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ABSTRACT

A dynamically reconfigurable large-scale multimicroprocessor
system capable of operating as one or more independent SIMD (sin-
gle instruction stream - multiple data stream) machines and/or
MIMD (multiple instruction stream - multiple data stream) machines
is described. User microprogrammable bipolar bit-slices are used
as building blocks in the construction of computational and con-
trol units. The semi-stack architecture and instruction set of
these units are described. Instructions unique to parallel pro-
cessing are included in the system design. A highly flexible
subroutine linkage facility is presented. Methods for analyzing
the instruction set are discussed.
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I. INTRODUCTION

As a result of the microprocessor revolution, a dynamically
reconfigurable large-scale multimicroprocessor system which em-
ploys parallelism to perform image processing tasks more rapidly
than previously possible is now feasible. A multimicroprocessor
system can use parallelism to achieve the real time image process-
ing required for such applications as robot (machine) vision, au-
tomatic guidance of air and space craft, and air traffic control.
Furthermore, there are many image processing tasks which can be
performed on a parallel processing system, but are prohibitively
expensive to be performed on a conventional computer system, e.g.,
remote sensing by satellite [1].

Two types of parallel processing systems are single instruc-
tion stream - multiple data stream (SIMD) machines and multiple
instruction stream - multiple data stream (MIMD) machines [2,3].
An  SIMD machine typically consists of a set of N processors and N
memories. A control unit broadcasts an instruction to all of the
processors and all active ("turned on") processors execute that
instruction at the same time. Thus, a single stream of instruc-
tions drives all the processors. Each processor executes the in-
struction using data taken from a memory to which only it is con-
nected, i.e., each processor uses data from a different memory.
This provides a multiple data stream. Examples of such machines

are the Illiac IV [4,5] and STARAN [6,7]1. An MIMD machine typi-

cally consists of N processors and N memories, where each proces-
sor may follow an independent instruction stream. As with SIMD
architectures, there is a multiple data stream. Examples of such
machines are C.mmp [8] and Cm*x [9]. Both SIMD and MIMD machines
include an interconnection network for interprocessor communica-
tions.

The use of parallel processing for image processing has been
limited in the past due to cost constraints. Most systems used
smal |l numbers of processors (e.g., [4]), processors of Llimited
capabilities (e.g., [101), or specialized logic modules (e.g.,
£111). With the development of the microprocessor and related
technologies it is reasonable to consider parallel systems using a
large number (e.g., 1024) of complete processors. In the field of
image processing both SIMD and MIMD machines would be of great
use. This is discussed in [12,13].

Due to the low cost of microprocessors, computer system
designers have been considering various multimicrocomputer archi-
tectures, such as [9,14-18]. The system described here differs
from others in that:



(1) it may be partitioned to operate as many independent SIMD
machines following the same or different instruction streams;

(2) parts Cor all) of the system may be operating as independent
MIMD machines, while the rest of the system is operating as
one or more SIMD machines;

(3) the processors used for performing the computations can
transfer data simultaneously; and

(4) a variety of problems in image processing and pattern recogni-
tion will be used to guide the design choices.

In the design of the system proposed here various image pro-
cessing tasks have been and will be considered. The philosophy of
examining the problem and then designing the machine which can
best solve the problem, under certain economic and technological
constraints, will be used. It is felt that this will lead to a
system that will function efficiently not only for image process-
jng, but for a large class of similar computational problems, such
as speech processing, remote sensing using multispectral data, and
waveform processing in biomedical engineering.

Section II is a brief overview which describes the major
points of the system. section III discusses various methods of
communication between a control unit and its processors in an SIMD
machine. Section IV gives some details of a microcomputer archi-
tecture which is currently being considered for use as a processor
in an SIMD or MIMD environment. Section V describes the instruc-—
tion stream handler of the control unit for SIMD mode. Section VI
discusses some software considerations.

II. SYSTEM OVERVIEW

PASM, a partitionable SIMD/MIMD system, is being developed as
a result of the work done in [19-24]. A brief system overview is
given here. Certain aspects of the system are discussed 1in more
detail in [12,13]. Figure 1 is a block diagram of the basic sys-
tem components: the Parallel Computation Unit, the Micro Con-
trollers, the Control Disk, the Memory Management System, the
Memory Disk, and the System Control Unit.

The heart of the System is the Parallel Computétion Unit
(PCU), which contains N processors, N memory modules, and an in—
terconnection network. The PCU processors are microprocessors
that perform the actual SIMD and MIMD computations. The PCU
memory modules are used by the PCU processors for data storage in

SIMD mode and both data and instruction storage in MIMD mode. The
interconnection network provides a means of communication among
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the PCU processors and memory modules. The processors and memory
modules are physically numbered <(addressed) from 0O to N-1, where
N=2". The interconnection network can be partitioned into in-
dependent sub-networks of varying sizes, which are powers of two.
The only constraint is that the physical addresses of the P pro-
cessors and memory modules in a partition have the same log,N -

log,P low-order bits. Further details about the PCU can be fgund
in £12,131.

The Micro Controllers are a set of microprocessors which
broadcast instructions to the PCU processors in SIMD mode and or-
chestrate the activities of the PCU processors in MIMD mode. The
Control Disk stores the control instructions for the Micro Con-

trollers as well as the programs for the PCU processors in SIMD
mode. The Memory Management System controls the loading of the
PCU memory modules with data for PCU processors operating in SIMD
mode and with data and instructions for PCU processors operating
in MIMD mode. The Memory Disk stores these data and instruction
files. The System Control Unit is a conventional machine, such as
a PDP-11, and is responsible for the overall coordination of the
activities of the other components of PASM.

Many computations can be more efficiently executed if the N
PCU processors and memories are partitioned into many smaller
groups of processors and memories, each group behaving Llike an
SIMD or an MIMD machine. The basic method to provide multiple
controllers to broadcast instructions so that the system can be
partitioned into independent SIMD machines is shown in Figure 2.

A Micro Controller is a microprocessor which is attached to a
memory module. Each memory module consists of a pair of memories
so that memory loading and computations can be overlapped. In
SIMD mode, each Micro Controller fetches instructions from its
memory module, executing the control flow instructions (e.g.,
branches) and broadcasting the data processing instructions to the
PCU processors. There are Q=2" Micro Controllers, physically

addressed (numbered) from 0 to @-1. Each controls N/Q PCU proces-

sors, where possible values for N and @ are 1024 and 16, respec-—
tively. The physical addresses of the N/Q processors which are
connected to a Controller must all have the same low-order q bits
so that the interconnection network can operate in the partitioned
environment. The value of these low-order bits 4is the physical
address of the Micro Controller.

An SIMD machine of size MN/Q, where M = 2™ and 0 < m < q, is
obtained by loading M Controllers with the same instructions. The
physical addresses of these M Controllers must have the same |ow-
order g - m bits. This is because the physical addresses of all
PCU processors in a partition of size MN/Q@ must have the same
low-order q - m bits in order for the interconnection network to
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function properly. The Micro Controller Memory System Switch al-
lows the M memories to be loaded in parallel [13].

II1. MICRO CONTROLLER TO PCU PROCESSOR COMMUNICATIONS

Both the Micro Controllers and PCU processors will be con-
structed from user microprogrammable bipolar bit-slice micropro-
cessors. Using current technology, user microprogrammable bit-
slices are faster than single chip microprocessors [25]. The user
microprogrammable capability is especially important so that in-
structions special to parallel processing may be implemented.

Since the PCU processors are microprogrammable, a question is
raised. What information should the Micro Controller send to its
PCU processors? If the PCU processors are only to be run as part
of an SIMD machine, then a large savings on hardware will be real-
jzed by having the Micro Controller send control signals to the
PCU processors, rather than sending instructions which need to be
decoded. The hardware that may be left out by sending control sig-
nals is the microprogram sequencer and microprogram store. When
this hardware is multiplied by N=1024 (a copy for each PCU proces-—
sor) a great savings can be realized.

1f the decision is made to send control signals, rather than
"assembly instructions,” another gquestion must be answered.
which is more cost effective: sending encoded control signals, and
have the encoded control signals decoded by the PCU processors, or
sending full control words?

Encoding the control signals requires fewer board-to-board
connections, but requires additional decoding hardware. In addi-
tion to having fewer interconnections, the firmware in the Micro
Controllers is greatly reduced, i.e., the size of the microstore
js greatly reduced. For example, suppose that the PCU processors
use 60 control signal lines, but only about 1000 different control
words are used (microstore sizes for the PDP11, IBM 360, and IBM
370 are given in [26]). Then it is possible to encode the control
words so that each control word requires only ten bits. The mi-
crostore word size is reduced from 60 bits to ten bits. Note how-
ever, that now at each PCU processor a logic array which has ten
inputs and 60 outputs is required for decoding.

Sending the full control word allows more flexibility, i.e.,
any possible control word may be realized. However, this requires
many more board-to-board connections, perhaps three times as many
connections for PASM. In the example above, six times as many
connections would be required.
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In a multiprocessor design described by [27] the control
units send encoded control signals to the processing elements. 1In
that system the processing elements are dynamically allocatable,
so every control unit (the design specified eight control units)
had to be able to send signals to every processing element. In
order to keep the bus complexity and cost down encoded control
signals were sent. The same decision is made here.

If the PCU processors in PASM are to be able to operate in-
dependently as an MIMD system, then each PCU processor must be
able to decode raw "assembly instructions.” This means that each
PCU processor will require 1its own microprogram sequencer and
store, which defeats the purpose of having the Micro Controllers
translate the '"assembly instructions” into a sequence of encoded
control signals.

In the system under consideration, only a limited number of
the @ sets of N/Q PCU processors will be able to operate in MIMD
mode. This compromise was made on the basis of economic con-
straints and application requirements. This will allow the system
to avoid having N microprogram sequencers and stores, but still
operate 1in a partial MIMD mode. The exact number of PCU proces-
sors to be capable of either mode of operation will be determined
after an analysis based on a variety of image processing tasks.

A PCU processor in this dual mode must be capable of accept-
ing '"assembly instructions" from its associated memory, for MIMD
mode, or encoded control signals from the Micro Controller, in
SIMD mode. This means that in general, the signals from the Micro
Controller must be blocked out while the PCU processor is din the
MIMD mode. Therefore each PCU processor will need some type of
switch to block the Micro Controller signals. If the Micro Con-
troller sends unencoded control signals a very large switch will
be needed at each PCU processor to block the control signals.
Thus, the decision to encode control signals simplifies this prob-
lem.

In addition to sending information signals, e.g., encoded
control signals, some error correcting signals should also be
sent. Error correcting signals should correct transmission errors
that might occur. Since this is a tightly coupled system, and the
transmission distances will be relatively short, not much error
correcting capability will be required. Perhaps only single error
correction and double error detection is needed.

In section IV the PCU processor architecture is discussed in
detail. The instruction format constraints discussed there apply
to MIMD mode. Section V expands on how the same instruction for-~
mat will be handled by the Micro Controller in SIMD mode.
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IV. PCU PROCESSOR ARCHITECTURE
A. Introduction

Choosing the PCU processor architecture is a critical step in
this design. The PCU processor does all of the major data manipu-
lations, and therefore must be designed to do data manipulations
efficiently.

The architecture choosen combines the implied operand ability
of the stack machine with the indexing power of the conventional
multiregister machine. This combination yields an architecture
which is a departure from both stack machine architecture and con-
ventional architectures.

B. Stack Machines

A stack computer is a computer which uses a data structure of
the form of a last-in first-out list, i.e., a stack [28-301. All
operations involve the top elements of the stack, e.g., an ADD in-
struction might add the two top elements of the stack together,
leaving the result as the new top element of the stack.

The stack architecture leads to two instructions which are
non-existent 1in conventional machines. The push and pop instruc-
tions are used to put data on the stack (push), or take data off
of the stack (pop).

The advantage of a conventional stack machine over a conven-
tional register machine is that one or two operands, the top ele-
ments of the stack, are always implied. This means that the in-
structions for a stack machine require fewer bits than instruc-
tions for a register machine. Fewer bits per instruction implies
more compact code and faster execution. The execution is faster
because fewer memory fetches for instructions are required.

A disadvantage of a stack machine is that to have an infinite
stack, or at least a very large stack, one must use main memory.
This means data near the top of the stack will be moved back and
forth between main memory and the fast registers (assuming there
are some) [28]. This can slow down the system.

Another disadvantage is there is only one top of stack, so it
is very awkward to have, for example, partial results, loop
counters, and array index values in use simultaneously.

Note that to put operands on and to take operands off the
stack requires push and pop instructions. However, push and pop
instructions are equivalent to the load and store instructions of
a conventional machine, except that for the stack machine the push
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destination and the pop source operands are implied rather than
explicit.

C. The PCU Processor

The PCU processor architecture under consideration 1is based
on the AM2900 bipolar bit-slice microprocessor family [3131. The
AM2901 is a user microprogrammable cascadable four bit-slice which
contains a 16 word two port register file, an ALU, and a register
for temporary results.

To take advantage of the implied operand in a stack machine
the 16 word register file will be treated like a stack. External
to the AM2901s there will be a four bit binary up/down counter
which will serve as a stack pointer into the register file. Note
that the stack is for arithmetic operations and partial result
storage only, and is very limited in size. By having a stack of
limited size, i.e., only as large as the register file, a disad-
vantage of stack machines given above is avoided. All of the data
on the stack resides in fast registers so the system is not slowed
down by transfering stack elements to and from main memory. For
larger stack usage, such as for parameter passing, only main
memory will be used. This is discussed in detail in section VI.

When a push or pop instruction is executed, the implied
operand is contained in the word (or words) of the register stack
which is pointed to by the stack pointer. If a push operation
results in a stack overflow, or a pop operation results in a stack
underflow, an interrupt will be generated.

In order to provide index register and loop counter facili-
ties, any word of the register file will be directly addressable
for these operations. This removes a disadvantage of stack
machines mentioned previously. By having each word of the regis-
ter file usable as a loop counter or index register, it is easy to
have partial results, loop counters, and array index values in use
simultaneously. The decision to have any word of the register
file directly addressable was made on the basis of the following
reasoning.

In order to have enough opcodes for all of the desirable in-
structions the opcode should be at least eight bits in length.
These eight bits do not include any bits to represent register
numbers, so some additional bits for register numbers must be in-
cluded.

How many bits should be added? Adding only one or two bits
allows for two or four index registers or loop counters. Clearly
this is too few. Adding three bits gives eight index registers or
loop counters. While this is sufficient, how are the other five
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bits in the byte used? Furthermore, if an 1instruction uses two
registers, then how are the two bits left over used?

By using four bits to specify a register number the basic
data size becomes a nibble (four bits). Now the instructions fit
into the memory well. An opcode takes two nibbles, a register
number takes one nibble, an instruction which uses two registers
takes four nibbles (two nibbles for the opcode and two nibbles for
the two register numbers), and an address takes four nibbles (a 16
bit absolute address). If each word of the register file is made
directly addressable, then the instructions fit into memory with
no waste.

Instructions may now end in the middle of an eight bit byte
(the smallest piece of data directly addressable). This scheme of
having instruction boundaries in the middle of the smallest piece
of data directly addressable is implemented in the CDC 6000 Series
[32] (the smallest piece of data directly addressable 1is the
word).

One of the problems associated with having instructions start
in the middle of a word is: how can one transfer control (i.e.,
explicitly branch) to an instruction which starts in the middle of
a word? The solution used by the CDC 6000 Series is to pad the
rest of the word with a null instruction, i.e., a no-op, so that
the instruction to which one wants to transfer control starts on a
word boundary (this padding is called forcing upper). This allows
a jump in the normal manner.

In the CDC machine instructions may start in the middle of a
word, but the opcode may not cross word boundaries. The situation
here is more complex, since opcodes may cross byte boundaries. If
the last four bits of a byte are to be padded with a null instruc-—
tion, the opcode for the null dinstruction must be four bits. If
the opcode were eight bits, the next instruction would still start
in the middle of a byte. This means there are instructions with
four bit opcodes and instructions with eight bit opcodes, which
greatly complicates the situation.

To simplify the situation the opcode for the null instruction
is made to be eight bits, but there are 16 consecutive opcodes
which are identical in the most significant four bits which
represent the null instruction, e.g., hex FO through hex FF. How-
ever, the null instruction is now handled differently by the mi-
crocode. Instead of going to the next eight bits for the next op-
code, the microcode appends the next four bits to the least signi-
ficant four bits of the null instruction opcode to obtain the next
opcode.
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For example, suppose hex FO through hex FF are the opcodes
for the null dinstruction. Then the sequence of memory bytes (in
hex): F5 AB FC would be interpreted by the microcode as the in-
struction which has an opcode in hex of 5A. If this particular in-
struction did not require any addition bits, then the next opcode
in hex would be BF.

D. Data Conditional Instruction Hardware

In conventional computers data conditional instructions, such
as conditional branches, are not a problem to implement. This is
because there is only one data stream so, as in the case of the
conditional branch, there can never be a conflict as to where con-
trol should be transferred. In an SIMD envirnonment, a condition-
al branch dis not uniquely defined, i.e., it is possible for one
processing element to satisfy the condition while another process-
ing element does not.

To allow data conditional computations in PASM each PCU pro-
cessor has a Conditional Mask Stack (CMS). This bit stack is com-
pletely separate from the arithmetic stack discussed previously.
The top element of the CMS is the active/inactive status of the
PCU processor. If the top element is a "1" then the PCU processor
is active, i.e., executes instructions it receives from its Micro
Controller. If the top element is a '"0" then the PCU processor is
inactive. A PCU processor may be disabled by either inhibiting
various clock signals or by blocking its control signals. Data
conditional masks are more fully described in [3,331.

The IF A THEN 8 ELSE C statement of conventional structured
programming languages is replaced by WHERE A DO B ELSEWHERE C. By
using the keyword "WHERE" the programmer is made more aware of the
parallelism underlying his program, i.e., in all of the PCU pro-
cessors where A is true do B.

A statement such as WHERE A DO B is implemented by pushing A
onto the C(MS, then executing B, and finally popping one item off
of the CMS. The instructions required for this appear in the Ap-
pendix (WPSH, CMPOP).

A statement such as WHERE A DO B ELSEWHERE C is somewhat more
complicated to implement. First, the complement of A is pushed
onto the CMS, then A is pushed onto the CMS. B is executed; one
item is popped off of the CMS; C is executed; and one more item is
popped off of the CMS. The two pushes are executed by the single
instruction WEPSH.

Two flip flops, the Condition Flip Flop (CFF) and the
Accumulator Flip Flop (AFF), are provided to facilitate the
evaluation of conditionals (A in the examples above). Instruc-
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tions for various logical operations between the CFF and the AFF
appear in the Appendix.

The WPSH, WEPSH, CMPOP, and ICMS are privileged instructions,
executed by all PCU processor (both active and inactive). If
WHERE statements are nested, an inner WHERE can not 1incorrectly
activate a disabled PCU processor. This is because the CMS is
loaded from the CFF, which must remain unchanged (i.e., equal to
0) in a disabled PCU processor until the PCU processor is reac-
tivated by the appropriate number of (MPOPs. To allow nesting in
WHERE-ELSEWHERE statements the CMPOP instruction also clears the
CFF so that a PCU processor which is deactivated by the CMPOP can
not be incorrectly reactivated by an inner conditional statement.

V. MICRO CONTROLLER ARCHITECTURE
A. Instruction Stream Handler

One aspect of the Micro Controller, dits wunique Instruction
Stream Handler (ISH), is described here. Recall that in SIMD mode

the Micro Controller decodes PCU instructions and broadcasts en-
coded control signals to the PCU processors. For the reasons dis-
cussed above, the PCU processor architecture is based around an
arithmetic stack. Having each word of the register file directly
addressable led to an instruction stream which is best viewed as
an array of four bit elements (nibbles). Off-the-shelf memories
are usually based on eight bit bytes, which creates a problem.
The ISH must shape the eight bit byte stream from the memory into
a usable four bit nibble stream. This can be done in a way which
al lows instruction fetching to overlap instruction execution.

The ISH looks like a first-in first-out data structure (a
queue) implemented in hardware, but there are complications. Each
element of the queue is a four bit nibble. Since the memory is
eight bits wide each memory fetch adds two items to the queue, not
one. Items may be removed from the queue two at a time, e.g., an
eight bit opcode, or one at a time, e.g., a register number.

The ISH can be described by a "black box" and a counter. The
"black box" has an eight bit input port, four control lines and an
eight bit output port. The counter keeps track of how many items
are in the queue.

The eight bit input port is connected to the output of the
memory. The four control lines (SHFT1, SHFT2, LOAD, and RESET)
control the activity of the ISH. A control line being "0" implies
no action. If SHFT1 dis a '"1" one nibble is removed from the
queue. If SHFT2 is a "1" two nibbles are removed from the queue.
If LOAD is a "1" two nibbles are added to the queue. If RESET is
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a "1" all of the nibbles in the queue are removed, i.e., the queue
is emptied.

The controls for the counter are set up so that when SHFT1 is
a "1" the counter decrements by one, when SHFT2 is a "1" the
counter decrements by two, when LOAD is a "1" the counter 1is in-
cremented by two, and when RESET is a "1" the counter is set to
zero.

The eight bit output port may be interpreted as an opcode, a
register number, or a constant, depending on what the microprogram
expects it to be. The most significant four bits of the eight bit
output port are the first item in the queue, the least significant
four bits are the second item.

The memory fetch of instruction stream data is overlapped
With the current instruction execution. The address for the next
byte of the instruction stream is applied to the main memory ad-
dress Llines at all times. When a shift operation will result in
the number of nibbles falling lower than three, e.g., a SHFT1 sig-
nal when the counter shows there are three nibbles left, or a
SHFT2 signal occurs when the counter shows there are four nibbles
left, the same clock pulse which executes the shift will also exe-
cute a load.

The only occasion which may cause problems is when the in-
struction being executed needs to fetch an operand from main
memory. The microprogram will then set the main memory address
lines to the address of the desired operand. While the operand
fetch is in progress any shift signal to the ISH should be accom-
panied by a load inhibit signal which will prevent the queue from
being loaded by data which is not the next byte in the instruction
stream.

VI. SOFTWARE
A. Introduction

One of the most important decisions made when designing a
computer is the choice of instruction set. In the case of PASM
two decisions are needed, since two instruction sets are needed:
one instruction set for PCU processors in MIMD mode and one in-
struction set for PCU processors and Micro Controllers in SIMD
mode.

The instruction set for MIMD mode is basically a conventional
uniprocessor instruction set. Certain instructions for parallel
processing, such as an interprocessor data transfer, must be ad-
ded. '
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The instruction set for SIMD mode is more complex than the
one for MIMD mode. It consists of two major types of instruc-
tions: Micro Controller instructions and PCU instructions. The
Micro Controller idinstructions are instructions whose execution
primarily affects the Micro Controller. On the other hand, the
execution of a PCU instruction primarily affects PCU processors.

The Micro Controller instructions are basically control flow
instructions. For example, a jump instruction is a Micro Con-
troller instruction. There are also several Micro Controller in-
structions which are unique to parallel processing, such as
"broadcast," "if any,"” "if all," and masking instructions (to en-
able and disable PCU processors under program control) [13,22,33].

Many of the instructions included in the PCU instructions
come from the MIMD instruction set. However, some instructions
are left out and others are changed. The unconditional control
instructions of the MIMD instruction set, such as the jump, are
considered a part of the Micro Controller instructions, and are
not included in the PCU instructions. The conditional control in-
structions, e.g., BCS = branch if the carry bit is set, are con-
verted to conditional mask instructions. Recall that the PCU in-
struction set for MIMD mode contains some instructions special to
paral lel processing which are included in the PCU instructions.

For the most part, as stated previously, the dinstructions
chosen for PCU processors in MIMD mode will resemble conventional
instruction sets. One of the major areas which deviates from con-
ventional instruction sets 1is the area of subroutine linkage.
Several special instructions are included to facil jtate subroutine
linkage. This is discussed in detail in subsection C.

B. Instruction Set

Several factors strongly affect the selection of an instruc-
tion set. (1) The instruction set must be complete enough so that
all simple operations use only a few instructions. This gives the
instruction set the flexibility needed to meet unforseeable
demands efficiently. (2) The instruction set should include in-
structions which execute common sequences of operations, e.g., de-
crement a register and branch on some condition (this can be used
at the bottom of most loops). These types of instructions will
decrease the number of instructions needed for a particular algo-
rithm. This also decreases the effective number of bits per
operation, e.g., in the example above two instructions are ob-
tained (decrement a register and branch) for the price of one.
(3) The number of bits per instructions should be as small as pos-
sible. This may lead to an instruction set that has many dif=-
ferent instruction formats. Having many different 1instruction
formats may make the instruction decoding hardware more complex.
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(4) Finally, in order for the primary high-level language to be
coded efficiently, the instructions needed to support it must be
included. 1In other words, while designing the machine level
language the high level language features desired for this machine
must be considered. The primary high-level language will reflect
the fact that this system is being constructed to process images
using parallelism.

C. Subroutine Linkage Convention

A subroutine linkage convention (SLC) is a set of rules im=—
plemented by both software and hardware to allow communications
between the calling routine and called routine. It is important
to have a SLC in mind when choosing an jnstruction set so that the
instructions needed to implement the SLC are included.

An SLC is developed for a single processor environment, and
then it is modified slightly to fit an SIMD environment.

The first step in constructing an SLC is to list the proper-
ties which one would like it to have.

Parameters - It should be possible to send none, one, oOr more
parameters to a subroutine.

Results - It should be possible for a subroutine to return none,
one, or more results to the calling routine. The calling
routine should be able to specify which, if any, results it
wants from a subroutine.

Recursive Calls - Recursive subroutines should be possible.

Embedded Calls - The result(s) from one call may be the
parameter(s) for another call, e.g., COS( ARCSIN(X) ).

Minimal Overhead - The SLC should require very little overhead,
both in time and space.

Allowing recursive calls implies a stack storage for return
addresses, local variables, and parameters. This imposes a struc-
ture on the SLC, which leaves only the details of the location of
the return address, the parameters, the local variables, and
results on the stack to be resolved. This stack, which will re=
side in main memory, will be called the Subroutine Linkage Stack

(SLS) .

By convention, register number zero will be the SLS pointer,
j.e., it will contain the address of the first free space above
the top of the SLS. The JSR (jump to subroutine) instruction au-
tomatically puts the return address on the SLS by using register
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zero as a stack pointer. The RET (return from subroutine) in-
struction automatically takes the return address from the SLS us-
jng register zero as a stack pointer. Note that since register
zero points to the first free space above the top of the SLS for
the JSR instruction register zero is used as a pointer, then in-
cremented. For the RET instruction register zero is decremented
then used as a pointer.

Ideally the calling routine would push the parameters and the
return address onto the SLS. Control would then be transfered to
the subroutine entry point. Preceding the return to the calling
routine the subroutine would place its results onto the SLS in the
locations occupied by the parameters and return address. This
scheme is shown in Figure 3.

There are several problems associated with the scheme
described above. First, suppose the subroutine is sent fewer, or
more parameters than it is expecting. How will the subroutine
know where to start putting results? Second, if there are more
results than parameters the return address must be moved. Third,
suppose the parameters are used directly in the calculation of the
results. Then the results must be kept in some temporary loca-
tions until all of the results are computed. After all of the
results are computed, they need to be moved from their temporary
locations to their return locations. Finally, suppose the calling
routine does not want all of the results. Then the calling
routine must rearrange the results it received. Clearly all of
these problems have simple solutions, but they contribute to the
overhead of the SLC. In opder to reduce the overhead, the SLC
shown in Figure 4 should be used.

Suppose the subroutine SUB is called by a statement that
looks like: :

(X,Y)=suB(1,P2,...,Pn)(3,2];
and the exit for SUB looks like:
RETURN(R1,R2,R3,R4,R5);

The first statement means call subroutine SUB with parameters
P1,P2,...,Pn. The [3,2] at the end of the statement is matched
with the variables on the left hand side of the subroutine call
statement. This means that when SUB is finished its third result
should be put in location X and its second result should be put in
location Y. The second statement is an exit from a subroutine
which sends R1,R2,R3,R4,R5 as results back to the calling routine.

If the above statements are used then the SLS would look like
Figure 5.. The "2" and "3" below the return address specify which
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results are to be returned. The n2"  apove the return address
tells the subroutine how many results are wanted. The 'n" above
1 that tells how many parameters were sent.

' To make the SLC described above easier to implement some in-
structions must be added to the basic instruction set. A few are:
"MOV (Rn++) ,#con,” which first moves the constant following the
jnstruction to the location pointed to by Rn, then increments Rn;
and "MOV (Rn++),addr,” which first uses the address following the
instruction to fetch an operand which is moved to the location
pointed to by Rn, then increments Rn (Rn means register number n).

i To implement subroutine linkage n would be zero. Other related
instructions are in the Appendix.

For SIMD mode the SLC should be modified slightly. Each PCU
processor will have an SLS as will the Micro Controller. Each PCU
processor will push the indices of the the results desired, then
push the parameters onto jts SLS. The Micro Controller will push
all of the control information: the return address, the number of
results desired, and the number of parameters sent onto its SLS.
This is shown in Figure 6.

D. Instruction Level Simulation

There are two purposes for simulating a computer during the
design phase. First, one would like to test for design defects,
both in architecture and implementation. second, a simulator al-
lows work to begin on the operating system and applications pro-
grams so that deficiencies in the instruction set may be detected.

1 In order to test for jnstruction set deficiencies the simula-
tor need only simulate the architecture of the computer, as op~
i posed to the implementation of the computer. Simulating the ar-

chitecture means that the simulator need only interpret the in-
struction and execute it using any operations available without
taking into account the exact hardware required to do the task,
j.e., all of the hardware js treated as a "black box" which when
given specified inputs gives specified ouputs. If the simulation
were done on the jmplementation level then the hardware in the
"plack box" would be included, j.e., the simulation would be done
at the gate level.

The simulator should be able to measure dynamic opcode fre-
quencies. The dynamic statistics which should be collected are:
simple opcode frequency, average instruction size, average number
of memory reads and writes, execution distance between successful
jumps, and relative frequency of successful branches versus unsuc=
cessful branches.
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An auxilary program to collect static opcode frequencies 1is
also required. The auxilary program should take as its input ei-
ther the source file or the object file. The static statistics
desirable are: opcode frequency and opcode pair frequency [34].

As pointed out by [35], when optimizing an instruction set
one should take in to account the high level language which will
be run on the architecture under consideration. This means that
when statistics are collected they should be collected on compiled
programs rather than assembled programs.

The high level instruction set for an SIMD machine should in-
clude many vector and matrix operations. This fact is illustrated
by £36] in their attempt to design a language for the (CDC
STAR-100. To perform a matrix multiplication two (nested) loops
are required. Matrix multiplication should be a single instruc-
tion 1in any high level language. To insure the efficiency of a
high level language the instruction set must reflect the language
desired.

The instruction set listed in the Appendix will be used as a
starting point for a high level simulator. The simulation results
will provide the information necessary to modify the instruction
set to obtain a more efficient set. A variety of image processing
and pattern recognition problems will be programmed for these
simulations and evaluations.

VII. CONCLUSIONS

A partitionable SIMD/MIMD system, PASM, consisting of a Sys-
tem Control Unit, a Memory Management System, Micro Controllers,
and a Parallel Computation Unit was described.

The Micro Controllers and PCU processors are constructed from
high speed user microprogrammable bit-slices. The flexibility of
the bit-slices allows the Micro Controller to send encoded control
signals to its PCU processors and allows the PCU processors to
operate in either SIMD mode or MIMD mode.

The PCU processor architecture is based on conventional stack
machines, but the two major disadvantages of stack machines are
avoided. The instruction stream is nibble oriented in order to be
more efficient.

The nibble oriented instruction stream leads to a memory in-
terface problem which is solved by the ISH. The ISH not only
solves the interface problem, but it also allows instruction
fetching to overlap instruction execution.
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Some goals of the instruction set were presented along with a
flexible subroutine linkage scheme. The instruction set will be
tested using a high level simulator which will gather the statis-
tics mentioned. This will allow the instruction set listed in the
Appendix to be improved by adding instructions in areas where it
is weak and by removing instructions that are unnecessary.

All of the problems involved in designing the software and
hardware of PASM are strongly interrelated. It is the considera-
tion of these interrelations and the coordinated design of the
system hardware and software which will aid in producing a machine
that is both a versatile and efficient parallel computational tool
for image processing and related fields.
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APPENDIX

This following is a list of "assembly instructions" which are

desirable in an SIMD environment. Due to the large number of in-
structions only a subset of the instructions may be implemented.

The following conventions are used:

Rn represents register number n;

i represents one, two, four, or eight;

j can be replaced by: SI (single precision integer), DI (dou-
ble precision 1integer), SF (single precision floating
point), or DF (double precision floating point).

k can be replaced by S (single precision integer) or D (dou-
ble precision integer).

m can be replaced by: B (byte), SI(single precision integer),
DI (double precision integer), SF(single precision float=-
ing point), or DF (double precision floating point).

Instructions are PCU instructions unless otherwise indicated (see
section VI).

ADDj
SUBj
ADDCj
SUBC]

NEGj
INCj
DECj
MWL j
DIVj

ANDk
ORk

XORk
NOTk

Arithmetic Instructions (Operates on top of stack)

add two type j numbers.

subtract one type j number from another

add the carry and two type j numbers

subtract the carry and one type j number from
another ' '

take two's complement of a type j number

increment a type j number

decrement a type j number

multiply two type j numbers together

divide one type j number by another

Boolean Instructions (Operates on top of stack)

logical and two type k numbers together

logical or two type k numbers together

logical exclusive-or two type k numbers together
take one's complement of a type k number
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ASLk
ASRk
ASLk
ASRk
ROLk
RORk
ROLk
RORk
ROLCk
RORCk
ROLCk
RORCk

PSHi
PSHi
PSHi
PSHi
PSHi
PSHi
PSHi
POPi
POPi
POPi
POPi
POP1
POP1

SwB
SWw

DUP

DEL

shift Instructions (Operates on top of stack)

fic
addr
(Rn)

(Rn+c)

arithmetic shift left a type k number one bit
arithmetic shift right a type k number one bit
arithmetic shift left a type k number n bits

arithmetic shift right a type k number n bits

rotate a type k number left one bit

rotate a type k number right one bit

rotate a type k number left n bits

rotate a type k number right n bits

rotate a type k number left one bit through carry
rotate a type k number right one bit through carry
rotate a type k number left n bits through carry
rotate a type k number right n bits through carry

Stack Instructions

push i byte constant following instruction onto
register stack

push an i byte item onto the register stack using
the next word as an address for the item

push an i byte item onto the register stack using
Rn as an address for the item

push an i byte item onto the register stack wusing
Rn+c as an address for the item

(Rn++) push an i byte item onto the register stack wusing

Rn as address for item, then add i to Rn

(Rn=-=) push a i byte item onto the register stack using Rn

as address for item, then subtract i from Rn

(Rn+Rm) push an i byte item onto the register stack using

addr
(Rn)
(Rn+c)
(++Rn)
(~=-Rn)

(Rn+Rm)

n,m
n

n

Rn+Rm as an address for the item

pop an i byte item off of the register stack using
the next word as the destination address

pop an i byte item off of the register stack using
the contents of Rn as the destination address

pop i byte item off register stack using sum of
next byte and contents of Rn as destination

increment Rn by i then pop i byte item off regis-
ter stack using contents of Rn as destination

decrement Rn by i then pop i byte item off regis-
ter stack using contents of Rn as destination

pop i byte item off register stack using sum of
contents of Rn and Rm as destination

swap bytes of top word of register stack

swap the top n words with the m words below

duplicate top n words of the register stack

delete the top n words of the register stack
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PSHSW
POPSHW

PSHZ1
PSH

CLR
POP

LDSP
STSP

POPTC
TRANS

CMPm
CMPm

CMPm

Lo
LD

ST

INC
DEC

ADD
ADD

suB
suB
cmMp
cmpP

CMP

Rn
Rn

#e

addr

addr

Rn,#c
Rn,addr

Rn,addr

Rn
Rn

Rn,#c
Rn,addr

Rn,#c
Rn,addr
Rn
Rn,#c

Rn,addr

push Status Word
pop Status Word

pushi bytes of zeros onto register stack
push Rn onto the stack

set Rn to zero
pop top of stack into Rn

load Register Stack Pointer with 1 nibble constant
following the instruction
store Register Stack Pointer

load Transfer Control Register from register stack
jnterprocessor transfer of data

Compare Instructions

compare the two type m numbers on register stack

compare a type m number on the register stack with
the constant following the instruction

compare a type m number on the register stack with
an item using the next word as an address

Register Instructions

load Rn with 2 byte constant following instruction

load Rn with a 2 byte item using the next word as
an address for the item

store Rn using next word as an address

increment Rn
decrement Rn

add 2 byte constant following instruction to Rn

add a 2 byte item to Rn using the next word as an
address for the item

subtract the 2 byte constant following the in-
struction to Rn

subtract a 2 byte item from Rn using the next word
as an address for the item

compare Rn with the top of the stack

compare Rn with the 2 byte constant following the
instruction

compare Rn with a 2 byte item using the next word
as an address for the item

337

yy e ————— >-z<r¢-w|




e e e

CMP

MOVi

Movi

Movi

Movi

MOVi

Sccc
SCCS
SCVC
SCVsS

SCGT
SCGE
SCEQ
SCNE
SCLT
SCLE

LDA
LbC
NOTC
ANDA
ORA
WPSH
WEPSH

CMPOP

Rn,Rm compare Rn with Rm

Memory Instructions

(Rn++) #c move the i byte constant following the in-
struction to memory using Rn as an address,
then increment Rn by i '

(Rn++) ,addr move an i byte item, using the next word
as an address for the item, to memory using Rn
as an address, then increment Rn by i

(Rn++) ,(Rm+c) move an i byte item, using register m ad-
ded to the 1 byte constant (c) following the
instruction as the address for the item, to

~memory wusing Rn as an address, then increment
Rn by i

addr, (--Rn) decrement Rn by i, then move an i byte
item, using the next word as an address for
the item, to memory using Rn as an address

(Rm+c) ,(-=Rn) decrement Rn by i, the move a i byte item,
using register m added to the 1 byte constant
(c) following the instruction as the address
for the item, to memory using Rn as an address

‘ Mask Instructions

set Condition Flip Flop (CFF) if carry clear
set CFF if carry set

set CFF if overflow clear

set CFF if overflow set

set CFF if greater than zero

set CFF if greater than or equal to zero
set CFF if equal to zero

set CFF if not equal to zero

set CFF if less than zero

set CFF if less than or equal to zero

load Accumulator Flip Flop (AFF) with CFF

load CFF with AFF

complement contents of CFF .

load AFF with logical and of AFF and CFF
- load AFF with logical or of AFF and CFF

"where" push of CFF onto the Conditional Mask
Stack (CMS)
"where elsewhere" push of CFF onto the CMS

pop off top element of CMS and clear CFF
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ICMS

PMSK

NMSK
SMSK
LMSK
ANDM

ORM
NOTM

initialize CMS

PE Address Mask Instrucions

(see section VI, subsection A, and [13,22])

#c

#e
Rn
Rn
Rn

Rn
Rn

decode following five nibble "postive" PE address
mask and load it into Mask Vector Register
(MVR) .

same as above except "negative" mask

store MVR in Rn through Rn+3

load MVR with Rn through Rn+3

logical and MVR and Rn through Rn+3, result in Rn
through Rn+3

same as above for logical or

complement Rn through Rn+3

Control Instructions (Micro Controller Instructions)*

NOP
HLT

DBNZ
IBNZ

BRA
JMpP
JMP

BRS
JSR
JSR
RET

IFANY
IFALL

Rn,addr
Rn,addr

addr
addr
Rn

addr
addr
Rn

addr
addr

null Cor no) operation
halt

decrement Rn, branch if not zero
increment Rn, branch if not zero

branch always
jump to addr
jump using Rn

branch to subroutine
jump to subroutine
jump to subroutine using Rn

return from subroutine

if any PCU CFF is set branch to addr
if all PCU CFFs are set branch to addr

* NOTE: Rn here indicates register number n in the Micro Controller.
Branch means addr is stored as an offset relative to the program counter.
The offset may be positive or negative, but must be representable

as an eight bit two's complement number.
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CCLR
cLd

CLD
CsT
MoV
CINC
CDEC
CADD
csus
CMUL

colv

Micro Controller Register Instructions

Rn
Rn, #c

Rn,addr
Rn,addr
Rn_Rm
Rn

Rn

Rn ,Rm
Rn ,Rm

Rn,Rm

Rn,Rm

clear Rn

load Rn with the 2 byte constant following the in-
struction

load Rn with a 2 byte item using the next word as
an address

store Rn using next word as an address
load Rn with contents of Rm

increment Rn

decrement Rn

add Rn to Rm and put result in Rn

subtract Rm from Rn and put result in Rn

multiply Rn by Rm and put result 1in Rn through
Rn+1

divide Rn through Rn+1 by Rm put result in Rn and
remainder in Rn+1
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