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Abstract. Kestrel is a programmable linear array processor designed for sequence analysis. Among other features,
Kestrel includes an 8-bit word, a single-cycle add-and-minimize instruction, a multiplier and efficient communi-
cation using shared registers. This paper describes Kestrel’s functional units in detail, and examines each of their
effects on system performance. With functional prototype chips completed, we will assemble a full single-board
Kestrel array, with 512 processing elements on eight chips, in early 1998.

1. Introduction

Kestrel, named after the small, fast falcon found on the
Santa Cruz campus of the University of California, is
a project to develop a programmable linear array for
sequence analysis. The system development is nearly
complete. After fabricating three subunits, the multi-
plier, SRAM, and register bank, we fabricated a 0.8µm
CMOS chip with two processing elements. After our
successes with these test chips, we completed the final
64-PE, 0.5µm chip that is currently in fabrication. A
complete system, with 512 PEs in 8 chips, is scheduled
for early 1998. Kestrel will be an affordable system; a
partially populated Kestrel board could be priced in the
low thousands of dollars, while a fully loaded Kestrel
board could cost in the low tens of thousands. This pa-
per discusses the motivation for the Kestrel project and
the PE architecture, including descriptions of the major
architectural components that help Kestrel achieve its
goals.

There are three main goals for the Kestrel project.
The first is to develop a platform that is well-suited
to biological sequence analysis. In projects such as
the Human Genome Project, scientists need to analyze
large databases containing billions of characters from
DNA, RNA, and proteins. Many of the algorithms used

in this analysis require scanning large segments of a
database. Kestrel has been designed with these algo-
rithms in mind.

The second goal is to provide a programmable ar-
chitecture. In one sense, this is related to the goal
of developing an efficient platform for sequence anal-
ysis. There are a great number of sequence analysis
algorithms in computational biology, and programma-
bility is required to accommodate these different al-
gorithms within a single system. As new algorithms
are developed, Kestrel will be able to execute many of
them without the need for redesigning the architecture.
Additionally, Kestrel will be able to execute unrelated
algorithms suitable for linear arrays.

A third goal is to build a balanced system. The speed
of data input and output (I/O) is a primary consideration
in the design of any system, especially a massively par-
allel one. The speed at which the array operates needs
to be balanced with the speed of I/O [1]. In the case of
sequence analysis, the large databases involved are typ-
ically stored on disk. Most disks available today have a
maximum sustained transfer rate of 1–5 MB/s. There-
fore, we have structured the Kestrel PE architecture and
cycle time considering these transfer rates.

The next two sections will briefly review sequence
analysis algorithms and architectures. Following this,
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we describe and justify the design choices that led to the
Kestrel architecture. Finally, we evaluate the effects of
these choices on performance.

2. Sequence Analysis Algorithms

Many sequence analysis techniques rely on aligning
sequences in the database to a model or to other
sequences, often with a variant of the following edit-
distance computation. Given two sequences of char-
acters,a andb, this algorithm determines a total cost
to transform one sequence into the other through three
basic operations: deletion of a character, insertion of a
character and mutation of a character (same as delet-
ing a character and inserting a new character). The
following dynamic programming equations are used to
compute edit distance:

ci, j = min




ci −1, j −1 + dist(ai , bj ) match

ci −1, j + dist(ai , φ) insert

ci, j −1 + dist(φ, bj ) delete,

where dist(ai , bj ) is the cost of matchingai to bj ,
dist(ai , φ) is the gap cost of not matchingai to any
character inb, and dist(φ, bj ) is the gap cost of not
matchingbj to any character ina. Edit distance, the
number of insertions or deletions required to change
one sequence to another, can be calculated by set-
ting dist(ai , φ)= dist(φ, bj ) = 1, and dist(ai , bj ) = 0
if ai = bj and 2 otherwise. Though not often used in

Figure 1. Dataflow for affine gap cost sequence comparison.

biology, edit distance is a common performance bench-
mark.

Sequence comparison using affine gap penalties,
greatly preferred by biologists, involves three intercon-
nected recurrences of a similar form:

cM
i, j = min

(
cM

i −1, j −1 + gM→M , cI
i −1, j −1 + gI →M ,

cD
i −1, j −1 + gD→M

) + dist(ai , bj ),

cI
i, j = min

(
cM

i −1, j + gM→I , cI
i −1, j + gI →I ,

cD
i −1, j + gD→I

) + dist(ai , φ),

cD
i, j = min

(
cM

i, j −1 + gM→D, cI
i, j −1 + gI →D,

cD
i, j −1 + gD→D

) + dist(φ, bj ).

Figure 1 shows a dataflow graph for this computa-
tion. Variations and restricted forms of this recur-
rence are used in the classic sequence comparison
methods [2–4]. In the most general form (a gener-
alized profile or linear hidden Markov model [5–7]),
all transition costs between the three states (in a run of
matches, insertions, or deletions) and character costs
are position-dependent. Using modulo minimization
and the features of the Kestrel architecture allows us
to execute the general form represented in Fig. 1 in
only 10 single-cycle instructions, without sacrificing
programmability.

The dynamic programming calculation easily maps
to a linear array of processing elements. A common
mapping is to assign one PE to each character of the
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Figure 2. (a) Parallel mapping used by most fine-grain co-processors, and (b) B-SYS processing element [15].

query string, and then to shift the database through the
linear chain of PEs (Fig. 2(a)), performing the compu-
tation in 2n − 1 steps onn PEs. Alternate mappings
have been used by BioSCAN and by P-NAC [8, 9].

The alignment of two sequences, or a mapping of the
characters in one sequence to the characters in the other,
is also important. The simplest means of generating
a sequence alignment is, for each of theO(n2) ci, j

values, to store the choices made during minimization.
The space requirements can be reduced with a divide-
and-conquer strategy [10, 11] or our new checkpoint
algorithm [12].

In addition to sequence analysis applications, we
have also programmed the Kestrel simulator for
floating-point division [13], the discrete cosine trans-
form and a neural network application [14].

3. Sequence Analysis Architectures

A number of parallel architectures have been devel-
oped for sequence analysis. In addition to architectures
specifically designed for sequence analysis, existing
programmable sequential and parallel architectures
have been used for solving sequence problems.

Workstations are widely available and can be pro-
grammed to run all variations of sequence analysis al-
gorithms. Since they are programmable, workstations
are suited to other tasks besides sequence analysis. Un-
fortunately, workstations are slow compared to paral-
lel architectures for sequence analysis, although they
can be connected via a network to provide some paral-
lelism.

General-purpose supercomputers are fast and flex-
ible. Like workstations, they can be programmed to
run any variation of sequence analysis algorithm, but
they are much more efficient than workstations. The

limiting factor with supercomputers is cost. They are
too expensive to be widely available.

Single-purpose VLSI processors can provide the
fastest means of running a particular algorithm. How-
ever, they are limited to a single algorithm, and thus
cannot supply the flexibility necessary to run the vari-
ety of algorithms required for analyzing DNA, RNA,
and proteins. P-NAC was the first such machine and
computed edit distance over a four-character alphabet
[8]. More recent examples, better tuned to the needs of
computational biology, some able to perform several
variations of Fig. 1 with appropriate parameter setting,
include BioSCAN, BISP, FDF, Mercury, and Samba
[9, 16–19].

Reconfigurable systems are based on programmable
logic such as field-programmable gate arrays (FPGAs)
or custom-designed arrays. They are generally slower
and have far lower PE densities than single-purpose
VLSI but can be faster than supercomputers. They are
flexible, but the configuration must be changed for
each algorithm, which is generally more complicated
than writing new code for a programmable architec-
ture. PAM, Splash, Biocellerator, and Decypher-II are
based on FPGAs, while MGAP has its own reconfig-
urable designs [20–25].

Kestrel is an example of a programmable co-
processor. The goal of programmable co-processors
is to achieve flexibility while providing performance
on a level with single-purpose VLSI. The PIM proces-
sor also falls in this category [26]. Kestrel is based on
B-SYS, a programmable co-processor developed for
sequence analysis (Fig. 2(b)) [15, 27].

In spite of its programmability, B-SYS has sev-
eral shortcomings, in particular when applied to algo-
rithms other than simple edit distance: (i) its single-port
shared registers require three clock cycles to perform
an instruction; (ii) there is not enough local storage for
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any but the simplest algorithms; (iii) there is no local
addressing, required for efficient cost table lookup;
(iv) the B-SYS board did not include an instruction
sequencer, reducing performance to the time required
to transfer each instruction from the host.

For the design of Kestrel, we examined both the
shortcomings of B-SYS and the needs of a variety of
sequence analysis and other algorithms. We incorpo-
rated hardware within the PE to provide for fast execu-
tion of these algorithms while maintaining flexibility.

4. Kestrel Architecture

Kestrel is a linear array of 8-bit, single-instruction
stream, multiple-data stream (SIMD) processing ele-
ments. Linear arrays have modest I/O considerations
compared to other types of arrays because data can only
enter and exit the array at the ends. The linear design
provides a relatively simple method for scaling the ar-
ray size up or down: chips can be removed from or
added to one end of the array as required.

Kestrel’s 8-bit datapath provides good balance be-
tween PE density and operand size. All 8-bit operations
can be done in a single cycle that will be 30 ns or less.
Since each PE contains its own SRAM, limiting the
width of the datapath is necessary if we want to put 64
PEs on a die of a size that will have a reasonable yield
and have enough SRAM locations to handle algorithms
such as sequence alignment. Fortunately, 8-bit data is
sufficient for most sequence algorithms. In cases where
larger data sizes are needed, Kestrel is designed to per-
form multi-precision operations efficiently. The 8-bit
datapath also allows for easy interfacing of the array to

Figure 3. A Kestrel processing element with Shared Systolic Registers.

external queues, which will hold data to be processed
and results generated from running programs.

A block diagram of the Kestrel PE is shown in Fig. 3.
The main components of the PE are the arithmetic-logic
unit (ALU), static random-access memory (SRAM),
comparator, bit shifter and multiplier, which are de-
scribed in the following sections. Masking logic is also
present to enable conditional execution. There are three
operands for each instruction: Operand A, Operand B,
and Operand C. Operand A and Operand C are two
independently selected registers. Operand B can come
from the multiplier, the bit shifter, memory data register
(MDR), the same register as Operand C or a globally
issued immediate value. In addition to these sources,
Operand B can be the sign extension of Operand C, the
MDR or the high byte of the multiplier result. This is
useful for signed multiprecision operations where the
two operands differ in length—in sequence compari-
son, the dist( ) values are commonly of lower precision
than theci, j values.

Depending on the instruction and flags generated in
the PE, one of three values is selected as the result. The
three possible results are the ALU output, Operand C
or MultLo, the low-order byte from the multiplier. The
result is always written to a register and can also be writ-
ten to SRAM and the bit shifter. Instruction execution
takes one clock cycle.

4.1. Systolic Shared Registers

In systolic algorithms, data moves between PEs as par-
tial results are calculated. Sometimes, values are re-
quired by multiple PEs to compute a result. Both of



Kestrel: A Programmable Array for Sequence Analysis 119

Figure 4. Structure of the Kestrel array.

these are true of the dynamic programming solutions
for sequence analysis. The ability to partition problems
in this manner is a key factor in making systolic arrays
effective parallel solutions for problems. Thus, a good
inter-PE communication scheme is essential for any
array processor.

Kestrel employs Systolic Shared Registers (SSRs)
for inter-PE communication (Fig. 4). The SSRs are
composed of 32 8-bit registers. Each SSR has two
read ports and one write port. Rather than being local
to each PE, as register files usually are, SSRs reside
between PEs. This allows neighboring PEs to share a
register file. SSRs were invented for the linear B-SYS
co-processor and are well-suited to any planar topology
[15]. They have some similarity to shared memories
[28, 29] or inter-PE queues [30] but provide the tighter
coupling between processing elements appropriate for
SIMD computation.

The key idea of SSRs is that communication and
computation do not require distinct instructions but
occur concurrently. When a result is stored after an
instruction is executed, communication automatically
takes place. The programmer can naturally think about
data streaming through the array as values are com-
puted. To pass a value from one PE to the next using
SSRs, all that is necessary is to store the value in a
register file. For example, if each PE is calculating a
value to be used by the PE to its right, then each PE
stores its result into the register file on its right. During
a subsequent instruction, each PE can read from its left
register file to get the previously stored value. Because
all addresses for these register files are issued globally,
adjacent PEs will never write to the same register bank.
SSRs make for an elegant programming model and are
a low-overhead solution to the inter-PE communication
problem—the cost is one bit (left or right) per register
address.

To avoid three operand busses between chips, every
chip in a linear SSR machine containsn PEs andn+ 1

SSRs. Thus, at chip boundaries, there are two register
banks without an intervening PE. These register banks
are coherent: whenever a write occurs, for example, to
the left, the value is written both to the leftmost SSR of
a chip and off-chip. The rightmost SSR of the adjacent
chip then stores the value entering the chip. Inter-chip
communication does not involve register reading.

4.2. ALU

Kestrel PEs have an 8-bit arithmetic-logic unit com-
posed of eight identical bit slices, each with a carry-in,
a carry-out and a result bit. The carry-in to the least
significant slice can come from a bit in the instruction
or a latch containing a previous carry-out for multi-
precision operations. The carry-out and result from
each slice are determined according to the following
equations:

carry-out= (propagate AND carry-in) OR generate
result= propagate XOR carry-in

Propagate and generate are 4-bit control fields (the
8 bits are compressed to 5 bits in the instruction). One
bit from each field is selected for propagate and gener-
ate for each slice according to the corresponding bits
from Operand A and Operand B. This design is derived
from the OM2 [31].

We chose this type of ALU for two reasons. First, it is
programmable. The function of the ALU is determined
by the propagate and generate fields. Even with the
5-bit encoding, this ALU is capable of all common
logic functions and the standard arithmetic functions
of addition and subtraction.

Second, the ALU is compact. In the trade-off be-
tween functionality and area, this ALU achieves its
flexibility without requiring a large amount of area.
For sequence analysis, operations will typically be on
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8- to 24-bit values. Increasing the datapath to 24 bits
would speed up higher precision operations but would
also significantly impact PE density. We could have
chosen to make a bit-serial design, as well. A bit-serial
ALU would be compact, but would have speed limita-
tions. The 8-bit design allows us to achieve good PE
density within a chip and a reasonably fast clock rate.

4.3. SRAM

Each PE contains 256 bytes of static random-access
memory. Each has an address generator that supports
both local and global addressing. Unlike the SSRs, the
SRAM contains a single bidirectional port to conserve
area. A value can either be read from the SRAM or
written to the SRAM once per cycle. Values read from
the SRAM are stored in a memory data register (MDR)
that can be accessed in subsequent instructions. The
MDR can help to alleviate the potential bottleneck of
a single port because a value can be read and stored in
the MDR prior to use, and used several times without
recomputing the address. Thus, the MDR allows us to
schedule the use of the single port.

The need for large-capacity storage arises in se-
quence alignment, in particular. As characters from a
database stream through the array to be compared to a
target sequence, the costs of the necessary operations
(insertion, deletion, mutation) to align the database se-
quence with the target sequence are calculated. In more
sophisticated models, these costs are character depen-
dent, and local addressing allows cost tables to be in-
dexed using the character currently being examined by
a PE. The minimum of these three costs is selected as
ci, j , and flags indicating which was selected are stored
in SRAM. When the cost table is complete, the in-
formation in the SRAM can be used to determine the
minimum-cost set of operations to align the sequences.
Storage-efficient variations of this algorithm based on
checkpoints enable alignment of sequences up to length
n = 30000 in 256 memory locations [12].

Although the SSRs could be expanded to handle
larger storage requirements, the cost in area and in-
struction bits would be high. The triple-port registers
used in Kestrel take twice the area of the SRAM per bit,
and since we specify three register addresses in each
instruction, at least 3 bits would have to be added to ad-
dress larger register files. Since the SRAM is dense and
compact, we felt confident making the bulk of the stor-
age a clocked static RAM. The combination of the SSRs
and the SRAM provides a memory hierarchy that has

high bandwidth (SSRs), large capacity (SRAM) and
flexibility.

4.4. Comparator

The comparator compares the output of the ALU with
Operand C, and the minimum or maximum can be
selected as the result of instruction execution. This is
done by subtracting Operand C from the output of the
ALU. The subtraction produces three flags, the borrow-
out from the subtraction, the most significant bit (msb)
of the subtraction, and the true sign of the subtraction.
The true sign is the sign that would be produced had
the operands been sign-extended to 9 bits, eliminat-
ing the possibility of overflow in signed comparisons.
Since the machine is SIMD, an overflow bit would be
of little use.

The three flags allow for three types of compari-
son: unsigned comparison (borrow-out), modulo 256
comparison (msb) and signed comparison (true sign).
As the cost table is generated when comparing two
sequences, it is possible forci, j values to exceed 8 bits,
which would lead to erroneous results. In certain sit-
uations, modulo comparison can be used to avoid this
problem [32]. The key in modulo comparison is that
local differences in costs are small. Withm bits of pre-
cision for table entries, if delta costs are restricted to
being less than 2m−1, then the msb of subtraction deter-
mines the minimum value. Use of modulo comparison
enables execution of the affine-gap loop in only 10
instructions. This technique cannot be applied to all
cost functions; such cases require multiprecision.

In designing Kestrel, we have paid particular atten-
tion to multiprecision operations. The comparator is
an example of this. Multiprecision comparisons are
done top-down by byte. Top-down comparison requires
fewer cycles to compare two multiprecision values than
the standard method of subtracting one value from the
other and then selecting the result based on the borrow-
out of the subtraction. When comparing two values of
lengthn bytes,n − 1 cycles are saved.

It might appear that the comparator cannot start
calculating its result until the ALU output has been
determined. If true, this would significantly increase
the cycle time for an instruction and be a tremendous
penalty for instructions that do not use the comparator.
This is not the case, however. Each stage of the borrow
chain only depends on the corresponding bits from the
ALU and Operand C. So, as soon as the ALU produces
each bit of output, that bit is immediately used by the
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borrow chain. Thus, the comparator propagates con-
currently with the ALU. We estimate the increase to the
cycle time compared to a PE without the comparator
to be around 15%.

4.5. Bit Shifter

The bit shifter is a loadable shift register that can shift
left or right. Various flags from the ALU and the com-
parator can be shifted into either end of the shift reg-
ister. Also, the result of instruction execution can be
loaded into the register, and the bit shifter contents are
available as an operand.

The bit shifter serves two purposes within the PE.
First, it can be used for data manipulation. Flags can
be shifted into either end, and the least-significant bit
(lsb) and msb can be used to select the result of instruc-
tion execution. Both these operations are useful in the
storage and retrieval of minimization costs in sequence
alignment.

The second function is as a one-bit-wide stack ma-
chine for evaluating conditionals. Because Kestrel is
SIMD, PEs must be turned off to perform conditional
computation. The bit shifter aids in the fast evaluation
of nested conditionals. Figure 5 shows the available
condition stack operations for evaluation of condition-
als. Each stack operation causes a mask local to each
PE to be set based on the contents of the PEs stack.
This mask indicates whether or not a PE is active. All
of the stack operations can be overlapped with instruc-
tion execution, making conditional processing invisible
to execution.

A pseudo-code example of conditional execution
and the corresponding stack operations (shown in
parentheses) appears in Fig. 5. Initially, the stack is
cleared, which makes all PEs active. The twoif state-
ments can be evaluated with the ALU or comparator
and a flag, indicating whether the condition was true or

Figure 5. Kestrel condition stack operations.

not, can be pushed into the bit shifter. Theelsestate-
ments can be evaluated by manipulating the conditions
placed on the stack during the evaluation of theifs.
Note that anelseoperation must be done before the
code in theelseblock can be executed. Thus, stack
operation (5) is combined with inst0 and stack oper-
ation (4) with inst1. Up to eight conditions can be
evaluated before the stack becomes full. The contents
of the stack can then be stored in SRAM or an SSR
and more conditions put on the stack. Even though the
generality of this condition mechanism is unnecessary
for current sequence comparison methods, it costs only
4 microcode bits and will allow us to easily adapt to
more sophisticated algorithms as they are developed.

4.6. Multiply-add

The multiplier performs a variety of functions on
Operand A and Operand B to produce a 16-bit result
in one cycle. The Operand A and Operand B values
can be independently treated as signed or unsigned, en-
abling signed and unsigned single and multiprecision
multiplies and shifts. Adders in the multiplier can be
used to add a previously computed high-order byte,
Operand C, or both to a newly computed low-order
byte for multiprecision multiplies.

Although the multiplier is not needed for standard
sequence analysis applications, it is needed for one type
of hidden Markov model training. The multiplier also
provides an easy way of doing multibit and multiword
shifts and aids multiplicative division methods [13].
The multiplier provides significant speed up over the
ALU for these functions with a relatively low design
cost and increase in PE area of about 18%. It also
allowed us to remove less-intuitive hardware for per-
forming shifts, multiply-add and division steps.

4.7. System Architecture

The Kestrel system consists of two main elements: the
PE array and the array controller. The basic system
design is shown in Fig. 6. The array controller will be
responsible for issuing instructions to the PE array and
for controlling communication with the host system.
Since most systolic programs consist mainly of loops,
simple loop control will be provided in the controller.
The controller will issue instructions from a program
memory of 32 K instructions. Two queues of 8 KB
will be used to move data in and out of the array. Since
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Figure 6. Kestrel system design.

most data will be coming from a disk, the queues should
be large enough to accommodate one to two tracks of
the disk to make accesses efficient. These queues will
connect with the host interface and be managed by the
controller. As the queues fill up or empty the controller
will stop the array and request service from the host.
To achieve the necessary speed to match the array, the
controller will make use of the most recent (fastest)
FPGA chips.

A Kestrel processing element requires a global 54-bit
instruction each clock cycle. Approximately half of the
PE’s instruction is dedicated to specifying operands;
the three registers and immediate require 26 bits. The
rest of the instruction is dedicated to controlling the
Kestrel PE’s many functions. The instructions are well
encoded but are easy to decode because they have a
fixed length and use a fixed-field encoding. The Kestrel
board uses 44 bits (for a combined instruction size of
96 bits) to control input to and output from the array,
as well as to provide 0-cycle branches and jumps, loop
counter and return stacks, and other control functions.

5. Performance

We have designed a simulator for Kestrel that runs on
a MasPar computer. The simulator consists of a simple
controller model for issuing instructions to the simu-
lated Kestrel array. The size of the array being simu-
lated can be controlled through a command-line switch.
The simulator has proved useful for evaluating our
design decisions.

Our timing estimates are based on a 33 MHz clock.
The 2-PE test chip was fabricated in a 0.8µm CMOS
process. It was received April, 1997, and was fully
functional. The 22 chips without fabrication defects
(from a lot of 25 chips) all work correctly with a
35 ns cycle time. Because the 64-PE chips are being

fabricated in a faster 0.5µm process, a 33 MHz chip
cycle should be easily attained. Current simulations of
the system controller indicate that our 33 MHz clock
estimates may be conservative.

Table 1 shows several of the applications we have
examined and the effects of architectural components
on running times for the applications. The toy edit
distance calculation can be performed at 11 million it-
erations per second (with a 33 MHz clock), well above
disk rates. Affine cost functions able to use modulo
costs can be evaluated at disk speeds. The 16- and
24-bit affine cost instruction counts are based on a
common variant that detects similarities between sub-
sequences of two sequences [4]. These two methods re-
quire about 1 MB/s disk rates. We have also examined
integer arithmetic and single precision (SP) and dou-
ble precision (DP) floating-point arithmetic [13]. The
multiplier-less numbers for multiplication and division
are rough estimates only: if Kestrel did not have a mul-
tiplier, the processor would be enhanced to reduce these
penalties.

The last column of the table evaluates an alterna-
tive choice of word size: 16 bits rather than 8. The
values in this column (for selected applications) indi-
cate the length cell programs would be if Kestrel were
16 bits wide instead of 8. The program lengths are mul-
tiplied by two to reflect the cost of lower PE density—
although multiplier area quadruples, local control area
would only increase slightly. There are hidden costs to
the 16-bit design: 16 additional data pins to each chip,
a slower clock speed, a higher I/O rate, and possibly
a wider instruction field to enable 16-bit immediates.
On all but the multiplication and division algorithms, a
bit-serial machine would perform similarly to the 8-bit
Kestrel without a comparator (with an 8 times slow-
down but a somewhat less than 8 times increase in PE
density, and possibly a higher clock rate if chip-to-chip
communication could be sped up).
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Table 1. Kestrel cell program times and extra time required with loss of each feature.

Rate (M/s) Instruction penalty without
Application Cell Array

Kestrel
instr. Compare SRAM Bit shift Mult.

16-bit
cell× 2

Edit distance 11.0 5600 3 66% — — — 6

Modulo affine 3.0 1500 11 54% 180% — — 22

16-bit affine 1.7 870 19 95% 100% — — 12

24-bit affine 1.1 560 31 58% 64% — — 38

24-bit alignment 0.8 410 40 45% ∞ 26% — 56

16-bit multiplication 6.6 3400 5 — — — 1900% 2

16-bit division 0.6 300 57 12% — 9% 125% —

SP multiplication 0.9 460 36 — — — 730% —

DP multiplication 0.3 150 102 — — — 1000% —

SP division 0.5 260 64 11% — 8% 500% —

DP division 0.2 100 150 7% — 5% 830% —

Portion of area 4% 48% 6% 18%

Figure 7 shows real or estimated protein database
search performance using an affine costs model on
several machines. The Kestrel curve is revised from
an earlier version of this diagram [33] that assumed
1024 processing elements—with the decision to use a
PCI board, we do not expect to fit 16 Kestrel chips
on a single board. The comparison machines include

Figure 7. Database search time (real or estimated) as a function of protein query length.

BioSCAN (single purpose, variant method) [9], BISP
(single purpose with variations, not completed) [16], a
15-board Decypher-II system (FPGA) [24], a 5-board
FDF system (single purpose) [17], the 3-board SAMBA
system (single purpose with variations) [19], 1- and
2-board Mercury systems (single purpose with vari-
ations) [18], Biocellerator (FPGA) [23], a 1-board
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Figure 8. The Kestrel test chip.

Decypher-II, a 32-node Paragon [34], a 1024-PE Mas-
Par, 5 DEC Alpha 3000 workstations [34], B-SYS [15],
and a Sun Ultrasparc 140. The Kestrel system is exp-
ected to be unique in its ability to pack high perform-
ance and programmability into a single-board system.

6. Conclusions

The Kestrel design is motivated by the high throughput
requirements of modern computational biology. The
processing elements are designed with an eye toward
the most common sequence analysis methods: the sim-
ple 8-bit PE can add two values, compare the sum to
a third value, select the minimum while saving the se-
lector bit, and perform a local memory read all in the
same cycle. Special instructions such as this one enable
Kestrel to keep reasonable pace with both disk speeds
and single-purpose sequence analysis co-processors,
yet still be programmable. For example, we expect
Kestrel to perform 16-bit affine cost sequence at a sim-
ilar speed to a 16 384-PE MasPar MP-2 (4 years old,
but still a common sequence comparison workhorse)
[35], as well as to 16-board FPGA and 3-board cus-
tom sequence analysis engines. The simplicity of
BioSCAN’s differing algorithm (summing diagonals
rather than performing dynamic programming) enables
high density chips and impressive performance, but the

class of algorithm is not as sensitive as the more com-
mon Smith and Waterman method [36].

In spite of this tuning, however, the processing ele-
ments remain general-purpose. Many algorithms be-
yond sequence comparison can make use of top-down
minimization, bit manipulation, and most any of the
features included in Kestrel. Thus, the processing el-
ement and array is suited for new sequence analysis
methods as well as other applications such as image
compression and neural network computation.

A photograph of one of the working 2-PE chips is
shown in Fig. 8. In the chip, which is pin-bound, the
two processing elements are side by side. The SRAM is
at the bottom, followed by the multiplier, the ALU, and
the half-width register bank. The extra shadow register
bank is to the right, while global instruction decoders
and register address decoders are to the left and right of
the two processing elements. To aid system develop-
ment, the 0.8µm 2-PE chips and the 0.5µm, 1.4 mil-
lion transistor 64-PE chips (due back from fabrication
in August, 1997) have the same pin assignments.
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