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ABSTRACT 

To infer homology and subsequently gene function, the Smith-Waterman (S-W) algorithm is used to find the optimal local 
alignment between two sequences. When searching sequence databases that may contain hundreds of millions of 
sequences, this algorithm becomes computationally expensive. In this paper, we present a systolic array architecture for 
the S-W algorithm with a new high performance cell design. The results demonstrate that the implementation of this 
architecture achieves a speedup of up to 652x, as compared to a software-only implementation, which is almost double 
the best case reported in the literature. The results also demonstrate that when mapped on the same FPGA platform, our 
design performs 1.47 to 5.75 times faster in terms of Cell Updates Per Second (CUPS), in comparison with other 
published systolic array designs, while utilizing 3.69 to 6.36 times less resources.  
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1.   INTRODUCTION 

The Smith-Waterman (S-W) algorithm is a well-known algorithm in bioinformatics that finds the optimal 
alignment between two DNA or protein sequences (the target sequence and the search sequence) (Smith T. F. 
& Waterman M. S. 1981). Determining how well two sequences align is important in discovering 
homologous genes and studying the evolutionary history of molecules and species (Page RD. 1998). However, 
the S-W algorithm is not commonly used to search sequence databases because it becomes too slow when 
executed against many long sequences. Instead, faster heuristic algorithms like FASTA (Pearson W. R. & 
Lipman D. J. 1985) and BLAST (Altschul S. F. et al 1990) are used, even though they achieve high speed at 
the cost of reduced accuracy. Therefore, to achieve both increased speed and the optimal alignment, it is 
necessary to develop an approach to reduce the processing time of the S-W algorithm. 

Various approaches have been adopted to accelerate the S-W algorithm by implementing either the whole 
algorithm or some part of it in hardware (Yamaguchi Y. et al 2002, Chiang J. et al 2006, Steve Margerm 2006, 
L.Hasan 2007, Blas A. Di. et al 2005, Schroder A. et al 2006, Borah M. et al 1994, M Gok et al 2006, Liao H. Y. et al 
2004, Yang B. H. W. 2002, Oliver T. et al 2005). In (Yamaguchi Y. et al 2002), an approach to realize high speed 
sequence alignment using run-time reconfiguration is proposed. With this approach, it is demonstrated that 
high performance can be achieved using off-the shelf FPGA boards. The performance is almost comparable 
with dedicated hardware systems. The time for comparing a query sequence of 2048 elements with a 
database sequence of 64 million elements by the S-W algorithm is about 34 sec, which is about 330 times 



faster than a desktop computer with a Pentium-III, 1.0 GHz processor. In (M Gok 2006), an efficient cell 
design for systolic S-W implementation is presented. The synthesis results show that the performance of the 
presented design is 54.37 MCUPS. This performance gain is 1.7 times higher than a similar reference design. 
In (Liao H. Y. et al 2004), the authors show the implementation of a fully custom processing unit to realize the 
execution of the S-W algorithm. The authors state that for conducting comparisons of multiple sequence 
pairs, using the same set of processing units, two approaches can be used i.e. synchronous and asynchronous. 
The authors claim that the asynchronous parallel approach is (k-1)*(m-1) time steps faster than the 
synchronous parallel approach, where k represents the size of the existing sequences in the database, which 
grows exponentially. In (Yang B. H. W. 2002), the design of a small fully custom processing element, called 
Proclet, is shown. This Proclet is used for a new VLSI implementation of the S-W algorithm. The results 
show that the design achieves a performance of 976 Kilo CUPS, but is not compared with any reference 
design. In (Oliver T. et al 2005), the authors present a new approach to bio-sequence database scanning using 
re-configurable FPGA-based hardware platforms to gain high performance at low cost. Their FPGA 
implementation achieves a speedup of approximately 170, as compared to a Pentium-IV, 1.6 GHz processor. 
An overview of such approaches is given in (Hasan L. et al 2007). 

In this paper, we present a systolic array architecture for the S-W algorithm with high performance cell 
design. The results demonstrate that the implementation of this architecture achieves a speedup of up to 652x, 
as compared to a software-only implementation, which is almost double the best case reported in the 
literature. Also our cell design for the systolic array architecture reduces the amount of resources utilized and 
improves the performance in terms of CUPS, as compared to similar work reported earlier.  

The remainder of the paper is organized as follows: Section 2 provides a brief description of the S-W 
algorithm and data dependencies in the ܪ ݆ matrix. Section 3 presents our systolic array architecture, its 
implementation and comparison measures for performance evaluation. Section 4 discusses the results 
obtained from the implementation of our design and compares them with the already published similar work. 
Section 5 gives a brief conclusion. 
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2.   THE S-W ALGORITHM 

Based on dynamic programming (DP) (Giegerich R. 2000), the S-W algorithm (Smith T. F. & Waterman M. 
S. 1981) is a method used for local sequence alignment (i.e., identifying common regions in sequences that 
share local similarity characteristics). In the following subsections, we give a brief description of the 
algorithm and its inherent data dependencies. 

2.1   S-W Description 

When calculating the local alignment, a matrix ܪ ݆ is used to keep track of the degree of similarity between 
the two sequences to be aligned ሺܣ . Each element of the matrix ܪ ݆ is calculated according to the 
following equation: 

          (1) 
where ݆  is the similarity score of comparing sequence ݅ܣ to sequence ݆ܤ and  is the penalty for a 
mismatch. 

The whole algorithm is divided into the following three steps: 
1. Initialization step
2. Matrix fill step
3. Trace back step

The matrix is first initialized with ܪ  and ܪ , for all ݅ and ݆. This is referred to as the 
initialization step. After the initialization, a matrix fill step is carried out using Equation 1, which fills out all 
entries in the matrix. The final step is the trace back step, where the scores in the matrix are traced back to 
inspect for optimal local alignment. The trace back starts at the cell with the highest score in the matrix and 
continues up to the cell, where the score falls down to a predefined minimum threshold. In order to start the 
trace back, the algorithm requires to find the cell with the maximum value, which is done by traversing the 
entire matrix. 



The time complexity of initialization step is ܱሺ . During the matrix fill step, the entire ܪ ݆  matrix 
needs to be filled according to Equation 1, making its time complexity equal to the number of cells in the 
matrix or ܱሺ . The time complexity of the traceback is also ܱሺ , as the entire matrix needs to be 
traversed during this step. Thus the total time complexity of the S-W algorithm is ܱሺܯ ൅  ܰሻ ൅  ܱሺܰܯሻ ൅
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2.2   Data Dependencies in the ݅ܪ  Matrix  

In order to reduce the ܱሺ  complexity of the matrix fill stage, multiple entries of the ܪ ݆ matrix are 
calculated in parallel. This is however complicated by data dependencies, whereby each ܪ ݆ entry depends 
on the values of three neighboring entries ܪ ܪ , ݆ and ܪ , with each of those entries in turn 
depending on the values of three neighboring entries, which effectively means that this dependency extends 
to every other entry in the region ܪ  This implies that it is possible to simultaneously compute 
all the elements in each anti diagonal, since they fall outside each other’s data dependency regions. Figure 1 
shows a sample ܪ ݆ matrix for two sequences, with the bounding boxes indicating the elements that can be 
computed in parallel. The right bottom cell is highlighted to show that its data dependency region is the entire 
remaining matrix. The dark diagonal arrow indicates the direction in which the computation progresses. At 
least 9 cycles are required for this computation, as there are 9 bounding boxes representing 9 anti diagonals 
and a maximum of 5 cells may be computed in parallel. 

 
Figure 1: A sample ݅ܪ  matrix, showing the parallelization possibilities within the S-W algorithm , ݆

ܰ ݆݅

 

3.   SYSTOLIC ARRAY ARCHITECTURE 

Systolic array is an arrangement of processors in an array (often rectangular) where data flows synchronously 
across the array between neighbors. Figure 2 is a simple example of a systolic array architecture. In this 
configuration there are two vector array inputs, ܯ and . The processing cells have a value, ܷ , that is 
usually a result due to a defined algorithm within the cells. In the following subsections, we describe 
comparison measures for systolic array architectures, our cell design, and the subsequent construction of a 
sample systolic array architecture. 

3.1   Comparison Measures 

To compare the efficiency of similar systolic architectures various comparison measures are used, as listed 
below. 

• Performance is often measured in terms of CUPS, which stands for cell updates per second and is



quantitatively equivalent to the ratio of the number of cells in the array to the total time consumed, i.e.  
CUPS = 
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Figure 2: Simple example of a systolic array architecture 

 
Alternatively, it can also be defined as the product of the total number of cells in the array and the clock 
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Practical cell performance is usually measured using KCUPS, MCUPS and GCUPS. CUPS is an important 
comparison measure, as it tells us about the efficiency of a particular design in comparison with other similar 
designs. 

• The speed of a particular design in terms of frequency or absolute time consumed, is also often
used as an alternative measure for comparing the performance of two similar designs. 

• Resource utilization is an important comparison measure, which refers to the amount of
hardware used in implementing a given design. In case of FPGAs, resource utilization is often measured in 
terms of slices, where a slice contains look-up tables (LUTs), registers, and dedicated carry logic. The 
number of slices utilized, represent the amount of hardware used by a particular design, as FPGAs are 
divided into fixed number of slices, e.g. 13696 slices for Virtex II Pro. 

3.2   High Performance Cell Design 

The performance of systolic array architecture for the SW algorithm mainly depends on how simplified and 
efficient the corresponding cell design is. By efficient we mean both in terms of performance and area. 
Figure 3 shows the block diagram description of our cell design for computing ܪ ݆ values for the systolic 
array architecture, according to Equation 1. In Figure 3, Comp1 is a comparator that compares the two input 
sequences and outputs the corresponding value of ܵ ݆ , depending on the values of the match and mismatch 
scores, such that ܵ  = match score, if Sequence1 = Sequence2, otherwise ܵ  = mismatch score. Add1 is an 
adder that adds the diagonal element ܪ  and the value of ܵ ݆. Comp2 is a comparator that compares 
the output of Add1 with a constant value 0 and outputs the greater of the two numbers. Add2 is an adder that 
adds the left element ܪ ݆ and -d, where d is the gap penalty. Add3 is an adder that adds the upper element 

 and -d. Comp3 compares the outputs of Add2 and Add3 and outputs the greater of the two numbers. 
Comp4 compares the outputs of Comp2 and Comp3 and outputs the greater of the two numbers. The output 
of Comp4 is stored in the register ܴ ݆, and is the corresponding ܪ ݆ value. 

The block diagram shown in Figure 3 is implemented in VHDL and the post place and route simulations 
show that the asynchronous time consumed by such a cell is 9.8 nsec. 

3.3   A Sample Systolic Array Architecture 



The cell design shown in Figure 3 can be used to build a systolic array architecture of any size, depending on 
the availability of hardware resources. As a case study, we implemented a 4x4 systolic array architecture, as 
shown in Figure 4. 
Table 1 shows an example of comparing two sequences, using the systolic architecture given in Figure 4. 

 
    Figure 3: Block diagram of our cell design for computing ݅ܪ  values of Equation 1 , ݆
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The sequences taken for comparison are named as Sequence 1 and Sequence 2, where, 
Sequence 1 = A G T A and Sequence 2 = G G T C 

Table 1: ݅ܪ ݆ matrix and the trace back path 
 

  A G T A 
 0 0 0 0 0 

G 0 0 2 2 2 
G 0 0 2 2 2 
T 0 0 2 4 4 
C 0 0 2 4 4 

 
The matrix is initialized with the value zero, such that ܪ 0,1ܪ = ,0ܪ  ,0ܪ  0,4ܪ   3,0  2,0ܪ 1,0ܪ

4,0  = The gap penalty is assumed to have a value zero. 
0,0    = 2  = ܪ = =  =   =  3

ܪ = 0. 
݅,
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The remaining values of the ܪ ݆ matrix are computed using the systolic array structure, shown in Figure 
4. The bold digits in Table 1 show the trace back path. Since the elements within each anti diagonal are 
independent of each other, they can be computed in parallel in the array. Therefore the time consumed by an 
anti diagonal is the same as the time consumed by one cell, which is 9.8 nsec. Furthermore, since there are 7 
anti diagonals in a 4x4 systolic array, the speedup factor (calculating the elements in anti diagonals in 
parallel) = 16/7 = 2.29. 

A function was written in C to compute the values of ܪ ݆ matrix according to Equation 1. This function is 
a software equivalent of the cell design shown in Figure 3. When run on a 100 MHz power PC, this function 
consumed 279 cycles. Thus the equivalent time consumed = 2790 nsec. 
Time consumed by our cell design in hardware = 9.8 nsec. Relative speedup = 2790/9.8 = 285. 
Speedup for a 4x4 systolic array = 285x2.29 = 652. 

For computing the delay of the entire array, we run the asynchronous time simulation (post place and 
route simulation), which shows that the time consumed to fill a 4x4 array asynchronously = 26.4 nsec. On the 
other hand, the time consumed to fill a 4x4 systolic array synchronously = 9.8x7 = 68.6 nsec, showing 
thereby that the asynchronous approach is 2.6 times faster than the synchronous approach. This speedup is 
only significant in terms of computing the delay of the entire circuit, as the asynchronous approach only 



outputs the final ܪ ݆ value. For the intermediate ܪ ݆ values, we have to use the synchronous approach. To 
evaluate the performance gain in terms of CUPS, we implemented our design on a Xilinx Virtex-II 
XC2V6000 FPGA, such that the available hardware resources were utilized to the maximum. In this way, we 
were able to fit a maximum of 1778 cells on the FPGA, where each cell utilized 19 slices. The clock 
frequency used for our implementation was 45 MHz and the performance thus achieved was, 

݅, ݅,

Performance = 1778 * 45 = 80 GCUPS 

 
                      Figure 4: Block diagram description of a 4x4 systolic array 

3.4   Max Finder Circuit for Systolic Array Architecture 

Figure 5 shows the max finder circuit, which is used for keeping track of the maximum value in the systolic 
array. In this circuit, a comparator is used to compare two input values and sets the value of the output flag as 
a result. This flag is used as a select line of a multiplexer, which selects the maximum of the two inputs. 

 
Figure 5: Max finder circuit, used to keep track of the maximum ݅ܪ  value in the systolic array , ݆

 



Figure 6 shows the block diagram description of a 2x2 systolic array, where the max finder circuit of 
Figure 5 is used to keep track of the maximum ܪ ݆ value. The same structure is extendable to a 4x4 or larger 
systolic array. 

݅,

 
Figure 6: Block diagram description of a 2x2 systolic array with max finder circuit 

4.   DISCUSSION AND RESULTS 

The results presented in Section 3 demonstrate that the implementation of the systolic array architecture with 
our cell design achieves a speedup of 652 x, as compared to a software-only implementation. This speedup is 
almost double the best case reported in the literature. Table 2 gives a comparison between our cell design and 
other systolic array designs, already reported in the literature.  

 
Table 2: Comparison between our cell design and already reported similar designs 

Cell Design Resource utilization Maximum number 
of cells fitted 

Frequency 
in MHz 

Performance in 
terms of CUPS 

 
Logic units 

per cell 
Slices 

per cell
Ours 7 19 1778 45 80 GCUPS

M Gok et al 2006 13 70 482 112.8 54.3 GCUPS 
Oliver T. et al 2005 13 121 252 55 13.9 GCUPS

 
Our cell design is simpler and more efficient both in terms of resource utilization and performance gain than 
the design presented in (M Gok et al 2006) and (Oliver T. et al 2005). Figure 3 shows that our cell design utilizes 
only 7 logic units per cell i.e. 4 comparator and 3 adder units. In contrast, the design in (M Gok et al 2006) 
utilizes 13 logic units per cell i.e. 4 registers, 2 adders, 4 multiplexer units, 2 subtractors and a lookup table. 
The design in (Oliver T. et al 2005) also uses 13 logic units per cell i.e. 5 registers, 2 adders, 4 multiplexer 
units, a lookup table and a logic unit for sign extension. Also the synthesis results show that our design 
utilizes only 19 slices per cell, when implemented on a Xilinx Virtex-II XC2V6000 FPGA. In contrast, the 
design in (M Gok et al 2006) utilizes 70 slices per cell, whereas the design in 
(Oliver T. et al 2005) utilizes 121 slices per cell, when implemented on the same Xilinx Virtex-II XC2V6000 
FPGA. Thus our design utilizes 3.69 to 6.36 times less resources in comparison. Table 2 also shows that the 
performance achieved in terms of CUPS by our design is 1.47 to 5.75 times higher than the other two 
reported designs.  

5.   CONCLUSION 



In this paper, we presented a systolic array architecture for the S-W algorithm with a high performance cell 
design. The results demonstrate that the implementation of our systolic array architecture achieves a speedup 
of upto 652x, in comparison with a software-only implementation, which is almost double the best case 
reported in the literature so far. The results also demonstrate that our design achieves 1.47 to 5.75 times 
higher performance in terms of CUPS as compared to similar cell designs already reported in the literature. 
Our cell design is also efficient in terms of resource utilization, as it uses 3.69 to 6.36 times less resources in 
comparison with the already reported similar designs. 
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