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Abstract

Systolic algorithms are a systematic and powerful methodology for realizing the po-
tential of very large scale integration. After an initial wave of special-purpose systolic
processors, research has turned to the implementation of programmable systolic ma-
chines. These machines are often too large and complicated to be able to support
massive parallelism: many of the benefits to be reaped from systolic algorithms are lost.
Few of the current architectures provide the simple systolic communication of the early
special-purpose processors.

The primary contribution of this research is the systolic shared register paradigm.
Unlike previous research efforts, the architecture provides a natural means of systolic
communication and uses simple processing elements; the architecture can be both easily
programmed and easily formed into very large systolic arrays. The main features of
the architecture are broadcast instructions, a regular topology, and register sets that
are shared between neighboring processing elements. The Brown Systolic Array, an
implementation of the concept, is also described. Using the Brown Systolic Array as an
example, the programming of these machines is investigated.
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1 Introduction

The systolic array is perhaps the most significant architectural development inspired
by the recent revolution in VLSI fabrication technology. Since the introduction of the
systolic paradigm, arrays have been proposed to solve a wide variety of problems includ-
ing speech recognition, sorting and searching, image processing, and various dynamic
programming algorithms. Unfortunately, the majority of these proposals assume special
or single-purpose processors. Each new VLSI design requires several months to design
and test. Because of this great effort to construct new arrays, research has turned to
programmable systolic arrays. This paper proposes a general, programmable systolic
array architecture: the systolic shared register (SSR) design. The systolic shared regis-
ter design preserves the simple communication of special-purpose systolic arrays while
providing the user with fully programmable processing elements.

The remainder of this introduction will review the systolic concept. Following this,
several existing parallel machines will be examined. The body of the proposal will
stress four areas: the general concept of an SSR architecture, the architecture of the
Brown Systolic Array and its use of the SSR paradigm, the low-level programming of
SSR machines, and finally several theoretical aspects concerning the control of systolic
arrays.

1.1 Systolic Arrays

Systolic arrays were first proposed as a class of parallel architectures by H. T. Kung
and C. E. Leiserson in 1978 {1, 2].. The utility of systolic arrays rests in their formal-
ism for mapping algorithms to processor arrays. Instead of a labyrinth of individually
programmed processing elements, the typical special purpose systolic array consists of
one or two types of cells connected in a regular network, such as a line, ring, hexagonal
mesh, or square mesh.

Systolic algorithms are designed with the knowledge that individual processing ele-
ments are unable, without great cost, to send information to arbitrary or distant loca-
tions. In a planar VLSI process, multiprocessors requiring arbitrary communication will
use the vast majority of chip area for routing. The point of a systolic implementation is
to put as much processing power as possible on a chip. Thus, a systolic algorithm will
have the following properties [3]:

e The algorithm can be implemented by only a few different types of simple cells.

e The algorithm’s data and control flow is simple and regular, so that cells can be
connected by a network with local and regular interconnections. Long distance
and irregular communication is thus minimized.



e The algorithm uses extensive pipelining and multiprocessing. Typically, several
data streams move at constant velocity over fixed paths in the network, interacting
at cells where they meet. In this way a large number of cells are active at one
time so that the computation speed can keep up with the data rate.

As a result of these principles, data is written to and read from the processor array only
at array boundaries, while computation takes place throughout the array. For example,
data might enter on one side and results might exit on the other. The description of a
systolic algorithm, therefore, must specify the operation of the systolic cells in addition
to the data movement between the cells. Systolic arrays can efficiently manage large
quantities of data without the potential for bus contention or network congestion.

The systolic concept has received much attention since its discovery. Special purpose
systolic and semi-systolic processors have been built or proposed for speech recognition
[4], sequence comparison [5], sorting and searching [6], signal processing [7, 8], the
solution of partial differential equations [9], matrix operations [10], and many other
problems [11, 12]. In the past several years, however, research has focused on the more
general problem of constructing programmable systems capable of executing a variety of
systolic algorithms. Before describing these designs and the place of the systolic shared
register concept, it would be instructive to consider a short example.

Consider a systolic sorting algorithm on a linear array of processing elements. The
basic function of each processor is to read a number from the left, compare it with a
stored value, and pass the smaller to the right. In this way, the smaller values will
exit the array (from the rightmost cell) in sorted order. Using this algorithm, a type of
parallel bubble sort, n + 1 numbers may be sorted on n processing elements in 2n + 1
steps. Each processor is assumed to have a local storage register and a scratch register.
During each step, the processors will compare the number in the scratch register with
the stored number and then keep the larger of the two numbers and pass the smaller
to the right. For the moment, the problem of how processors send data to adjacent
processing elements is ignored. Several steps of this sorting algorithm are shown in
Figure 1, where the top register is the local storage and the bottom is the scratch
register. The array is shown after the completion of each comparison and movement
step. For example, during step 3 the values 4 and 2 are compared in the first processor.
The value 2 is passed to the second while 4 is retained. The input value 3 is passed to
the first processor at the same time it passed 2 to the second.

This example illustrates all the important principles of a systolic algorithm. Data
moves through the array in a regular, synchronous fashion. All data movement is
between adjacent processing elements. Finally, the basic operation of each cell is quite
simple. For this reason, the replication of the basic cell to form a very large systolic
array is easy using current technologies, such as VLSI or WSI (wafer scale integration).
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The local storage register is enclosed in a dotted box. The lower scratch register is
used for communcation. The array is shown after each complete step, comprised of
a comparison phase and a data movement phase.

Figure 1: Systolic insertion sort of 4,2, 3, 1.

Since the sorting example exhibits the basic qualities of a systolic algorithm, it will be
used both to compare the architectures of the next section and to illustrate some of the
issues that arise when programming a systolic shared register machine (Section 5).
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Figure 2: P-NAC architecture.

2 Related Research

This section considers several parallel architectures which have influenced both the
- systolic shared register concept and the Brown Systolic Array (B-SYS) implementation.
First, the direct predecessor of B-SYS will be examined, followed by two bit-serial
machines (the Massively Parallel Processor and the Connection Machine) and the Warp
computer. Finally, several less publicized designs are summarized.

2.1 The Princeton Nucleic Acid Comparator

The Princeton Nucleic Acid Comparator (P-NAC) was developed by Daniel Lopresti
[5, 13] and is the direct predecessor of the Brown Systolic Array. P-NAC is designed
to solve the sequence comparison problem over a four character alphabet. Using the
simple dynamic programming method of calculating edit distances [14], P-NAC provides
optimal speedup by performing O(n?) computations in O(n) time using O(n) processing
elements. The processing elements are connected in a linear array, and data is fed in from
both ends of the array. Each processor is very small (the 1985 nMOS implementation
placed 30 processors on a 4.6mm X 6.8mm chip with a feature size of 4um), and the
resulting chip can compare nucleotide sequences quickly. For example, a 1999 processor
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Figufe 3: Architecture of the Massively Parallel Processor [15].

array of P-NAC processors can compare two 1000 element sequences in 130mS. The
architecture of the P-NAC basic cell is shown in Figure 2.

Unfortunately, P-NAC can solve only a single problem. Even slight variations to the
sequence comparison problem, such as using different costs in the calculation of the edit
distance, can not be solved with P-NAC. Since building a new chip for each application
is clearly ineflicient, a programmable successor to P-NAC is needed.

Because only one algorithm is ever executed on P-NAC, systolic communication is
achieved with latches and fixed connections. A special-purpose implementation of the
sorting algorithm of Figure 1 would use a similar method of communication. A pro-
grammable systolic array should, if possible, include a method of systolic communication
which is as simple as the intrinsic communication of these special-purpose architectures.

A programmable systolic array should preserve the vast parallelism easily attainable
with P-NAC. Since nucleic acids such as DNA can be thousands of nucleotides long,
thousands of processing elements can be used effectively to accelerate database searches
for similar pairs of sequences. Without small and simple processors, such as those of
the P-NAC system, the cost of such huge arrays would be prohibitive.
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2.2 The Massively Parallel Processor

The Massively Parallel Processor (MPP) was developed jointly by Goodyear and NASA
from 1978 to 1983 [16, 15]. The MPP features a 128 x 128 square (toroidal) mesh of
bit-serial processing elements. Each processor has 36 bits of on-chip memory and can
access another 1024 bits of off-chip memory, as can be seen in Figure 3. Processors can
communicate by a direct read of a neighboring P register. Also, the § register may
be used to shift data into the array in parallel with computation. The host machine
has access to the logical ‘or’ of each processor’s data bus. The processing elements are
fabricated in CMOS, with eight processors per chip.

Since a single program sequencer broadcasts instructions to the processor array, the
MPP is an SIMD (single instruction and multiple data stream) architecture according
to Flynn’s classification [17]. The more complicated MIMD (multiple instruction and
multiple data steam) machines provide a control program for each processing element.
The entire broadcast SIMD array uses 96 boards.

The MPP has been used for image processing applications, differential equations,
fluid dynamics, and matrix operations. The architecture is similar to that of the Con-
nection Machine (next section) without the extensive routing capabilities or the large

amount of memory accessible by each processing element.
L]



2.3 The Connection Machine

The Connection Machine features 64K (65,536) single-bit processors and a hypercube
routing scheme [19]. Each Connection Machine processor (CM-2) can access 64K bits
of memory and a floating point unit shared between several processing elements. The
underlying mesh connection and the hypercube routing provide for the construction
of arbitrary paths between processing elements. The four flag registers (see Figure 4)
are available to neighboring and distant processing elements via the chip’s router. The
Connection Machine features “data level parallelism”, which is to say that it is an SIMD
machine.

Although the Connection Machine supports non-systolic algorithms, it can also ef-
ficiently execute systolic algorithms intended for a square mesh or linear array of pro-
cessing elements. For example, Figure 5 displays a program implementing the sorting
algorithm of Figure 1 shown using calls to the Connection Machine’s low-level Paris
language. The estimated number of basic bit operations for each Paris call is shown to
the right of each statement: a total of 64 are needed for each basic operation of the sort
program. A register (WORK) must be used to save the minimum, an issue which will be
addressed in Section 5. The program will be similar for any bit-serial machine, such as
the MPP or the GAPP system discussed later. Communication in this algorithm takes
place much less intuitively than the synchronous communication of single-purpose sys-
tolic arrays: the data must be explicitly moved through the array with send commands
which in turn use the communications registers.

It might also be pointed out that bit-serial operations are slower than bit-parallel.
In the sequence comparison case, approximately ten times as many instructions are re-
quired on a bit-serial machine as on a bit-parallel machine with a word-size of eight bits.
The potentially faster clock speed of a bit-serial machine does not completely overcome
this problem. The enormous number of processors in CM-2 partially compensates for
this by providing enhanced parallelism.

2.4 Warp

The Warp computer was developed at Carnegie Mellon University under the guid-
ance of H. T. Kung, and is a very powerful systolic array processor [20]. The present
model, PC-Warp, consists of ten 10-MFLOP (million floating point operations per sec-
ond) processors connected in a linear array. The array cells are independently pro-
- grammable, each containing memory for 8K instructions. Each Warp processing element
features a 32-bit multiplier, a 32-bit adder, and 32K words of local memory. Between
neighboring processors there are three communications queues able to store 512 32-bit
words each. The components of the processor are connected with a 32-bit crossbar



#define LOCAL 0O
#define SCRATCH 8
#idefine WORK 16
#define INFTY 255
#idefine BYTE 8

sort_list (num, n)
int *num, n;

{

/* Set masks, clear registers, etc. */
initialize();
for (i=0; i < n ; i++) {

}

/* Copy min to a working register */

CM_u_min_3_1L (WORK, LOCAL, SCRATCH, BYTE);

/* Copy max to the local register */

CM_u_max_2_1L (LOCAL, SCRATCH, BYTE);

/* Move the min to the next processor */
CM_send_to_news_1L (SCRATCH, WORK, 1, CM_upward, BYTE);
/* copy in the new input value to processor 0 */
CM_u_write_to_processor_1iL (0, SCRATCH, num[i], BYTE);

/* The numbers in the array: now take them out */
for (i=0; i1 < n ; i++) {

/* Copy min to a working register */

CM_u_min_3_1iL (WORK, LOCAL, SCRATCH, BYTE);

/* Copy max to the local register */

CM_u_max_2_1L (LOCAL, SCRATCH, BYTE);

/* Move the min to the next processor */
CM_send_to_news_1L (SCRATCH, WORK, 1, CM_upward, BYTE);
/* copy infinity value to processor 0 */
CM_u_write_to_processor_1iL (0, SCRATCH, INFTY, BYTE);

/* Read output value from processor n */

num[i] = CM_u_read_from_processor_iL (n, SCRATCH, BYTE);

Figure 5: Sorting using Paris 5.0 (unverified).

< steps >

<16 >
<16 >
<8>

<8>

<16 >
<16 >
<8>
<8>

<8>

10



XQ
B12 x 32
YQ Areg _|
B12 x 32 31 x 32 (-» Add
Mem
Data 2K x 32
Mem Crossbar
32K x 32 Mreg "
l 31 x 32 » Mpy ]
< lit >
AGU
Address
—| AdIQ Crossbar
B12 x 32

Figure 6: Warp data path [20].

switch. Thus, data may be placed on the queues directly from the units of CPU or from
the processor’s local memory. Warp provides hardware control of the queues: a full or
empty queue will cause the appropriate processor to wait until this condition changes.
Figure 6 shows the data path of an individual Warp cell. A new version of Warp, called
iWarp, is being developed jointly with the Intel Corporation and is expected to have 72
processors and more memory per processor. '

A high-level language, W2, has been developed for use with the Warp system [21].
W2 features the usual language constructs in addition to send and receive instructions
for data movement. Possibly the most basic structure in the W2 language is the cell
program which specifies a program for some or all of the array cells. Using these
constructs, the sorting program of Figure 1 would look something like that shown in
Figure 7. The send and receive statements complicate the simple systolic motion
of the sorting algorithm. These two communications statements do, however, provide
a method of relating input data (num[n]) and output data (resultsin]) to specific
queues. Support for such a notion makes systolic programming much more intuitive in
W2 than in Paris (Figure 5), where data is explicitly loaded into or read from the end
processing elements.

11



module sort_list (num in, n in, results out)
integer num[n], n, results[nl;

/* The cell program, for use in all 10 cells */
cellprogram (cid : 0 : 9)
begin
function sort
begin
integer local, scratch;
integer i;

local := 0;

for i := 1 to n do begin
/* Read a number from the left on the X queue. */
/* Use num[i] as an input for processor 0 */
receive (L, X, scratch, num[i]);
/* Send the minimum to the right on the X queue */
send (R, X, min (scratch, local));
/* Compute and save the maximum */
local = max (scratch, local);

end;

for i := 1 to n do begin )
/* Read a number from the left on the X queue. */
/* Use INFTY as an input for processor 0 #*/
receive (L, X, scratch, INFTY);
/* Send the minimum to the right on the X queue */
/* Store the rightmost value in the results array */
send (R, X, min (scratch, local), results(il);
/* Compute and save the maximum */
local = max (scratch, local);

end;

end;
call sort;
end;

Figure 7: Sorting on Warp using W2 (unverified).
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Figure 8: Geometric Arithmetic Parallel Processor [23].

The Warp system can perform many signal and image processing applications quickly
[22]. However, it is not especially suited for symbolic or simple computations on large
amounts of data. Since the size of the array is limited by the size of the processing
elements (one board each), Warp is unable to make full use of the vast parallelism
inherent in many problems.

2.5 Other Systems and Building Blocks

This section describes several additional systems as well as a few processors suited for
systolic machines.

13



T. J. Fountain has surveyed several SIMD bit-serial image processing systems [8].
Each of the eight machines surveyed have between 8 and 64 processors per chip. The
processors are connected in square mesh arrays, much like the MPP. All these systems
are “variations on a theme”, and the Massively Parallel Processor represents them well.

The NCR Geometric Arithmetic Parallel Processor (GAPP) is an interesting bit-
serial SIMD array [23]. Each GAPP chip has a 6 12 square mesh of processing elements.
The processing elements (Figure 8) feature 128 bits of memory, a full adder/subtractor,
and 4 flag registers. The NS and EW registers form the mesh connection, each being
readable by two adjacent processing elements. Much like the MPP, GAPP allows the
user to shift data into the array in parallel with the operation of the ALU via the CM
register. The GAPP chip has been used at Washington University to form a 48 x 48
toroidal mesh which can perform 900 million 8-bit additions per second [24].

Among the more powerful systolic processors is the Programmable Systolic Chip
(PSC) developed at CMU [25]. The PSC featured simpler processors than those used
with Warp (an 8-bit word, but still including a multiplier), and was designed for use
in linear arrays as well as various other topologies. Other high-power programmable
systolic arrays have been constructed using the INMOS Transputer and other digital
signal processing (DSP) chips [26, 27], as well as custom designed processors [28, 29].

Finally, the proposed Instruction Systolic Array (ISA) is a mesh of simple processing
elements in which both data and control flow through the array [30, 31]. Instructions
flow in one direction (north to south) and selectors (or mask bits) flow in the other
(west to east). The ISA thus uses a clever solution to the problem of controlling n?
processing elements with only n control bit inputs each time step. The first proposal of
the Brown Systolic Array considered the use of systolic instructions in a linear systolic
array [32]. However, the problems with this concept probably outweigh the benefits in
a linear systolic array. The use of systolic instructions is considered in Section 7.

The examples of this section, from P-NAC to Warp, represent three schools of sys-
tolic thought: the simple special-purpose array, the SIMD array of bit-serial processors,
and the MIMD linear array of powerful processors. The special-purpose architectures
lack versatility, while the MIMD machines lack massive parallelism. All three types of
architecture present a specialized and not entirely satisfactory method of implementing
systolic communication.

14



3 The Systolic Shared Register Paradigm

This section proposes the systolic shared register (SSR) architecture. The architecture
builds on the problems and merits of the systems discussed in Section 2. First, the
simple systolic communication of P-NAC and the sorting example of Figure 1 must be
maintained. In contrast to special-purpose systolic arrays, however, the architecture
must be programmable. Also, simple processing elements, such as those in the Connec-
tion Machine, GAPP, and MPP are needed to be able to form very large systolic arrays.
However, the vast amounts of memory and complicated communications schemes of
these machines are not needed. The three main features of the systolic shared register
architecture are:

e broadcast instructions
e regular topology
e shared systolic registers.

The SSR idea results from two new ways of looking at systolic computation. First,
the SSR concept considers the systolic system as a whole. Systolic systems are tra-
ditionally thought of as an array of processing elements, with memory, connected by
several nearest-neighbor data paths. More efficient systolic machines can be designed
if the processors and the memory are logically split into separate units. Second, there
is no distinction made between data memory and communications memory. This is
somewhat reminiscent of early computer engineers discovering that data and program
memories do not need to be distinct in hardware.

3.1 Broadcast Instructions

Per-processor program stores require too much area for inclusion in a high-density sys-
tolic array. This penalty comes both from the size of the required program memory
and the complexity of the instruction sequencer. To design systems with large-scale
parallelism, both of these should be on the same chip as the processor. MIMD process-
ing elements are too complicated to fit more than a few on a single chip using current
technology.

When large numbers of MIMD processors (hundreds or thousands) are used for
systolic algorithms, the programs stored in each processor tend to be similar. Even with
a relatively small number of processors, published Warp programs, for example, typically
only differentiate one of the end processors while all other processors execute the same
cell program. This lack of exploitation of the inherent power of MIMD machines is
a strong argument for only a single instruction stream. While a systolic instruction

15



stream, as discussed in Section 7, is an interesting concept, broadcast instructions offer
a much simpler and more efficient method of control. For these reasons, broadcast
instructions, which play an important part part in the shared register design of an SSR
architecture, are the method of choice.

3.2 Regular Topology

To support systolic algorithms, all of which use a regular topology by the definition of
Section 1.1, the SSR architecture itself must have a regular topology. A regular network
(such as linear, square mesh, or hexagonal mesh) provides for the orderly and extensible
mapping of algorithms to the systolic array. Of these choices, a linear network is perhaps
the best choice for a general purpose processor array. A linear network extends easily
and requires only two I/O (input/output) streams, one for each end, no matter how
large the array is.

The use of regular topologies enforces the systolic principle of locality. To each
processing element, possibly even those at the boundary, the world must look the same:
there are some number of neighbors, each with a relative name or direction. In a mesh,
these relative names might be north, south, east, and west. This is very important for
two reasons. First, a regular connection network is easily extensible to larger numbers
of processors. Second, relative processor names, which are commonly used, greatly
facilitate the use of broadcast instructions.

3.3 Shared Memory

Before turning to the inter-processor communication scheme of SSR machines, consider
the distinction between the systolic data movement of special (or single) purpose arrays
and that of programmable systolic arrays. In the special purpose array, data movement
is implicit in the hardware. For example, a processor designed specifically for a sorting
problem (such as that of Figure 1) might compare a value with an internally stored one
and make the smaller value available to the next processor. However, the execution of
these operations is regarded as a single step. Thus, data is pictured as moving through
the array at a speed of one processing element per step. Since the processors perform
only one function, the timing of the data movement can be built into the hardware.

In a programmable systolic array, data can not be moved automatically since dif-
ferent applications require different types of data movement. Thus, in a programmable
systolic array, data movement must be explicitly specified by the user. For Warp, this
entails placing data on special queues. In an SSR architecture, data moves through the
array as a natural result of the user’s program.

Figure 9 shows a segment of a linear SSR processor array and a detail of a single

16
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Figure 9: Linear SSR processor array (a) and processor detail (b).

processor. Note that each processor (denoted P;) is adjacent to two register banks.
Each processing element can access data values from the register banks directly to its
left and right for both input and output. Likewise, each register bank can send and
receive data from two adjacent processing elements. Systolic communication in an SSR
architecture is through the use of these shared register banks. As can be seen from the
processor detail, there are no internal registers in the processing elements except for a
small number of flag bits. This separation of processing elements and memory is the
main distinction of an SSR architecture.

Each instruction broadcast to the SSR array specifies the relative addresses of mem-
ory locations: specific registers in either the left or the right register bank. During the
execution of an instruction, each processing element will read operands from relatively
addressed registers and, after the computation, write the result to a relatively addressed
register. Because relative addresses are being used, there is no potential for two neigh-
boring processing elements to attempt to read or write the same register during the
same part of the instruction execution cycle. While there is no potential for hardware
conflicts, software conflicts using the shared register banks must be avoided (discussed

in Section 5). The lack of hardware conflicts is a benefit of the regular topology required
by the SSR design.

The implementation of systolic data movement via shared registers is quite intuitive.

17
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For example, if a processor reads two items from the left register bank, performs some
computation on those items, and places the result in the right register bank, information
has systolically moved through the array and is now available to the next processing
element. No instructions are required to initiate specific types of data movement, such
as the send and receive statements of W2 (Figure 7). On the bit-serial machines
discussed in Section 2, data must be placed in special communication registers before it
may be accessed by adjacent processing elements. In the case of the Connection Machine
(Figure 5), this is done by the Paris send instruction, in which the router accesses the
processor’s flag registers (Figure 4). The MPP and GAPP machines (Figures 3 and 8)
have registers dedicated to communication. No extra synchronization statements or
special registers are needed in an SSR machine.

The shared register method does not require the use of special queues between pro-
cessors. The shared register paradigm also does not limit the number of communication
channels between processors. The user may decide to use the first few registers of each
register bank for local storage, the next for transmission of data from left to right, the
next for another data track, and so on. In summary, shared registers provide a small,
fast, and elegent implementation of systolic communication.

The use of shared registers may be naturally extended to other topologies, such as
the mesh (see Figure 10). As with the linear case, there is a single memory bank between
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Figure 11: Methods of inter-processor communication [33].

every pair of adjacent processors. No matter what type of network is used, each SSR
memory bank is only connected to two processing elements.

3.3.1 Shared memory and systolic communication

It is instructive to examine the SSR design in light of the definition of systolic commu-
nication proposed by H. T. Kung [33, 34]. Kung separates memory-to-memory com-
munication and systolic communication. In the former, information is passed from the
memory of one processing element to the memory of another via communication queues.
In systolic communication, however, information may be both read from and written
to the communication queues directly by a processor’s central processing unit (CPU).
In both cases, there is a distinction between the queue memory used for communica-
tion and each processor’s own local memory. Figure 11 shows these two methods for
providing communication between processing elements in a linear array.

The distinction between the two types of memory is important. The communications
memory defined by Kung only allows sequential access (as with Warp), while the local
memory allows random access. Thus, a systolic array machine is one which can make
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direct use of data on its input queunes. Since the register banks of an SSR architecture are
essentially a set of one-element, bi-directional queues, the SSR architecture is systolic by
this definition. However, the SSR idea has taken the idea of systolic communication one
step further: the input communications register banks allow random access, making
local memories superfluous. Since SSR systems do not distinguish between memory
types, the CPUs not only communicate directly with their communications registers,
but only communicate with those registers (Figure 10).

Another difference between communication queues and registers is that the SSR
paradigm’s use of communication registers forces synchronous execution on the system.
If an item is to be read from a specific register, it must be written to that register by an
adjacent processor before that time. This is a simple task with synchronous, broadcast
instructions and closely resembles the data movement of special purpose systolic arrays.
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Figure 12: B-SYS arithmetic logic unit.

4 The Brown Systolic Array

In this section, the Brown Systolic Array architecture is described. B-SYS is a linear
implementation of the general SSR. architecture. It features shared registers, instruction
broadcasting, and simple processing elements. It is expected that at least fifty of these
processing elements and register banks will fit on a single chip. An overview of the
simple arithmetic logic unit (ALU) and its microprogramming is given in this section,
along with a description of the proposed system interface.

4.1 Arithmetic Logic Unit

Each B-§YS processing element has an ALU in addition to several one-bit registers, used
for both the storage of carry flags and the processing of conditionals. The processors
communicate via shared register banks, each with 16 registers. The B-SYS implementa-
tion has 8-bit words and 8 flags per processing element. Figure 9b shows an individual
B-SYS processor. Simplicity has been an overriding design consideration for the rapid
production of this SSR. prototype.

The ALU, shown in Figure 12a, has two single word inputs, A and B, and a single
bit input C. The outputs are a result word R and a bit Z. The ALU has a bit-slice
architecture: each bit of the output is computed in a manner identical to all other bits in
the ALU, and indeed the whole chip. The i-th bit slice is detailed in Figure 12b. Observe
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that the bit-slice has two parts: each is an arbitrary function logic block able to evaluate
any three-to-one function. This design is similar to that of the OM-1 processor from
Mead and Conway [35]. The inputs to each of these blocks are identical: a;,b;, and ¢;,
the former being the i-th bits from A and B, while ¢; is the flag output 2;_; of the
previous stage (and is equal to C in the least significant bit-slice). The outputs of the
bit-slice are a result bit r; and a flag bit z;. Note the distinction between the words A
and B, and the individual bits ¢ and b. Similarly, C is the input to the entire ALU
while c¢ refers to the propagated flag input of an individual bit slice.

Each logic block is controlled by an eight-bit lookup table. The top logic block,
controlled by the function f,, produces the flag output that is sent to the next processing
element. The bottom logic block uses f, to determine the result bit. For example, the
carry generated for integer addition may be logically written as ab+ ac + bc, generating
the function table:

clblall =z
0l0j0{{o0
ofof11(fo0
oj1j0fo0
011111
1{o]o]jo
1{0]1]1
1{1]0J1
{1111

Thus, the hexadecimal control word for the flag block, f,, would be E8;¢. Similarly,
fr = 96,6 will generate the sum bit for an addition. In the generation of control words,
a is the least significant bit while ¢ is the most significant bit.

4.2 B-SYS Microcode

As has been seen in the previous sections, each B-SYS instruction must specify several
fields. The 37 bit horizontal microcode format of an instruction is shown in Figure 13.
The instruction word may conveniently be divided into two parts: the register inputs
and outputs, along with f., and the flag inputs and outputs, along with f,. Each
broadcast instruction has the following fields:

e fr: an eight bit function for the calculation of R.

e A: one bit specifying which bank (left or right) and four bits specifying which
register in that bank is the A input to the ALU.

e B: five bits, as with A.
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Figure 13: B-SYS instruction word.

Name Function hezx | Name Function hez
zero 0 00 one 1 FF
fnA a AA | fnC c Fo
xorAC a®c 5A | andAC ac Co
borrowAC ac 50 | carryAC ac A0
notAxorC adc A5 | xorAB adb 66
xnorAB a®b 99 andAB ab 88
nandAB a- b 77 | orAB a+b EE
norAB a+b 11 | xorABC adbdec 96
carryABC ab+ac+bc E8 | borrowABC ab+dc+bc D4
selectABonC ac + be AC | selectABonC_ ac + be CA
notzeroA c+a FA | zeroA ca 50
equalAB c-(a®@b) 90 | matchAB c+{a®b) F8

Table 1: Some B-SYS control words.

e R: five bits, as with A, specifying the register in which to store the result.

fz: an eight bit function for the calculation of Z.
e C': three bits specifying which local flag is the flag input to the ALU.
e Z: three bits specifying the flag register in which to store the flag output.

All fields are required, and there are no immediate operands. The f, and f, control
words are broadcast to each bit-slice of the ALU, while the remaining fields are used by
the processor to access the correct memory elements. If the user has need for neither
the R nor the Z output of an operation, the result must be placed in a scratch register.
If an algorithm needs certain constants, they must be loaded into one of the registers
beforehand. Often, the first step of a program will be to place constants in several flag
registers and clear several locations in the register banks.  Constants needed in all
processing elements can be constructed in a small number of B-SYS statements without
having to shift them through the array.

The first flag in each processor (Figure 9b) is a mask register. When the mask flag is
not asserted, the processing element will not write to any registers or flags. Instructions
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will be provided, of course, to force the writing of data in all processors regardless of
the mask bit. The use of this flag will be described in Section 5.2.1.

Several control words for the B-SYS ALU are listed in Table 1. FEach of these
represents a single hexadecimal control word, usable either for f, or f,. Obviously,
some operations make more sense in one case than in the other. For example, use of a
select instruction as f, tends to force f, to be the identity function on the carry, fnC.
The last four operations are test instructions: with appropriate values of C (0 or 1,
depending on the instruction), Z will be the result of the test. The carry chain is used
to pass the result of the test. For example, when testing A for zero (f, = zeroA), an
input of C' = 1 should be used. On receiving a ¢ = 0 input, each bit-slice will pass 2 = 0.
If ¢ = 1, then there are no previous non-zero bits, and the bit a is checked. Depending
on a, either 2 = 0 or 2 = 1 is passed to the next bit-slice.

4.3 System Interface

The previous two sections have considered the processing elements and their program-
ming. The reader may have noticed that the method of getting data to and from B-SYS
has been completely ignored. The B-SYS chip will need hardware support to commu-
nicate with its host computer. Because of the linear network connecting processors, the
design of the board will effectively be the same for any number of processors. Indeed,
the only constraint is how much of the board is left for B-SYS chips after the support
logic is in place. This section will propose the requirements for that interface.

Consider the operation of a single B-SYS instruction on the registers: two registers
are read, a computation is performed, and one register is written. Looking at the
register banks of Figure 9a, if the write is to register L;, register 1 of every register
bank except one receives a new value. Since no processor is writing to the right-most
register bank of the array, it seems logical that the board write an input value to that
location. This is indeed the approach that B-SYS will use. Similarly, if R, is read as
the A input to the ALU, no processor will be reading register 2 of the left-most register
bank. The board will read this value and send it to the host machine if it is of interest.
To limit each instruction to at most one output, only the A input register will be read
by the board. Each instruction passed to the board will thus have two additional bits of
information specifying whether a value should be passed form the board to the host (the
unread A register) and whether a value should be passed from the host to the board
(the unwritten R register).

One potential bottleneck in the system is the need for an instruction each time
step, while data might be transferred between the host and the board at a much lower
frequency. For example, 8-bit multiplication requires around 40 B-SYS instructions
with no external I/0. The solution to this inefficiency is to place a small program cache
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on the B-SYS board. Instructions from the host can execute specific subroutines stored
in the cache. If the board has both an input and output data queue, the host can send
and receive data while instructions from the program cache are being executed. Suitable
logic will enable B-SYS to continue executing instructions until either the output queue
is full or the input queue is empty. The GAPP system referred to in Section 2.5 uses a
similar instruction cache to speed up the operation of the co-processor [24].

4.4 Additional Design Options

This section describes several other features which may, time permitting, be included in
the B-SYS implementation. It would be advantageous to place more registers in each
register bank, say 32, to facilitate multiple-precision and floating-point arithmetic. A
study should be made on the advantages of faster RAM circuitry using sense amplifiers
[36]. Also, the arithmetic logic unit might perform much faster by adding a Manchester
carry chain [35]. The right-shift operation could be a worthwhile addition to the pro-
cessing elements. A more powerful board can, of course, only speed up the interface
between the host and the systolic array.

Finally, a future design goal is to experiment with other SSR topologies such as the
mesh shown in Figure 10.
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The local storage register is enclosed in a dotted box. The scratch register is shown
in a solid box. The remaining register is used to receive data from the adjacent
processing element.

Figure 14: Phased systolic sort.
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5 Programming the Brown Systolic Array

This section examines several programming issues that arise with any SSR architecture,
and specifically with the B-SYS architecture. The discussion assumes that a specific
mapping of the computations to the linear array processors has already been made.
Solutions to this difficult problem may be found in the literature [37, 38, 39, 40, 41].

The two programming issues which will be examined involve register allocation and
the execution of conditional statements. In the next section, these principles will be
applied to several problems.

5.1 Register Allocation and Data Movement

Moving data through an SSR machine is more complicated than simply reading two
operands from the right register bank (R) and storing the result in the left register
bank (L). Since L is the right register bank of an adjacent processor, writing to it may
invalidate data that the adjacent processor needs. Taking another look at the sorting
algorithm of Figure 1, the operation of storing the maximum and passing the minimum
has been conveniently lumped into one instruction. Since instructions typically only
have one output value, this is somewhat unrealistic. Suppose the program is:

R1 «— min(Lo,Ll)
Lo — ma.x(Lo,Ll).

Provided that register 0 is used for local storage and register 1 for scratch storage, this
program appears to have the same effect as the single instruction version. However, Ry
for the i-th processor is Ly of the (¢ 4+ 1)-st processor. Thus, writing to Ry invalidates
the maximum computation of the (i + 1)-st processor.

There are two solutions to this problem: the use of scratch registers and the use of
phased programs. Scratch registers may be used in the normal way, for example:

Ly « min(Lo, L)
Lo « max(Lo, L)
Ry « I,

At the cost of one register and one instruction, the problem has been solved.

The other alternative involves the use of a phased program. A phased program has
several distinct phases in which different registers are used. For example, the scratch
register might be R, in phase 1 and R, in phase 2. Switching back and forth between
these two phases will result in a correct program which, though an extra register is still

26



used, does not use the extra instruction. Two steps of the sorting program would then
be:

Ry « min(Lo, L)
Lo « max(Lo,Ly)
Ry, « min(Lo,Ly)
Lo +« max(Lo,Ls).

Sorting with this technique is shown in Figure 14. The current scratch register is boxed,
while the top register is still used for local storage. During the first part of each phase,
the minimum of the boxed scratch value and the top stored value is passed to the unused
register of the adjacent processing element. During the second part, the maximum of
the two values is locally stored. This technique can easily be applied to programs of
more than two phases.

5.2 Conditionals

This section considers two methods for processing conditionals: the mask bit and the -
select statement.

5.2.1 TUse of the mask bit

The B-SYS mask bit is similar to that of the Connection Machine or the Massively
Parallel Processor (GAPP does not have a mask bit). Whenever the mask bit is set, the
processor executes each instruction broadcast to the array. Otherwise, the processor
will remain idle. A special set of instructions will be provided to force all processing
elements to write data, regardless of the state of the mask bit.

The classical method of using a mask bit for a nested if/then statement involves four
steps: preserving the old mask bit in a flag register, copying the desired flag register to
the mask bit, executing the conditional code, and finally restoring the mask bit to its -
previous value. The operations to do this, presuming that F; is the flag upon which
~ execution is to depend, are:

fr :f0A(Lg,Lg) > Ly [, :fnC(M) - F
fr :an(LF:LF) - Lp f; :fnC(Fl) - M

(conditional execution code)
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Thus, an overhead of three statements exists for each conditional. For this reason, use
of the mask bit is often too cumbersome.

5.2.2 Register selection

An alternative to the extra statements required for mask bits is the use of selection
statements. A selection statement simply chooses one value or another depending on a
logical condition. Due to the architecture of B-SYS, this condition is always the value
of a flag.

Programming a conditional with selection is straightforward: all possible values are
computed and then the correct ones are chosen depending on the flags. Selection thus
requires at least one scratch register, possibly more depending on the complexity of the
program. Selection does not necessarily require extra program statements. For example,
the statement:

If Lo < Lithen Ry « Lg and Lyelse Ry + Lg

may be programmed as:

fr :xorABC(Lg, L1) — Lp [z : borrowABC(F7) — Fg
fr :andAB(Lo, L) — L3 [z : zero( Fr) — F
fr : selectABonC(Lg, L3s) —» Ry f, : fnC(Fg) — Fg,

Assuming that F; = 0, the first line compares Ly and L;, storing the borrow flag output
in Fg and the result in L, a scratch register. The second line computes the value of
LoL,, storing it in the scratch register Ls. Finally, a selection between L3 and Lg is
made based on Fg.
Taking a comparative look at the C programming language, this is similar to the C
construct:
( (condition) ? (statementl) : (statement2) ).

In the bit-parallel world, register selection is often more efficient than using the
mask bit. However, if several different results are calculated based on the value of one
condition, use of the mask bit could yield a shorter program. On a bit-serial machine,
calculations depending on a conditional usually involve an entire word, whatever the
size of a word may be. Because of this, selection statements are not efficient on such
machines since each result bit would have to be selected.
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6 Applications

Many example programs have been written using B-SYM, the Brown Systolic Array
Simulator. This section first considers a sequence comparison program After this ex-
ample, several algorithmic and programming environment issues are discussed.

6.1 Sequence comparison

As was pointed out in Section 2.1, sequence comparison was the initial driving force
behind the B-SYS project. The goal is to calculate the simple edit cost of transforming
one sequence (8) into another (t) using the elementary operations of character insertion,
deletion, and substitution. The result computed provides a measure of the “closeness”
of the two sequences. For example, the string C AT may be transformed to CART with
one insertion of the letter R. Of course, more letters could be inserted and deleted
(CAT — CATS — CARTS — CART), but the goal is to find the minimum cost of
a transformation. More complicated string comparison problems have been described
[13, 42], and most can be solved on the B-SYS architecture.

The method used with B-SYS is a standard dynamic programming algorithm. In-
cluded in the algorithm is a character deletion or insertion cost of 1 and a character
substitution cost of 2. The C AT to CART transformation thus has a minimum cost
of 1 due to the single insertion. The recurrence for the algorithm is:

di: — min(d,-_llj,d,-,j_l) +1 ift # 35
W) disiger otherwise.

Here, d; ; represents the cost of the partial matching of s;...8; to ¢;...%¢;. With the
given costs, it is always best to take the second case if the characters match and the
first if they do not. Since the substitution cost is consistent with the cost for a deletion
followed by an insertion, it need never be used.

A look at the dynamic programming table for the comparison of CAABA and
ACCAA should clarify the algorithm. Note the initial values included in the table.

to t1 iz t3 ta ts

¢ C A A B 4
s ¢/10 1 2 3 4 5
sg A1 2 1 2 3 4
s Cl2 1 2 3 4 5
s3 C|3 2 3 4 5 6
sa Al4 3 2 3 4 5
ss A|5 4 3 2 3 4

w
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#define clear(x) zero x x x nread fileQ zero F7 F7
#define Sfile 1
#define Tfile 2
#define fileO &

one LO LO LO nread nwrite one M M
print

zero LO LO LO nread fileQ0 zero F7 F7

zero L1 L1 LO nread nwrite one F6 F6

clear(L2)
clear(L4)
clear(L5)
clear(L1)

fnA RO RO LO nread Tfile fnC FO FO
fnA RO RO LO nread Tfile fnC FO FO
fnA RO RO LO nread Tfile fnC FO FO
fnA RO RO LO nread Tfile fnC FO FO
fnA RO RO LO nread Tfile fnC FO FO

printc Initialization complete: Lo has t;, the fixed string.

Figure 15: Sequence comparison initialization program.

From the above table, the cost of matching the two strings is ds 5 = 4. This corresponds
to deleting the initial AC from s and adding BA to the end of the string. The systolic
algorithm implemented for this example stores ¢ in the processor array while s moves
through the array. Thus, the processing elements may be called by their 7 index, and
each one will calculate one column of the above table. The j index increments with
time. The program for the simulator has two logical parts: an initialization program
and a loop program.! The initialization program is displayed in Figure 15 and the loop
program in Figure 16. Both of these programs make use of the C macro preprocessor.
Appendix A includes the simulator outputs: snapshots of the systolic array as the
computation progresses (several registers and flags are not shown).

The initialization program first sets the mask bit and clears several registers. Next,
the string ¢ is loaded into the systolic array. During the computation, ¢; will always
be stored in the R register of P;. The characters of s move through the array in the
L, register. Each processing element must store two cost values of the above table in
the right register bank, since both d;_; ; and d;_; ;_1 are needed from P;_; for the

!P_.NAC uses a systolic mapping in which one sequence travels from right to left and the other from
left to right. In a single purpose machine, this eliminates the need for an initialization phase. This in
turn simplifies the processing elements.
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calculation of d;; by P;. These are stored respectively in Ry and R4. Since when j is
incremented, the old d;_ ; becomes d;_; j_1, a two phase program is used. In one phase,
R; and R, hold values in the order previously stated, and in the next the meanings of
the two registers are swapped.

The loop program is continuously executed after initialization until the end of the
simulation. The first line of the program performs the comparison of d;_; ; and d; ;_4
using subtraction. Next, the minimum of the two is chosen and stored in Lp, a tempo-
rary register which is then incremented. As the register is incremented, a large input
value is put in the leftmost register bank so that the input will never be selected as the
minimum weight. The fourth instruction checks to see if ¢; matches s; and shifts the
s string through the array. Here, an s; value is read into the leftmost register bank.
Finally, a selection is made depending on the result of the previous matching instruc-
tion. The correct value for d;; is stored in R4. During this instruction, a dg ; value
is written to the leftmost register bank. The next five instructions perform the exact
same operations for the second phase, with the meanings of R, and R4 swapped.

Characters in this simulation are represented by specific bit positions. Thus, A =1,
B = 2,and C = 4. This is to accommodate the use of wild cards in sequence comparison.
For example, the number 5 will match either A or C. The character ‘*’ represents the
wild card, while ‘¢’ is the null character. ,

Referring to the B-SYM output (Appendix A), the computation of d; ; takes place
in processor j and is completed at time 12 + 5(i + 7). In this computation, the values
d;_y,j—1 and d; j_1 have been stored in the left register bank of P; by P;_1. The value
d;_y,; was computed and stored by P; during the previous computation cycle. Thus,
ds 5 is computed at time step 62 and placed in R,.

6.1.1 Estimated performance

A systolic co-processor can be handicapped by its host machine. If, for example, the
interface to the host machine is relatively slow, the true power of the systolic array is not
being utilized. P-NAC (Section 2.1) performance suffered by a factor of about seventy
because of a slow board interface. For this reason, the throughput speed of a systolic
array can be used when comparing similar systolic architectures. The throughput speed
of a machine is simply the maximum rate at which the systolic array itself can process
data with no concern for delay due to the host. Table 2 summarizes the throughput
speeds of P-NAC, B-SYS, and GAPP. The GAPP performance is estimated from the
system built at Washington University [24], while the B-SYS estimate makes use of the
simulated performance of initial chip designs. In this chart, the speed is represented
as T(c*, M,n), where c* is the throughput clock speed, M is the number of processing
elements, and n is the length of the sequences being compared. Since these three linear
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arrays use simple and easily replicated cells, the number of processors M is assumed
to be the optimal for the sequence length (n in the case of B-SYS and GAPP, 2n — 1
for P-NAC). Using this many processing elements, the computation speed is directly
proportional to the time it takes to pass the data through the array.

B-SYS is expected to perform better than many supercomputers on problems such
as sequence comparison. This results from the power of the SSR concept and the sys-
tolic paradigm in general. Daniel Lopresti has programmed the sequence comparison
problem on several general-purpose computers and supercomputers. The results, sum-
marized in Table 3, are mostly extrapolated from a single run with 100 sets of 100 length
sequences. The Connection Machine program simply did 100 comparisons at once using
100 processors. A potentially faster algorithm would move the sequences through the
underlying mesh connection in a systolic manner. The values for B-SYS and GAPP are
once again estimated, but this time including the cost of board to host communication.
The P-NAC values are from the actual system running on a Sun-2. Note that in the case
of the general-purpose computers, the speed of the algorithm decreases proportionately
to the square of the length of the sequence. '

6.2 Other Algorithms

Although it might not seem intuitively possible, matrix multiplication and all its exten-
sions [44] may be programmed on a linear systolic array. The version that has been used
on the B-SYS simulator was proposed by Lee and Kedem [43]. As with many systolic al-
gorithms, such as sequence comparison, the most obvious sequential algorithm (O(n?))
is best suited for systolic implementation. The algorithm provides linear speed-up (to
O(n?)) for this problem. Since it is a fairly involved algorithm, the specific steps of the
algorithm will not be discussed here.

There are several other algorithmic issues that need to be addressed when building
a large array of simple processing elements. Suppose a 1000 element string comparison
needs to be done on an array of only 500 processors? This specific problem has been
solved by Lipton and Lopresti [45], while Moldovan and Fortes have examined the
general partitioning and mapping problem [41].

The mirror image of the previous problem is comparing 500 length strings on a 1000
element array: what should be done when there are too many processing elements in the
array for the problem at hand. This is very easy to solve with an MIMD architecture,
since the superfluous processors can simply relay data from left to right, performing
no other operations. With an SSR architecture, one should be able to easily construct
programs to run on large arrays. Software tools should be developed that, given an
algorithm, array size, and data length, can correctly modify the data or algorithm
to make use of the large array. Another interesting problem in this area is how to
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compare many short sequences against many other short sequences without padding
each sequence to 1000 characters. All these questions can be expanded to many other
symbolic and numeric algorithms.

At the moment, all B-SYS and B-SYM programming is done in an assembly lan-
guage mediated by the C macro preprocessor. Some work has been done on specifying
what is needed for complete programming environment [46]. Implementation of the
system would be the next step. In a similar vein, subroutine libraries for common
functions usable by C programs would be very helpful. Finally, the question of what
routines should be stored at any given time in the on-board instruction cache needs to
be addressed.
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#define Sfile 1
#define Tfile 2
#define Iweights 3
#define file255 4
xoTABC L2 R2 L6 nread nwrite borrowiABC F7 F1
selectABonC L2 R2 L5 read file255 fnC F1 F1
printc Lp now has min(di_1,;, di,j—1). Output is dn j_1.
xorAC L5 L5 Lb nread nwrite andAC F6 F1
printc Lp incremented.
fnA L1 LO R1 nread Sfile matchAB F7 F2
printc Test match of s;(L,) and ¢;(Lo) and shift s; to right.
selectABonC L4 L5 R4 nread Iweights fnC F2 F2
printc Select between min(di-1,5,di,j—1)(Lr) and di_1,;_1(La)
depending on match, storing result in R4 which is now
di;.
xorABC L4 R4 L5 nread nwrite borrowABC F7 F1
selectABonC L4 R4 L5 read file255 fnC F1 F1
printc Lp now has min(d;i_1,;, di,j—1). Output is dn j—1.
xorAC L5 L6 L5 nread nwrite andAC F6 F2
printc Lp incremented.
fnA L1 LO R1 nread Sfile matchAB F7 F2
printc Test match of 5;(L:) and ¢;(R¢) and shift s; to right.
selectABonC L2 L5 R2 nread Iweights fnC F2 F2
" printc Select between min(di—y,j,di,;—1(Lr) and di_y ;-1 (L2)
depending on match, storing result in R, which is now
di ;.

Figure 16: Sequence comparison program loop.

Speed (100 comparisons)

System | T(c*, M,n) | T(c*, M, 100) T(c*, M,1000)
P-NAC 4c*n 13 mS 130 mS
B-SYS 13c*n 32mS 320 mS
GAPP 217c*n 217mS 2.28

Table 2: Sequence comparison throughput speeds.
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Speed (100 comparisons)
System M. T(e,M,n) | T(c,M,100) | T(c,M,1000)
B-SYS n 13cn 55 mS 0.6S
iWarp® 72 Belr 8.6 mS 0.9S
GAPP n 217cn 700 mS 7.08
P-NAC 2n -1 4cn 910 mS 9.18
PC-Warp 10 5oz 100 mS 108
CM-2 64K cn 4.7S 478
Trace® 48 e 3.78 3708
Cray-2° - 64 2 6.55 650S
VAX-8600 1 en? 318 3100 S
Sun-3/140 1 cn’® 488 4800 S
VAX-11/785 1 cn? 6485 6400 S

2PC-Warp and iWarp times are estimated and are based on what are probably through-
put timings.

*The Multiflow Trace computer used in this example had 48 processing units.

“Only one processor is used. The vector processor operated on 64 element vectors.

Table 3: Sequence comparison speed.
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7 Formal Program Transformations

The final research goal of this project is to determine the abstract relationships between
various types of systolic architectures. Given a fixed topology, there are several dif-
ferent methods of providing instructions to systolic arrays. The most powerful design
allows direct access to each processor’s instruction register (an MIMD machine). Meth-
ods appropriate to simpler processors are broadcast instructions, as used by an SSR
architecture, and systolic instructions which pass through the array, as with the ISA
system.

Another important part of any systolic program is the method of control: when
and how individual processing elements may be turned on and off. The most powerful
method here is to have direct external control of each processing element, but the
requirement of one input for each processor from the host computer would be prohibitive
for large arrays. One alternative method is the internal calculation of mask bits, such
as B-SYS will use. Also, mask bits may be systolically moved through the array, such
as the selectors in the ISA design. Figure 17 shows the various combinations of these
possibilities that will be described in this section.

Two types of program can be considered on these machines: general programs P and
systolic programs P,,. A systolic program p € P,, is a program in which all processing
elements may be grouped into m equivalence classes such that all processors in the
same equivalence class perform the same function. This is to say that m distinct cell
programs are required. Note that m is independent both of the number of processors and
the size of the problem. Many systolic algorithms, such as those discussed previously,
are members of P,: each processing element executes exactly the same program. P-NAC
uses a systolic algorithm in which processors alternate between comparing characters
and calculating the next state. Since adjacent processors are executing a different
operation during each time step, the P-NAC sequence comparison algorithm is a member
of P,. The study of this class of programs may lead to a proof that systolic instruction
streams in linear systolic arrays are no better than broadcast instructions.

The remainder of this section describes each of the models of Figure 17. Following
this, several results are stated without proof.

DI Direct instructions provide the most powerful method of control for a systolic array.
Since arbitrary instructions may be passed to individual processing elements, there
is no need for selector bits. Typically, the MIMD processor array is pre-loaded with
individual programs, as with Warp, but such details do not affect this theoretical
discussion. If the program is data dependent, some synchronization problems
could exits between processing elements This potential problem can be solved
with communication queues implemented in the hardware of the machine, as with
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Warp, or with software tools to synchronize the data streams. Here, it is assumed
that software tools have synchronized the programs so that straightline code may
be used.

A program p € PP! consists of a sequence of statements labeled p;; for 1 <i < n
and 1 < ¢t <[, where n is the number of processors in the array and [ is the length
of the programs, which are assumed to be the same. Processor ¢ (P;) executes p; ;
at time t.

BD A linear broadcast array with direct selectors provides arbitrary and fast selection
of processing elements in the array. The use of direct selectors is excessive since
they are not needed for systolic algorithms. This is, however, still a useful model to
consider since it represents the best that can be done with broadcast instructions.
A program p € PBP has an associated selector matrix S, such that s;; is the one
bit selector for P; at time ¢. If s;; is asserted, then P; will execute p;. Otherwise,
the processor will idle. , :

BI This is a SIMD linear broadcast array with systolic communication, such as B-SYS.
The data moves through the array systolically while the program is broadcast
to the processors. Instruction control is achieved using internal selector flags:
during any time cycle, either the broadcast instruction is executed or it is ignored,
depending on the flag. A program p € PB! is a sequence of instructions p; with
1 <t < m, where each instruction may be tagged for a specific set of processors,
depending on their flag values. At time ¢, P; will execute p; if its internally
calculated selector is true.

BS Systolic selectors, a bit stream moving through the array turning processing ele-
ments on and off, is an attractive method for controlling a broadcast array. There
is, of course, some lag between starting the bit stream and having all processors
assigned to an equivalence class. Despite this delay, it is simple to place alternate
processors in different classes. For example, a bit stream of {01}* (01010.".) will
alternatively turn on and off the odd and the even numbered processors (P£S).
Similarly, {001}* will divide the processors into three groups ('P;,E}S). Each pro-
gram p € PPS has an associated selector bit stream S such that s; is input to Py
at time £. Processor P; will execute p; at time ¢ if s;_; is asserted '(t > 1). Cor-
rectly synchronized instruction broadcasting will yield correct execution of systolic
programs.

SD As with the BD machine, this is not a practical model but serves to illustrate the
most powerful use of systolic instructions. A program p € PSP has an associated
selector bit array S such that s;; is the selector for processor 7 at time ¢. If s,
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Simulated On
Model || PA | BI BD | BS | SI SD { SS
PA 1 n+l|n n 2n n 2n
BI 1 1 1 n
BD 1 n+l]1 n
BS 1 2 1
SI 1 ) 1 1 |n
SD 1 n+l|1 |n
SS 1 2 1 1

Table 4: Simulation time costs for arbitrary programs.

is asserted, then P; will execute instruction p;_; (¢ > i), otherwise the instruction
will only be passed to P;y; for use during the next time cycle.

SI The program and initial configuration of the SI machine are very similar to those
of the BI model. Given a program p € P5! and a time ¢ > 4, processor P; will
examine instruction p¢_;. At times ¢ < 7, P; will not execute any instructions. If
the tag of the instruction and the processor match, P; will execute p;_; and pass
pit—; along to P;yq. If the tags do not match, the instruction is only passed along.

The first B-SYS paper considered the use of a systolic instruction stream with
internal selectors [32]. However, broadcast machines require less circuitry (no
instruction latches) and execute several systolic algorithms more efficiently.

SS An array with both systolic selectors and systolic instructions poses several poten-
tial timing problems. Obviously, the selectors and the instructions cannot move
through the array in the same direction at the same speed. If that were the case,
each instruction would either be always executed or never executed. There are
three solutions: moving the instructions and the selectors in the same direction
but at different speeds, moving them in different directions, and finally using two
streams of selectors which travel either in different directions or at different speeds,
or both. Using the first method, S is a bit stream of selectors such that at time ¢,
P; will use selector s;_s; on instruction p;_;.
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Given these seven types of machines, results can be proven about the translation of
programs from one model to another. For arbitrary programs, some results are shown
without proof in Table 4. In the translations, each processing element is forced to
execute the same instructions in the same order on the same set of data as the original
program. It is hoped that future research will lead to the completion of Table 4 and
the quantification of the relationship between broadcast and systolic instructions. In
addition, the class of systolic programs will be examined.
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8 Conclusions

This proposal has presented a new architecture for systolic processing: the systolic
shared register model. The SSR. architecture combines the features of special purpose
systolic arrays (many processors, synchronous data movement) with the power of pro-
grammable systolic machines. The idea of sharing registers between processors ties the
processing elements tightly together. The shared register concept provides a simple and
practical method of implementing systolic communication.

The Brown Systolic Array will be built to demonstrate these principles. It is ex-
pected that approximately 1000 systolic processors will fit on a single board, making
B-SYS a programmable co-processor for systolic algorithms. Several applications have
already been programmed on a simulator to demonstrate its usefulness.

The SSR paradigm may be useful for all types of parallel processors. Work be-
yond the proposed thesis could include implementing a square mesh machine using the
principles of systolic shared registers.
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A Sequence comparison on B-SYS

Lo In
L2 Ls
Ly Ls
Le L+
Lz Ins
Ly Lns

Ry R,
R2 Rs
Ry Ry
Rs Ry

Ri2 Ris|,

Rys Rys

Time: 1 fr, = ff: Lo, Lo,— Lo o=ff M- M

Tl Pr 7 1 P [ 1 P51 P Ps 7

- ilm . . ilm . . ﬂm . _n_me f_l:n .

! : K2 K3 i : K2 K3 i ! X2 K3 ! : K2 X3 : K2 K3 P

? » Kg Ko » » Kg Xr » » K Ky v » Ks Ky » K Ky ? »

Time: 12 f, = aa: Ry, Ro,— Lo f:=f0: M- M input: 1

¢ ol P [c o] P24 4| Pa[as]| Pe[B Ps [4 ¢

0 - 0 - 0 - 0 - 0 ] 0 -

0 - M| Ky 0 - MK 0 - MIK|l 0 - M| K 0 illh 0 -

! ! X2 X3 i i K2 K3 i i K3 K3 ! i Ky K3 : K3 K3 ! !
0 Fg Frp v 0 Fg Ty 0 Fg Py v 0 Fg Ty Fg Fy . 0

Initislisation complete: Lg has ¢;, the fixed string.

Time: 14 f, =ac: L3, Ry, — Lp f: = f0: F; — F; output: input: 255

6 ¢o| P [c | P2[as| Pofas| PeB Ps [4 4

0 - 0 = | 0 - 0 - 0 ] 0 -

0 ilﬁ 0 - fJFf 0 1|F_1 0 - ﬂﬁ 0 il”—x 0 -

i i K K3 ! ! K K3 : ! K K3 : ! K K; ! K K3 : ?

2 O ||Fe Fr}f » 0 |{Fe Fr{] - O ||Fe F7|| » 0 ||Fs Fr|} - Fe F7|| . 955

Lp now has mi“(‘i—l,j""i,j—l)' Output is d,
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Time: 15 f, =ba: Lp,Lp,— Lp f:=c0: Fg — Fy

1 P 1 P

y c A ¢| Po[a o] Po[B o Ps [4 4
0 L3 0 - 0 3 0 ? | 0 - 0 L3
0 - ﬂf 0 - ﬂ'ﬁ 0 _‘d'ﬁ 0 - :‘JT'T 0 - ﬂ*'_i 0 -
* i K X3 : ! X2 X3 ? ? X X3 ? ? K3 Xa ! ! Rz K3 i ’

» 1 ||Fe Frf| 2 1 ffFe Fr|f . 1 ||Fe Fr|| 2 1 ||Fe Fr|| 2 1|} Fr|| . 255

Lp incromented.

Time: 16 f. =aa: Lj,Lo,— Ry f-:=f8: Fr > Fy input: 1

s Al Prc o)l Pe[as| Pa[ae|Pa[B o] P [4 0
0 - 0 - I 0 - 0 - 0 - 0 -
0 ﬂFl— 0 = ﬂ“'—x 0 - M (T 0 - ﬂ-ﬁ- 0 - iJFl— 0 =
O | A LY | O | Y D | Y | e S |
2 1 ||Fe Fell 2 1 ||Pe Fr|| 2 1 ||Fe Tl : 1 |}Pe Fr|} . 1 ||7s F7|| . 255

Tost match of #;(L;) and ¢;(Lg) and shift ¢; to right.

Time: 17 f, =ac: L4, Lr,— Ra f:=f0: F; - Fy input: 1

6 Al P [c ol Pe[ae] Po[ae]| Po[B o] P[44
0 - 0 - 0 - 0 - ] 0 - 0
1 " ﬂﬁ- 1 L) i|'F—1 1 7 ilir 1 L) ﬂﬁ 1 ? :‘J?l- 1 ?
i i F7 Xs : § F; Ks : : F; A3 : : T3 Ks i : T3 K ! !
2 1 ||Fe Frl]l 2 1 || Frfl . 1 [|Fe Fr|{ : 1 ||"e F|| . 1 ||Fs Fr|| . 255

Select betweon min(d;_y jid; j_1(Lp) and d;_; ;_1(L4) depending on madch, storing result in Ry which is now d; ;.

Time: 19 f. =ac: La, Ra,— Lp f: = f0: F; — Fy output: 1 input: 255

P Ps

s Al Pr[c 41 P [4 4 A é B ¢ Ps [4 ¢
0 ? 0 - 0 ? 0 - 0 - 0 -
1 T iIFT 1 " iIF_l 1 ? ‘MJF‘- 1 ? ﬂ"_l 1 | iIFl- 1 |
S b8 | I | b 8 B I b~ ' | IR I b~ B b~ |
» 1 1P Frll 2 1 ||Fe Fr|| 2 1 [{Fe Fr|| . 1 |[Fe T[] . 1 [|Fe F7|| . 255

L p now has min(di—l,j'di,j—-l)' Output is dp,j—1-
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Time: 20 f. =5a: Lp,Lp,— Lp f:=c0: Fg — Fy

A P1 'Pz P5

p c ¢ 2 41 Ps [ 3] Pa [B 4 A
0 - 0 0 0 - 0 - 0
1 » ilﬁ 1 . ﬂ'”_x 1 . il'ﬂ 1 . r_l'ﬂ 1 ﬂﬁ 1
S 1 a1 b N § AN | b~ ) | AR [ 5 a' S | B Fu N
2 2 ||Fe Fr|l = 2 ||Fe Frl] . 2 |{me Fr|] . 2 ||Fe Fr|{ . 2|7 F7|] .,
L p incremented.

Time: 21 f, = aa: Lj, Lo,— Ry f:=f8: F; — Fy input: 4

s ¢l Prcal P (a4 Po[ad4] Pr[B 4] P [4
0 = '__ 0 - _ 0 '_ 0 - _ 0 _ 0
1 ’ ilpl 1 1 ﬂpl 1 1 ilpl 1 L3 ilrl 1 = ﬂpl 1
I R B R | R | R | Y | D L Y T
» 2 |lFe Tl - 2 |lFe Fr|]l 2 2 |{|Pe Ff| 2 2 {|Fe Fr|| . 2 {|{Fe Fr|]| .

Test maich of 5;(Ly) and t;(Rp) and shift »; to right.

Time: 24 f, =ac: La,Ra,— Lp f: = f0: Fy — F; output: 2 input: 255
s ¢l Pr[cal P2Ja | PoJag¢| Pe[B 41 P [4
2 2 I 2 2 2 1 ] 2 2 2 1 2
1 - ﬂf fJF'_ iIF? 1 ﬂ'ﬂ 1 ﬂ'ﬁ 1
? ’ F; Ka ! ! T2 Ka ! ! F2 K, ! ! T3 Ks i ! T2 K !
LI | v ? E I | ? 1 L
r 2 ||Fe Frj| » 2 ||Pe Fr|f . 2 |{Pe Fr|| 2 2 ||Fe F[| . 2 |]Fe T} .

Lp now has min(d;_y j,di ;1) Outputisd, . ;.

Time: 29 f, —=ac: L4, R4,— Lp f. = f0: Fy — F; output: 3 input: 255

5 ¢l Prccl PaalPsagsl P31 P [2
2 L3 2 v 2 v 2 L 2 L3 2
3 ilﬁ 3 . ﬂ'”_l 3 . iIT’T 3 ﬂ'i? 3 . il"”_x 3
? ? 73 Ka ' ! T2 Ks ? : F; Ka i i F; Xs ! i T2 Ks i
: 3 ||Fe Frfl : 3 ||Fe Fri| 2+ 3 ||Fe Fr|| . 3 ||Fe Fr|| . 3 |[|Fe Fr|| . 255

Lp now has min(d;_y ;,d; j_1). Ouiputis d, . ;.
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Time: 34 f, =ac: L3, Rz,— Lp f:=f0: F, —» F, output: 4 input: 255

2] P cl P

) C A A . B 4] Ps [a

4 4 2 1 2 1 4 4

30« (P s 2 [T 3 M]3 - ][] 3 - |[MIT]] 3

i i Fy Ks i ! F3 K3 ’ ’ F3 K3 : : F3 K3 ’ ’ T3 Ks i

? ? ? ? ? ? T ? ?

r 4 |{Fe Fr|l 2 2 ||Fe Fr)| 2 2 ||Fe Fr|| 2+ 2 ||Fe Frl| « 4 ||Fe Fr|| .
Lp now has min(d;_3 ;. d;5 5..1) Outputis dy ;.

Time: 39 f., =ac: L4, Rsy,