result of applying the data dependence graph method
[5] to the partitioned realization of a variety of approx-
imate string matching algorithms [1, 13, 9, 3, 7]. More
details for the mapping of approximate string matching
algorithms to specific array processor architectures us-
ing the dependence graph method is presented in [7, 6].
In all those cases the method produced arrays with
the same architecture, which led us to conclude that a
class-specific array for the efficient execution of a class
of algorithms was possible.

The array is one linear structure of m processing el-
ements (PEs), as shown in Figure 1 for m = 4; five
additional I/O interfaces, located at the intermediate
of the cells, are used to simplify data communications
that transfer the binary representation of text charac-
ters and the bit or byte-level results but do not per-
form any computations. The communication with the
host is performed through the boundary PEs. This ar-
ray executes all flexible approximate string matching
algorithms, including the dynamic programming and
NFA algorithms. Communications are unidirectional,
among neighbor cells and neighbor I/O modules. The
operation of the linear array is controlled by a array
controller. The array controller will be responsible for
issuing signals to the array and for controlling commu-
nication with the host system.

In Figure 1 one character of the pattern and one row
of the bit-level memory maps R and M are preloaded
into the PE of the array processor so that using the
specialised addressing function map(ch,>) produces
a single bit per PE. For the implementation of the
map(ch,X) function we introduced a programmable
hardware (decoder) in each cell. The other text string
(or textbase) flows from left to right through the array.
During each step, one elementary computation of any
approximate string matching algorithm of the class is
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Figure 1. Linear programmable array proces-
sors for approximate string matching algo-
rithms
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Figure 2. Cell specification for the pro-
grammable array processors

performed in each PE. The result is collected on the
rightmost cell when the last character of the flowing
string is output. If m is the length of the pattern and
n is the length of the textbase, the computation of any
algorithm in the class is performed in m +n — 1 steps
on m PEs. A partitioning strategy to handle situa-
tions where the pattern length is usually larger than
the array processor size is discussed in [7, 6].

2.2. Architecture of the Cells

For the design of the programmable architecture, we
examine the requirements (input, output, memory, reg-
isters and operations) of the cells of a variety of flexible
approximate string matching algorithms and incorpo-
rated hardware within the cell to provide for fast exe-
cution of these algorithms while maintaining flexibility.
Therefore, the architecture of the processing element
(PE) is shown in Figure 2. Each PE is connected to
each other via three input and output communication
channels when & = 1. One channel transferring the bi-
nary representation of text characters and another two
transferring the bit-level (or byte-level) results. The
main components of the PE are described as follows:



1. Preprocessing Module: This module is used
to implement the preprocessing phase of several
approximate string matching algorithms. More
specifically, this phase constructs the bit-level
memory maps R and M take into account the
patterns that contain don’t care, complement and
classes symbols. The description of the implemen-
tation for the preprocessing module is presented
in [7, 6].

2. Character to Address Decoder: From the text
stream of Figure 2 it is observed that the bi-
nary code of the text character ch currently be-
ing transferred is used as input for the Charac-
ter to Address Decoder. The decoder is essen-
tially the programmable hardware implementation
of the map(ch, ¥) function. The output of the de-
coder is the address ¢ of a bit-level memory loca-
tion.

3. Local Bit-Level Random Access Memory:
The local bit-level RAM keeps stored a row R; and
M;, 1 < i < m, of the bit-level memory maps R
and M respectively. Therefore, the local memory
size is |2] bits and the address required to access
such a memory is of log|X| bits. Taking the exam-
ple of the ASCII character set the local memory
requirements are 32 bytes per cell. The result or
the memory reading operation is two bits quanti-
ties R; . and M; j which in turn is one of the three
operands of arithmetic unit.

4. Arithmetic Unit: The arithmetic unit consists
of a arithmetic logic unit (ALU) and general pur-
pose registers. The ALU is programmable and
it consists of seven small units, each unit imple-
ments all common logic functions and the standard
arithmetic functions (addition or subtraction) of a
string matching algorithm. The unit is determined
by three bits which are provided by array con-
troller. The general purpose registers store inter-
mediate results (such as D, Dv, DL, F,aux) and
are usually directly connected to the data bus.

5. Multiplexers: Output multiplexers (MUX) of
the ALU take care of selecting the proper commu-
nication channels that transfer the bit/byte-level
results in the next cell when an algorithm is se-
lected.

3 Implementation and Performance
Evaluation

In this section, we present the performance evalu-
ation of the proposed parallel architecture on a field

Table 1. Search times (in seconds) of several
algorithms for various length of the pattern

on a Pentium 4 3.6 GHz

Pattern size 32 - 256 512 1024
Dyn. Prog. - mismatches | 21,791 43,047 90,75
Dyn. Prog. - differences 72,469 | 144,609 | 288,157
Dyn. Prog. - Myers 75,12 146,34 | 295,157
NFA - exact 81,219 199,37 401,7
NFA - mismatches 265,141 | 515,24 | 1101,34
NFA - differences 309,73 602,13 | 1206,32

programmable gate arrays (FPGA) device. Firstly, we
have synthesized the PE design in JHDL (Java Hard-
ware Description Language) [2]. The JHDL is a com-
plete structural design environment, including debug-
ging, netlisting and other design aids. Circuits are de-
scribed by writing Java code that programmatically
builds the circuit via the JHDL libraries. Once con-
structed, these circuits can be debugged and verified
with the design browser, a circuit verification and de-
bugging tool. After the successful verification of the
proposed design, we generated an EDIF netlist format
of the circuit by JHDL and this can be passed to Xilinx
Foundation software tool for placement and routing so
that targeted on a Xilinx Virtex II device.

We have implemented a linear array of PEs and
mapped onto a Virtex device of Xilinx using the Xil-
inx Integrated Software Environment (ISE) 5.2i. The
test platform used was a Xilinx Virtex IT XC2V4000
FPGA, which is able to accommodate 256 PEs. We
included in the experiment a target clock rate of 100
MHz, which is the maximum frequency supported by
the FPGA platform. The size of the internal memory
of the FPGA 1is 2160 Kbits.

Tables 1 and 2 report the performance of several
algorithms for searching English database (which con-
tains 30,000,000 characters) for pattern sizes of vari-
ous lengths on a Pentium 4 3.6 GHz and on Virtex II
XC2V4000 respectively. Note that the value of k of
approximate string matching algorithms is used in the
experiments was 2 and the programs of algorithms on
Pentium 4 were optimised in C language. The pat-
tern sizes have been chosen to illustrate the effect that
length has on performance. Maximum performance is
achieved when the pattern size is closely matched to
an integer multiple of the array processor size for the
dynamic programming algorithms. Note that the per-
formance increases when the pattern whose length is
much higher than the number of PE cells of the array
processor because requires the computation to be par-



Table 2. Search times (in seconds) of several
algorithms for various length of the pattern
on Virtex Il. The speed up compared to the
Pentium 4 is also reported

cal problems using different approaches but, if imple-
mented with current technologies, should provide sim-
ilar speed up. The main contribution of this work is
the computation of the approximate string matching
for simple and complex patterns instead of sequence

omparison. Therefore, it should be noted that the de-

ign of PE is flexible and simple. Finally, the proposed

architecture may be adopted as a basic structure for a

niversal flexible approximate string matching engine.
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Pattern size 32 - 256 512 1024
Dyn. Prog. - mis. 2,49 (8) 4,98 (8) 9,96 (9)
Dyn. Prog. - dif. | 5,23 (13) | 10,45 (13) | 20,91 (13)
Dyn. Prog. - Myers | 6,72 (11) | 13,44 (11) | 26,80 (11)
NFA - exact 2,36 (33) | 2,34 (80) | 2,36 (161)
NFA - mismatches | 3,24 (82) | 3,20 (159) | 3,22 (340)
NFA - differences 4,23 (73) | 4,17 (142) | 4,19 (285)

titioned into more processing passes which re-use the
data coming from the text database. Therefore, the
number of passes of dynamic programming algorithms
were 1, 2 and 4 when the pattern length was 32-256,
512 and 1024 respectively. On the other hand, the con-
stant performance is achieved for the nondeterministic
finite automata (NFA) algorithms when the pattern
size is larger than the array processor size. This fact is
due to the advantage of the intrinsic parallelism of the
bit-operations inside a word of the cell. In this case,
the number of passes of NFA algorithms was 1 for all
pattern lengths. Further, we observe from the results
that the NFA algorithms produce better performance
than the dynamic programming algorithms. This due
to the fact that the NFA algorithms perform simple
and few operations. Finally, our programmable imple-
mentation is about 9-340 times faster than a desktop
computer with a Pentium 4 for all algorithms when the
length of the pattern is 1024.

4. Conclusions

In this paper we have demonstrated that the pro-
grammable architecture provide an effective solution to
high performance string searching. We have presented
the design and implementation of the proposed pro-
grammable architecture for efficient execution of a class
of approximate string matching algorithms. Further,
both of the preprocessing and the searching phases of
most approximate string matching algorithms can be
efficiently implemented onto the same programmable
architecture. The proposed implementation showed su-
percomputer performance at low cost on an off-the-
shelf FPGA. The programmable architecture derived
in this work can speed up approximate string matching
algorithms by software in several orders of magnitude.
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