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1Code #
Type Example Operand #1|Operand #2 Instructions |Cycles
- Direct Add Constant DOR =1
DC =1 e e e.g., 1 (i)=DOR | 2
_ Direct Address Direct Address| DOR —— ()
0D =) eg., i | e.g.j | (i)=—DOR | 2
- Direct Address|pirect Address DOR ——( j+k)
DE L=tk e.9., | |e.g.jtk | (i)=DOR | 2
Direct Address|Indirect Address| MAR =—(@a[ j])
DI il . ; - 3
il I o
Direct Address|Indirect Address MAR"“(@‘J[JH]

18

L4 TR ) [P0 o\ 4 .
0[J+1] ’_O[J+1] e.g., IIO[J+1] e.g.,@d[j'H] "U[J+1]" ""DO% 3
1= Indirect Address| Constant [MAR—=—(@a[i])
1C afi]=1 e.g..@afi] | e.q.,1 (MAR) =1 2
o 7. |Indirect Address |Direct Address [MAR—=—(@a[i+1])
D afi+1]=] e.g..@a[i+1]| e.qg.,j DOR —=—(j) 3
’ (MAR)-—DQR)
. s Indirect Address Direct Address MAR‘—(@G[I'H;
IE | a[it1]=j+k e.g..@a[i+1]]| e.qg.,j+k (EARRR)-'—(BE 3
. MAR——(@ql[ i+1
11 |a[i]=a[i+1] Indirect Addr'ess Indirect Address| DOR -(—( AR}) 4
' e.9.,8a[i] |e.q. @a[i+1] [MAR=—(@a[ )
(MAR)=—DOR
T Jo0r0 (lcstion) [ M| /a0 Cocation)
EX HALT N/A N/A #%F’CC_‘:”/;%E 4 2
*—necesary because of pipelining
FiG. 15
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1

COMPUTER SYSTEM AND METHOD USING
FUNCTIONAL MEMORY

The present invention relates generally to computer
systems and memory architectures for computer systems,
and particularly to a system and method of using field
programmable gate arrays to supplement the computational
capability of a central processing unit and to perform
simultaneous expression computations.

BACKGROUND OF THE INVENTION

A processor is a functional unit within a computer that
interprets and executes instructions. In serial processors,
instructions are processed sequentially, one at a time, even
when the result or outcome of one instruction is independent
of another instruction. In systems with parallel processors,
performance is improved by processing unrelated instruc-
tions simultaneously within the same interval of time.

Parallel processing is often used in prior art systems that
are customized to perform a small range of specific tasks,
such as image processing or pattern matching. Since these
types of functions require many small customized parallel
processing elements, implementing them in fixed circuitry
requires many parallel circuits,

Traditional parallel data processors execute simulta-
neously with a main processor instructions that are unre-
lated, that is, not dependent on the result of the other. Thus,
the parallelism in such systems is at the processor level. In
other words, within each processor, computations are still
performed sequentially and by the processor. To perform
computations in traditional memory/processor configura-
tions, data must be brought from the memory to the proces-
sor. The processor then performs all the necessary compu-
tations and writes the results back to the memory. Traditional
Parallel Processors have fixed circuitry and are not re-
programmable at the circuitry level.

Field programmable gate arrays are Very Large Scale
Integrated (VLSI) circuit chips having large numbers of user
configurable circuit elements. Field programmable gate
arrays allow users to change the connections between circuit
elements and circuit configuration parameters at a hardware
level in a matter of milliseconds.

The use of field programmable gate arrays to perform
various computations is well known, as is the use of neural
networks and various parallel CPU computer architectures.
The present invention is not a replacement for field pro-
grammable gate arrays and neural networks, but is an
architecture and methodology for using field programmable
gate arrays in a manner that facilitates reconfiguration of the
field programmable gate arrays and that makes the use of
field programmable gate arrays in general purpose computer
systems cost effective.

Definitions of the following terms used in this document
are provided to assist the reader:

Compiler: A software program that translates a source
program into an executable program.

Execute: To carry out (perform) an instruction or pro-
gram.

Memory: (main storage) all of the addressable storage
space in a processing unit and other internal storage that is
used to execute instructions.

Millisecond: One thousandth of a second.
Operand: An entity on which an operation is performed.
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Parallel: Pertaining to a process in which multiple events
or computations occur within the same interval of time, each
handled by a separate but similar functional unit.

Parallel processing: The concurrent or simultaneous
execution of two or more processes in parallel computation
units. Contrast with serial processing.

Processor: A functional unit that interprets and executes
instructions; one or more integrated circuits that process
instructions and perform a task.

Register: A part of internal storage having a specific
storage capacity and intended for a specific purpose.

Serial processing: Pertaining to sequential or consecutive
execution of two or more processes in a single device.

SUMMARY OF THE INVENTION

The present invention provides “expression level” parallel
processing capabilities to computers through the use of field
programmable gate arrays (FPGAs) that are dynamically
configured to perform the computations associated with
application programs. Programs that would otherwise be
performed by serial data processing are divided into steps to
be performed by a standard or reduced instruction set CPU
(central processing unit) and computations to be performed
in parallel by the FPGAs.

Although the concept of parallel processing and the use of
field programmable gate arrays is not new, the present
invention differs from other paralle]l processing implemen-
tations by a unique division of labor between a main data
processor and a “functional memory”. The functional
memory of the present invention is constructed by connect-
ing field programmable gate arrays in parallel with conven-
tional random access memory (RAM), and is used by the
main processor of a computer for simultaneous computation
of the expressions in the user’s computer programs. Func-
tional memory allows program expressions to be computed
in parallel in field programmable gate arrays as opposed to
sequentially by the main processor.

In summary, the present invention is a computer system
having a central processing unit, including memory access
circuitry for asserting memory addresses and for writing and
reading data to and from memory devices at asserted
memory addresses. A functional memory is coupled to the
central processing unit’s memory access circuitry. The func-
tional memory includes random access memory circuitry
connected in parallel with field programmable gate array
circuitry.

The field programmable gate array circuitry receives
configuration data from the central processing unit for
configuring the field programmable gate array circuitry. The
configuration data defines what memory addresses the field
programmable gate array circuitry will be responsive to and
what computational functions the field programmable gate
array circuitry will perform. Thus, the addresses that are
“memory mapped” to the field programmable gate array
circuitry are dynamically assigned by the central data pro-
CESSOr.

The field programmable gate array circuitry includes
input registers for storing data received from the central
processing unit when the central processing unit’s memory
access circuitry asserts a first set of memory addresses
defined by the configuration data and result output circuitry
for communicating the results computed by the field pro-
grammable gate array circuitry. The result output circuitry
communicates output result data to the central processing

19
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unit when the central processing unit’s memory access
circuitry asserts a second set of memory addresses defined
by the configuration data.

Thus, when the main processor writes data into the first
set of memory addresses, the data is stored in both the RAM
and in the input registers of the field programmable gate
array. The FPGA input registers generally are used to store
operands to expressions that are computed in the FPGAs.
When the main processor reads from the second set of
memory addresses, selected locations will be output from
the FPGAs instead of the RAM.

The functional memory includes access circuitry for rout-
ing data signals from the central processing unit to both the
random access memory circuitry and the field programmable
gate array circuitry in parallel, and for routing data signals
from both the random access memory circuitry and the field
programmable gate array circuitry to the central processing
unit.

The functional memory is in essence “a spreadsheet
computer”, where most locations simply store data while
others contain formulas and display expression results when
read. Thus results of expressions appear at their own
memory mapped addresses. Like spreadsheet cells, the
memory mapped addresses assigned to the function memo-
ry’s FPGAs can be programmed to be the calculated result
of an expression for which other memory mapped locations
are the arguments.

In a preferred embodiment, a Decision-Table (DT) lan-
guage is used as a high level source programming language.
The decision table language is a variation of Standard
Pascal. The decision table programming method is used
because it simplifies loop address computation for field
programmable gate array implementation, and because any
computer program can be expressed in a decision table form.

A functional memory compiler translates high level deci-
sion table programs into field programmable gate array
source files. When a decision table program is compiled,
statements are parsed into a sequence of move instructions,
and expressions are parsed into dataflow implementations of
combinational logic functions for computing an expression.
Programmers using the decision table language do not need
combinational logic design experience, only an understand-
ing of how to write decision table programs.

The computer’s processor may be a “minimal processor”
since most or all mathematical and logical computations can
be performed by the FPGAs. Since the functional memory
performs most or all expression computations (i.e., math-
ematical and logic computations), the main processor only
needs to execute Move and Jump instructions to move data
from one memory location to another and to control overall
program flow. The functional memory, which may be imple-
mented as an add-on board that can be placed in existing
desktop computers, acts as a co-processor. The co-processor
performs multiple computations simultaneously, thus
improving the performance of the machine.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional objects and features of the invention will be
more readily apparent from the following detailed descrip-
tion and appended claims when taken in conjunction with
the drawings, in which:

FIG. 1 illustrates the implementation of functional
memory using a multiplexer.

FIG. 2 illustrates the implementation of functional
memory using OR gates.
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FIG. 3 illustrates, in a general sense, the process of
producing a field programmable gate array source file from
the user’s high level source code.

FIG. 4 illustrates an example of a decision table program.

FIGS. 5A-5D illustrates varjous stages and aspects of
decision table compilation.

FIG. 6 illustrates the Intermediate Text generation hier-
archy chart.

FIG. 7 illustrates the memory map generation hierarchy
chart.

FIG. 8 illustrates the microcode generation hierarchy
chart.

FIG. 9 illustrates the field programmable gate array
PALASM file generation hierarchy chart.

FIG. 10 illustrates a block diagram of a functional
memory.

FIG. 11 illustrates the architecture of the minimal proces-
SOr.

FIG. 12 illustrates the microinstruction control register.

FIG. 13 illustrates the detailed block diagram of the
minimal processor.

FIG. 14 illustrates the main processor and minimal pro-
cessors interface.

FIG. 15 represents a minimal set of move and control
instructions for use by a minimal processor for implement-
ing any program.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring to FIG. 1, a main processor 200 is connected to
a memory (RAM) 202 via a standard address bus 208 and a
data bus 210. Field programmable gate arrays 204 are
connected in parallel (on the same address bus 208) with the
RAM 202. The main processor 200 includes memory access
circuitry 209 for asserting memory addresses and for writing
and reading data to and from memory (and other) devices at
asserted memory addresses.

When the main processor 200 writes to the RAM 202,
selected data can simultaneously be captured in input reg-
isters 203 in the field programmable gate arrays 204. The
computation is then performed in the field programmable
gate array 204 registers. The results of the computations are
output on bus 212 from field programmable gate array 204
to multiplexer (MUX) 206 and read by the main processor
200 through the data bus 210. Since expression computa-
tions are performed in the field programmable gate arrays
204, the main processor 200 is used primarily for reading
and writing data to and from memory 202, and for reading
and writing data to registers and from computation output
ports in the field programmable gate arrays 204 for the
purpose of retrieving computation results and for sending
input data to the field programmable gate arrays 204.

The main processor 200 may be connected to a system
processor 100 that downloads programs to be executed into
the main processor 200 and the FPGAs 204, as will be
described in more detail below.

FIG. 2 illustrates the implementation of functional
memory using an array of OR gates 306 (i.e., one for each
datat bit) instead of the multiplexer 206 of FIG. 2. The main
processor 200 is connected to RAM 302 and field program-
mable gate arrays 304 via an address bus 308 and a data bus
310. The field programmable gate array 304 is connected in
parallel with the RAM 302. When more than one FPGA is
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used, the data outputs of the multiples FPGAs are wire ORed
prior to their connection to the inputs of the OR gates 306.

The outputs of the field programmable gate array 304 and
RAM 302 are logically ORed. When data are written into the
RAM 302 via the data bus 310, they may be captured in
registers in the field programmable gate array 304 if they are
to be used in an expression computation. Each of the
computational circuits in the field programmable gate array
304 have an output port that is assigned a unique address.
When those assigned addresses also correspond to RAM
addresses, zero values are stored in the RAM locations
which correspond to FPGA output addresses prior to per-
forming any computations. Furthermore, when an FPGA
304 is configured to have more than one expression com-
putation circuit 205 (see FIG. 1), the output ports of the
expression computation circuits 205 are all coupled to an
output multiplexer 207 (see FIG. 1) inside the FPGA 204
that is, in turn, coupled to the multiplexer 206 (FIG. 1) or OR
gate 306.

The RAM’s output data lines 314 and the field program-
mable gate array’s output lines 312 are inputs to OR gate
306. The field programmable gate array 304 is configured to
outputs a value of zero on data output lines 312 when data
is read from RAM 302. When reading expression results
from the FPGA 304, the RAM 302 outputs a value of zero
on lines 314 so that only the field programmable gate array
304 outputs are read. Multiple field programmable gate
arrays 304 can be attached to a single RAM 302 as long as
only one field programmable gate array drives its outputs for
any given expression result address read by the main pro-
Cessor.

FIG. 3 shows, in a general form, the process of producing
a field programmable gate array source file from the user’s
high level program. A user’s decision table program 400 is
compiled by the functional memory compiler 402. The
compiler 402 generates two source files: An .ASM source
file 404 for the main processor 1100 (see FIG. 10) and an
.PDS source file 406 for field programmable gate array 1108
(see FIG. 10). The .ASM file 404 is then assembled by the
assembler 408 to generate an executable file 412. The field
programmable gate array source file 406 is preferably a
PALASM (programmable array logic assembler) language
source file in .PDS format that contains compiler generated
equations 426. These equations, collectively are referred to
as Combinational Logic equations. The combinational logic
equations include the Address Select Logic equations 416,
Input Register Logic equations 418, Rule Address Genera-
tion Logic equations 420, Expression Logic equations 422,
and Output Multiplexer Logic equations 424. Field pro-
grammable gate array logic equations 426 can be different
for different user programs 400.

An PALASM assembler 410 assembles the .PDS file 406
and produces an executable file 414 for use in the field
programmable gate array 1108. The executable file 414 is
loaded into the FPGA 1108.

FIG. 4 illustrates a Decision Table program 400. A deci-
sion table 400 has four quadrants. The upper left quadrants
contains condition stubs 502, which are expressions that can
be evaluated simultaneously. The upper right quadrants lists
the condition entries 504, which define columns of possible
expression combinations. Multiple “T” entries in a column
indicated logically ANDed condition stubs which must be
true for the corresponding “rule” (i.e., column) to “fire”.

The lower right quadrant contains the action entries 508
that indicates row by row with X’s which action stub
statemnents 506 (in the lower left) are to be executed when
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the conditions are satisfied. The right half of the table (504
and 508, the entry table) is an AND-OR array, containing
boolean inputs and outputs.

A decision table program 400 executes by first evaluating
all the condition stubs 502 simultaneously. The results of the
condition stub evaluations are used as inputs to the condition
entries 504, which are then used to select a unique rule.
When a rule is selected (rule 1, 2, 3, 4, or 5), it causes the
action stubs 506 with an X in their action entries 508 to
execute. The expressions on the right side of all the action
stubs are computed simultaneously. The whole process
repeats (starting with the reevaluation of the condition stubs
502) until a selected rule causes the program to terminate.

FIG. 5A shows a breakdown of the compiling stages for
producing both the .ASM 404 and .PDS 406 files. Module
600 produces the symbol table 608 as well as intermediate
forms 712, 714, 716, 718 for all four quadrants of the
decision table. Module 602 produces a memory table 610
which specifies the locations, size and type for each variable
and expression. With this information, Module 604 gener-
ates the microcode source file 404 (.ASM) which contains
the necessary move instructions for performing the assign-
ment statements for each rule. With this, the starting
addresses for each rule are known and Module 606 can
produce the associated PALASM source file, Programmable
Array Logic Assembler ((PDS) source files 406.

FIG. 5B shows an example of the memory table 610
produced by Module 602. In this example, the memory table
shown is for a bubble sort program implemented using the
present invention.

FIG. 5C shows an example of the microcode source file
404 produced by Module 604. The assembly level source
program shown are the assignment statements and jump
instructions used to execute each of the rules (Rule 1 through
Rule 5) for the bubble sort program.

FIG. 5D is a conceptual diagram of the address rule
computations programmed into the FPGA via the PALASM
file 406 for computing the address of the next rule to be
executed by the main (i.e., minimal) processor. The address
for the next rule to be executed by the minimal processor is
computed by the FPGA during the execution of the current
rule, and the computed next rule address is accessed by the
minimal processor at the “@ rule” address, which is
assigned to address 0002 in the example shown in FIGS. 5B
and 5D and in Appendices 1, 2 and 3.

Appendix 1 is a compiler output listing for the bubble sort
program that contains both a functional memory map and an
execution table for the minimal processor.

Appendix 2 represents the assembly language level source
code produced by the present invention for the bubble sort
program. This source code represents the program for the
rules that is executed by the minimal processor.

Appendix 3 is an example of a PALASM file for the
bubble sort program. Note that the variables “t” and “t1” in
the FIG. 5B and 5C are represented by “a[j]” and “afj+1]”
respectively in the Appendices.

FIG. 6 illustrates the generation of an intermediate text
hierarchy chart. As described above, the main function of
module 600 is to produce the symbol table 608 and to record
the stubs and entries of the decision table in respective
arrays. After the symbol table has been initialized (step 702)
with all reserved words and character strings, the decision
table file is parsed (step 704) and an array of symbol IDs 710
(SymProg) is created from text file. The ConStub 712 array
contains the condition stub expressions as a string. The
ConEnt two dimensional array 714 contains the condition
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entries by condition stub (rows) and rule (columns). The
ActEnt 716 is a similarly dimensioned array containing the
action stub entries.

The ActStub array 718 contains several fields. The .State-
ment field 720 contains the full action stub as a string. The
.SrcType field 722 contains the data type on the right side of
the assignment (:=) symbol. The .SrcExpression field 724
contains the right side expression of the assignment state-
ment. The .DestType field 726 indicates whether the left side
variable is a scalar or an array element. The .DestVariable
field 728 contains the destination variable symbol.

Parsing the decision table 704 relies on a subroutine
which strips (step 706) the next symbol off the decision table
text-file and one which inserts (step 708) new symbols into
the symbol table 608 and retrieves their table index.

FIG. 7 shows the hierarchy chart for the module 602 that
generates the functional memory map. An example of a
functional memory map is shown in FIG. 5B and Appendix
1. There are three stages in the process of generating the
memory map 602. First the function declaration section of
the decision table is parsed 802. A function declaration
allows the input and output addresses for a special function
to be allocated so the rest of the decision table can reference
those addresses. Module 804 parses the variable declaration
section of the decision table. Addresses are allocated for
each variable declared. Module 806 parses the action stubs
statements to allocate locations for array address 808 and
assignment statement expression 810 calculation. Module
806 also produces the source 812 and destination values 814
for each action stub 718.

FIG. 8 illustrates the microcode generation hierarchy
chart. Module 604 generates the microcode file containing
the assembly language source code 404 for the set of move
instructions for each rule. Note that while the Figures and
Appendices herein show addresses assigned to the micro-
code statements, those addresses adre actually assigned later
in the microcode generation process, as described below.

As FIG. 8 illustrates, module 604 relies on module 902 for
initializing the microcode .ASM file 404 and module 904 for
processing the action entries for each rule. Module 904
expands each minimal processor instruction type into the
mnemonic microinstruction codes for implementing that
action stub assignment using eight small subroutines, one
for each type. The subroutines are: Generate DC instruction
906, Generate IC instruction 908, Generate DD/DE instruc-
tion 910, Generate ID/IE instruction 912, Generate DI
instruction 914, Generate II instruction 916, Generate JI @
rule instruction 918, and Generate EX instruction 920. With
each instruction expanded, the rule starting addresses are
recorded in the Rule Table array 612. In alternate embodi-
ments of the minimal processor, the software generated for
the minimal processor would not necessarily be microcoded
instructions.

FIG. 9 illustrates the field programmable gate array
PALASM files generation hierarchy chart. Module 606 uses
the Memory table 610 as its primary input. It relies on two
main subroutines for generating up to four field prog gate
arrays .PDS 406 files and the batch file 1002 for completing
the compilation process for each FPGA chip. Module 1004
executes once initializing the batch file and Module 1006
executes once for each FPGA chip, generating a PALASM
.PDS file 406 for that chip. Module 1006 relies on nine
subroutines for generating the PALASM 406 for one FPGA
(e.g., XILINX) chip. Module 1008 executes first for each
chip, opening a new .PDS file and storing the necessary
header information.

Module 1010 expands any function macros that are
declared using a “func” declaration. Module 1012 generates
the equations for evaluating the condition stubs. This logic
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is always implemented in the first field programmable gate
array chip and feeds the condition stub results to the logic
generated in Module 1014 which computes the rule address
420 (@ rule). See FIG. 5D which shows an example of how
rule addresses are computed by the FPGA for a bubble sort
program having 5 rules. Module 1016 generates the expres-
sion logic 422 which computes the right sides of assignment
statements and array reference addresses. As expression
logic is being generated for each chip, variables are marked
for module 1018 which generates the input register logic
418. Module 1020 generates the output multiplexer logic
424 for all the expressions that are implemented in this chip.
Finally module 1022 generates the address select logic 416
for all the input registers and output multiplexers allocated
in this chip. With the PALASM file for the chip completed
and closed, module 1024 adds its name to the batch file for
producing the field programmable load module. An example
of a PALASM file for a bubble sort program is shown in
Appendix 3.

FIG. 10 is the block diagram of the functional computer
memory add-on-board. This board 204 plugs into the system
bus of the system processor 100. It is added in parallel on the
same address bus 208 as the RAM. The board 204 contains
a microprogrammable minimal processor (mP) 1100 imple-
mented using a field programmable gate array with three
8192 byte microprogram RAMs 1104. The minimal proces-
sor 1100 is connected to data RAMs 1106. The data RAMs
1106 are connected to the field programmable gate arrays
1108. The functional memory 1110 consists of the data
RAMSs 1106 connected in parallel to the field programmable
gate arrays 1108. This board is initialized and controlled by
the system processor 100. START/DONE handshake signals
on bus lines 1112 begin program execution and notify the
system processor 100 when execution terminates.

FIG. 11 illustrates the architecture of the minimal proces-
sor. The Minimal processor is designed only to move
memory words from location to location. The microprogram
address 1238 on top selects a three-byte microinstruction
1204 in the microprogram RAMs, which is clocked into the
microinstruction register as shown. The first byte of the
microinstruction 1204 is the op code field 1206 which
includes subfields 1208 for initiating reads and writes, 1210
and 1212 for controlling data and address bus multiplexers
1232 and 1234, and 1214 for controlling an internal data bus
multiplexer 1224. It also contains the DONE flag 1216, used
for indicating to the main processor that the microprogram
has terminated. The microinstruction register 1204 also
contains a two byte constant field 1218 which can supply a
functional memory address, functional memory data or a
microprogram jump address.

The Minimal processor 1100 contains four other registers:
the Data Output Register (DOR) 1202, for latching data to
be written into functional memory; the Memory Address
Register (MAR) 1200 for latching a functional memory
address for reading or writing functional memory 1110; the
Jump Address Register (JAR) 1220 which stores a program
jump address; and the Incriminator Register (INC) 1222
which stores the current microprogram counter value plus
one for program sequencing. The IBUS multiplexer 1224
asserts on an internal data bus (IBUS) 1225 either the
microinstruction constant field 1218 or the logical OR 1226
of the RAM output 1228 and field programmable gate array
output 1230 when reading functional memory. Data on the
IBUS 1225 can be clocked into the data output register 1202,
memory address register 1200 or jump address register
1220. The output of the DBUS multiplexer 1232 drives the
data bus when writing to the functional memory. It can select
either from the data output register 1202 or the microin-
struction constant field 1218. Similarly, the ADDR multi-
plexer 1234 drives the functional memory address lines and
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can select from either the memory address register 1200 or
the microinstruction constant field 1218. The program
counter multiplexer 1236 determines the microprogram
address 1238 to be used for fetching the next microinstruc-
tion to execute. The program counter multiplexer 1236 can
gate either the contents of the jump address register 1220 for
a jump or the increment register 1222 for sequentially
accessing the next microinstruction.

FIG. 12 illustrates the microinstruction control register.
The OP code Register 1206 consists of seven relevant bits
which provide signals for gating multiplexer paths for
moving operands between the registers and the functional
memory. The “Write FM” 1208 activates the write signal to
the functional memory. The data to be written originates
either from the microinstruction constant field 1218 or the
data output register DOR 1202, depending on the state of the
DBUS Mux bit 1210. The address to be written originates
from either the microinstruction constant field 1218 or the
memory address register MAR 1200, depending on the state
of he ADDR Mux bit 1212. The IBUS Mux bit 1214
specifies the content of the minimal processor’s internal data
bus (IBUS), which can receive either the contents of the
microinstruction constant field 1218 or the contents of the
external RAM/XILINX data bus 1228, 1230.

The content of the internal data bus can be clocked into
the data output register DOR 1202, which occurs when the
Destination Register Select (DRS) bits 1300 are equal to
“01”. When the DRS bits 1300 are equal to “10” the memory
address register MAR 1200 gets clocked, and when DRS
bits 1300 are equal to “11” the program counter receives the
contents of the internal data bus. When Done bit 1216 is
equal to 1, the main processor receives a signal indicating
that the minimal processor is done executing.

FIG. 13 is a detailed block diagram of the minimal
processor 1100. When the board is selected 1400 (BoardSel=
0) the uPAccess line 1402 from the system processor 100
controls the set of outer multiplexers used to switch the
processor into “transparent mode”, allowing the system
processor 100 to access directly either the microprogram
RAMs or the functional memory 1110. The uPAccess signal
line is necessary for loading the microprogram and initial-
izing data values and arrays in functional memory 1110.

FIG. 13 illustrates how the opcode register 1206 is
logically decoded. The first opcode register bit 1208 controls
the write signal to the functional memory 1110. The second
bit 1210 controls the multiplexer that selects whether the
data bus lines to the functional memory 1110 are driven by
the data output register (DOR) 1202 or the microinstruction
constant register 1218. The third opcode register bit 1212
selects whether the address bus to the functional memory
1110 is driven by the memory address register (MAR) 1200
or the constant register 1218. The forth opcode bit 1214
selects which source drives the internal bus (either the
constant register 1218 or the external data bus from the
functional memory 1110). The fifth and sixth bits 1300 are
decoded 1406 to select which register, if any, is clocked with
new data from the internal bus. If the fifth and the sixth bits
are 01, 10 or 11, the Data Output Register DOR 1202,
Memory Address Register MAR 1200 or jump address
register JAR 1220 clock is enabled, respectively. The last bit
of the OP code 1206 is the DONE bit 1216. Once the
minimal processor 1100 is done executing, a “DONE” signal
is sent to the system processor 100. The minimal processor
1100 interfaces directly to the system processor 100.

FIG. 14 shows the interface between the minimal proces-
sor and the main processor. The minimal processor 1100
control bits are connected directly to the system processor’s
Port 1 register. All the bits are set to a ‘1’ state when the
machine is reset. Bit 1 connects to the START signal 1408
of the minimal processor 1100. When START=1, the mP’s
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uProgAddr (microprogram RAM address) bus is held at
zero. Setting START=0 allows the minimal processor 1100
to execute. When the signal on uPAccess line 1402 is equal
to 1, it disconnects the minimal processor 1100 from the
microprogram RAM and functional memory, allowing the
system processor direct access. When the FM/uC signal
1410 is equal to 1 the system processor 100 can access the
functional memory directly, and when FM/uC signal 1410 is
equal O the system processor 100 can access the micropro-
gram RAMs. When .the signal on uPAccess line 1402 is
equal to 0, it disconnects the system processor and allows
the minimal processor normal access to the microprogram
RAM. Functional memory RED/GRN signal 1500 controls
the color of a light emitting diode (LED, not shown) on the
system processor board. DONE bit 1216 is connected
directly to bit 0 of the microinstruction opcode register and
is used to signal the system processor 100 when the minimal
processor 1100 has finished executing a program.

The Port 1 register uses “open collector” input ports (i.e.,
they have built in pull up resistors or transistors) and thus all
the bits of Port 1, including the Done bit are set to “1” unless
an external device pulls the data lines going to Port 1 to a
low voliage. As aresult, the Done bit 1216 is held low by the
minimal processor (or by the FPGAs when the FPGAs are
used to directly control the Done bit line 1216) until the
program being executed finishes executing a program, at
which time a “1” is asserted on the DONE bit line 1216.

FIG. 15 defines a minimal set of move and control
instructions for implementing any program using the mini-
mal processor 1100 discussed above. Program assignment
statements consist of a term on the right side of the assign-
ment symbol “:=” whose value must be fetched or com-
puted, and a variable on the left side that indicates where the
right side value is to be stored. The right side term may be
a constant, a variable, or the result of a computed expression
generated by the functional memory. Using the functional
memory, computed expressions are accessed just like other
variables. Array element addresses must also be computed
before the particular element can be accessed. The func-
tional memory computes the address of the element and the
processor uses that address to access the element. To per-
form many standard computational functions, the processor
must not only be able to store constants and to access
functional memory via a specific address, it also must be
able to read and write locations indirectly. For program
control, the processor minimally must be able to sequence,
jump to a location computed in functional memory and halt.

The DC instruction is used to store a constant into a scalar
variable location. First it loads the constant (from the
microinstruction constant field) into the data output register
(DOR). Then, a write transaction is initiated, storing the
contents of the data output register into the variable location.

The DD and DE instructions are used to store the contents
of a scalar variable or computed expression into another
scalar variable. First the data output register is loaded by
specifying the source variable or expression address in the
microinstruction constant field and initiating a functional
memory read. Then, the contents of the data output register
are written into functional memory.

A DI instruction is used for storing the contents of an
array element into a scalar variable. First the location
containing. the array element address is read and stored into
the Memory Address Register (MAR). Then, the contents of
the location specified in the memory address register is read
and stored in the data output register. The data output
register now contains the array element value. Finally, the
contents of the data output register are stored into the
destination location. This instruction is also used in cases
where an array element is required for an expression calcu-
lation, but the array itself is not stored in the field program-
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mable gate array. In this case, a separate location is allocated
for each array reference appearing in an expression.

An IC instruction is used to load an array element with a
constant. First the location containing the array element
address is read and stored into the memory address register.
Then, the constant value is written into the address specified
by the memory address register.

The ID and IE instructions store the value of a scalar
variable or a computed expression into an array element.
First the memory address register is loaded with the array
element address from functional memory. Then, the data
output register is loaded with the scalar variable or expres-
sion value from functional memory. Finally, the value in the
data output register is written in the address specified in the
memory address register.

The II command is used for moving one array element to
another. First the memory address register is loaded with the
address of the source element read from functional memory.
Second, the source element, as specified in the memory
address register is read from functional memory and loaded
into the data output register. Third the memory address
register is loaded with the address of he destination element
from functional memory. Fourth, with the data output reg-
ister containing the source value and the memory address
register containing the address of the destination element, a
functional memory write operation is performed.

For program control, when any of the move instructions
are being executed, the next microinstruction is implied to
be the one following the one being executed. For program
branching, a processor must be able to jump to program
locations where the address is computed.

The JI instruction loads the microprogram counter with
the contents of the functional memory location whose
address is specified in the microinstruction constant field.

The EX instruction causes the processor to halt by enter-
ing an endless loop with the DONE signal held active,
indicating to the system processor that the program has
terminated. )

Appendix 2 is an example of the minimal processor code
for the bubble sort program.

As will be understood by those skilled in the art, the
functional memory of the present invention is, in essence, a
spreadsheet computer. Some memory mapped locations in
the functional memory simply store data while others con-
tain formulas and display expression results when read. Thus
results of expressions appear at their own memory mapped
addresses. Like spreadsheet cells, the memory mapped
addresses assigned to the function memory’s FPGAs can be
programmed to be the calculated result of an expression for
which other memory mapped locations are the arguments.

While the present invention has been described with
reference to a few specific embodiments, the description is
illustrative of the invention and is not to be register con-
taining the address of the destination element, a functional
memory write operation is performed.

For program control, when any of the move instructions
are being executed, the next microinstruction is implied to
be the one following the one being executed. For program
branching, a processor must be able to jump to program
locations where the address is computed.

The JI instruction loads the microprogram counter with
the contents of the functional memory location whose
address is specified in the microinstruction constant field.

15

30

40

45

50

55

60

24

12

The EX instruction causes the processor to halt by enter-
ing an endless loop with the DONE signal held active,
indicating to the system processor that the program has
terminated.

Appendix 2 is an example of the minimal processor code
for the bubble sort program.

7?7 As will be understood by those skilled in the art, the
functional memory of the present invention is, in essence, a
spreadsheet computer. . . . 7? where most locations simply
store data while others contain formulas and display expres-
sion results when read. Thus results of expressions appear at
their own memory mapped addresses. Like spreadsheet
cells, the memory mapped addresses assigned to the func-
tion memory’s FPGAs can be programmed to be the calcu-
lated result of an expression for which other memory
mapped locations are the arguments.

While the present invention has-been described with
reference to a few specific embodiments, the description is
illustrative of the invention and is not to be construed as
limiting the invention. Various modifications may occur to
those skilled in the art without departing from the true spirit
and scope of the invention as defined by the appended
claims.

APPENDIX 1
PROGRAM LISTINGS
Input File
var  n:integer; ‘array size
a : array[50] of integer; ‘array to be
sorted
j, k : integer; ‘inner, outer loop
variables
“afj]”, “alj+1]” : integer; 'temporary scalars
dtbegin 'bubble sort
lambda = I 0 1 1 1 1
k=1 I — T F F F ‘outerloop k from
I ntol
j=k I — — T F F '‘innerloopj from
| ltok
“alj1” > “alj+1]” I — — — T F ‘test for out of
| order pair
k=n I X — — — — 'initialize k to top
| of array
j=1 | X — X — — lstartj at bottom
k=k-1 | — — X — — ‘'decrement outer
| loop
alj} = “afj+1]” I — — — X — 'exchange
afj+1] = “afj]” I — — — X —
j=j+1 I — — — X X 'increment inner
| index
“afj]” = alj] I X — X X X ‘'update temporary
| variables
“afj+1]" = aj+1] I X — X X X
exit | — X — — — lexit
lambda := | 1 - — — —
dtend.  'bubble sort

Compilation Statistics:
5 rules, 4 conditions, 10 actions
Functional Memory: 124 bytes
FPGA T/O: 6 inputs, 5 outputs
Microcode: 55 lines MC
FPGA PALASM: 168 CLBs (estimated)
1 chip
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Functional Memory Map
Assigned Chip Address or Value
Name *Type It #Bits Expression
----- | 1l [
R 1 0000 2
P 1 0002 7
R 0 0004 8
C 0 0006 0
R 1 006C 8
R 1 006E 8
] R 1 0070 8
“afj+1]” .. R 1 0072 8
k-1 .. E 1 0074 8k-1
A 1 0076 9alj]
A 1 0078 9alj+1]
E 1 007A 8j+1
*Types
A-Indirect Address

C-Array Base Address

D-Function Macro Declaration

E-Expression Qutput
P-Microprogram Address

R-FPGA Input Register

- 25
Execution Table
Adr Statement mP Dest Src Cyc
Rulel=/L1*/LO
004: k=n DD 006E 0004 2 30
00C: j=1 DC 006C 0001 2
014: “afj)”:=afj] DI 0070 0076 3
020: “afj+11"=alj+1] DI 0072 0078 3
02C: lambda:= DC 0000 0001 2
034: goto @rule ) 0002 2
Rule2=/L1*L0*C2
03C:  exit EX 2 35
Rule3=/L1*LO*/C2*C3
044: j=1 DC 006C 0001 2
04C: ki=k-1 DE O006E 0074 2
054: “afj]":=aljl DI 0070 0076 3
060: “alj+1]":=alj+1] DI 0072 0078 3
06C: goto @rule I 0002 2 40
Ruled=/L1*LO*/C2*/C3*C4
074: afjl:="alj+1]" ID 0076 0072 3
080: afj+1]:="afj]” ID 0078 0070 3
08C: =l DE 006C 007A 2
094: “alj]":=afj] DI 0070 0076 3
0A0: “afj+1)"=alj+1] DI 0072 0078 3 45
0AC:  goto @rule I 0002 2
RuleS=/L1*LO*/C2*/C3*/C4
0B4: j=j+l DE 006C 007A 2
OBC:  “a[j]":=alj} DI 0070 0076 3
0C8: “afj+1]"=[j+1] DI 0072 0078 3
0D4: goto @rule 1 0002 2 50
0DC:

APPENDIX 2
BUBBLE SORT MINIMAL PROCESSOR CODE 55

; MICROINSTRUCTION OPCODES
LDC EQU 000001008 ;DOR <-- constant
LDA  EQU 00010100B ;DOR <-- (address)
LDM EQU 00110100B ;DOR <-- (MAR) used LDM,0
LMA  EQU 00011000B ;MAR <- (address) 60
WMD EQU 11100000B J(MAR) <-- DOR
WAD EQU 11000000B ;(address) <-- DOR
WMC EQU 10100000B J(MAR) <-- constant
JPI EQU 00011100B smicroPC <-- (address)
HALT EQU 00001101B ;DONE used HALT,$
NopP EQU 00000000B ;DELAY ONE CYCLE 65

ORG  0000H

DW NOP0
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BUBBLE SORT MINIMAL PROCESSOR CODE

Rulel: ; 04H
; DD ki=n
Dw
Dw
; DCji=1
DW LDC, 00001H
DW  WAD, 0006CH
; DI “a[j]":=alj]
DW LMA, 00076H
DW LDM, 0
DW  WAD, 00070H
5 DI “a[j+1]":=afj+1]
DW LMA, 00078H
Dw LDM, 0
DW  WAD, 00072H
; DC lambda:=1
DW LDC,1
DW  WAD, 00000H
3 Jump to next rule
DW JPI, 02H
DW NOP, 0
Rule2: ; 03CH
;5 EX exit
DW HALT, §
DW HALT, $-4
Rule3: ; 044H
; DCj=1
DW LDC, 00001H
DW  WAD, 0006CH
; DE k:==k-1
DW LDA, 00074H
DW  WAD, 0006EH
; DI “afj]":=a(j]
DW LMA, 00076H
DW LDM, 0
DW  WAD, 00070H
; DI “alj+11":=alj+1]
DW LMA, 00078H
bw LDM, 0
DW  WAD, 00072H
3 Jump to next rule
DW JPI, 02H
DW NOP, 0
Ruled: ; 074H
; ID afj]:="alj+1}"
DW LHA, 00076H
DW  LDA, 00072H
DW WMD, 0

LDA, 00004H
WAD, 0006EH
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APPENDIX 2-continued

BUBBLE SORT MINIMAL PROCESSOR CODE

BUBBLE SORT MINIMAL PROCESSOR CODE

; ID alj+1}="alj]"
DW LMA, 00078H
DW  LDA, 00070H
DW WMD, 0
; DE ji=j+1
DW LDA, 0007AH
DW  WAD, 0006CH
; DI “a[j]”:=alj]
DW  LHA, 00076H
DW 1LDM, 0
DW  WAD, 00070H
; DI “a[j+1]":=alj+1]
DW LMA, 00078H
DW LDM, 0
DW  WAD, 00072H
3 Jump to next rule
DW IP], 02H
DW NOP, 0
Rule5: ; 0B4H

5

15
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; DE ji=j+l

DW LDA, 0007AH

DW  WAD, 0006CH
; DI “afj]":=alj]

DW LMA, 00076H

DW LDM, 0

DW WAD, 00070H
5 DI “alj+1]":=a[j+1]

DW LMA, 00078H

DW LDM, 0

DW  WAD, 00072H
; Jump to next rule

DW JPI, 02H

DW NOP,0

END
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APPENDIX 3
BUBBLE SORT PALASM SOURCE CODE

$ADDRESS INPUT PINS {18)

Al A2 A3 A4 AS A6 A7 A8 A9 AlD All Al2 Al3 Al4 AlS

RDC WRLC WRHC ;READ, WRITE LOW BYTE, WRITE HIGH BYTE

:DATA INPUT PINS (18)

DIO DIl DI2 DI3 DI4 DI5 DI6 DI7? DI8 DIY9 DI10 DPI11 DI12 DI13 DI14 DIIS
GCLX - ZERO ;GLOBAL CLOCK, LOGICAL ZERO

;DATA OUTPUT PINS (17)

H Note that thesé data output pins are active low

DO0 DOl DD2 DO3 DO4 DOS DO6 DO7? DO8 DO9 DOID PO1l DO12 DO13 DO14 DOLS
;DAISY-CHAIN OUTPUT ENABLE

DOEIN ;DATA OUTPUT ENABLE (ACTIVE HIGH) FROM PREVIOUS CHIP

DOE ;DATA OUTPUT ENABLE (ACTIVE HIGH) TO NEXT CHIP

EQUATIONS
;scompute condition stub €2 = (k = 1 )
e 03 ne0 1 =
{{reg_O6E 0):+:(/(reg_06E_0*/reg 06E_U0)))+{(reg_06E_l):+:{reg_06E_l*/reg 06E_1))
e 03 ne2 =
(Treg_D6E_2) :+: (reg O6E_2*/reg_O6E_2})+((reg_06E_3):+:(reg_06E_3~/reg_06E_3))
e 03 ned § = -
((E§g~DGET4):+:[reg_OGE_4*/reg_06E_4))4((reg_DGE_5):+:(teg_DGE_S'/teg_OGE_S))
e neé =
({reg_D6E_6) :+: (reg_OS6E 6*/req O6E_6))+((reg_O6E_7):+:(reg_U6E_7*/reg_CEC_7))
e 03 0 = "/(e_03_nel_1+€_03_ne2_3+e_03_ned_5+e_03_neé_7)
€2 ="e 030 ~ ~— ~ -
;compute condition stub €3 = (j = k }
e 05 ne0 1 = ((reg_06C_0):+:(reg_O6E_0))+((reg_06C_1):+:(reg_U6E_1))
e 05 ne2 3 = ((reg”06C"2):+:(reg 06E_2))+((reg_06C_3):+:(reg_06E_3))
e 05 ned 5 = ({reg D6C_4):4:(reg _O6E_4))+({req_06C_5):+:(req_06E_5))
e 05 ne6 7 = ((reg 06C_6):4:(reg 06E_6))+({reg 06C_7):+:(reg DEE_7))
e 05 0 = /(e 05 _nel_l+4e 05_ne2 3¥e 05_ne4_S+e_05_neé_7)
scompute condition stub C4 = {™a[3]" > ma{j+1]" )
e 07¢c2 =
(re$‘070_1)*/(reg_072_1)+(lzeg_070_1)+/(reg_072_l})‘(lreg_070_0)‘/(reg_372_9))
e 07c4 2 0 =
(?83_070:3)*/(reg_072_3)+({req_070_3)+/(reg_072_3))‘((reg_c70_2)'/(reg_072_2)l
e cd 21 =
‘E°?-272:3’ */(reg_072_3)+{{reg_070_3)+/(reg_072_3})*{(reg_C70_2)+/(reg_072_2))
e _07¢ 0 =
(?eg__'OVDZS) */(reg 072 _5)+({reg_070_5)+/(reg_072_5))*{(reg_070_4)=/(reg_C72_4))
e 07c6 471 =
(Teg _070_5)*/ (reg 072_5)+((reg_070_5)+/(reg_C72_5))*{{reg 070 _4)+/(reg 072 4))
e 07¢6 = e _07c6_{ 0+e_07c6_4_T*(e_Dics_2_O+e_07¢4_2 lte 07c2) T
e 07c8_6 0 = - -7
“8?—370-;' */(reg_072_7)+((reg_070_7)+/(reg_072_7))*({reg_070_€)*/(reg_072 €))
e c8_6 -
(reg_070_7)*/(reg 072 _7)+((reg_070 7}+/(reg_072 7)) *{{reg 0703_6)+/(reg_072_6))
e 07 0 =" (e _07¢c8_6_O+e_07cB_6_1*e 07cé) - - - -
c? =" e D7D - -c -
s8Rule bits from L0, L1, C2, €3, C4
Rulel « /L1*/L0 ;Starting at Microprogram Address 004
Rule2 = /L1*LO®*C2 ;Starting at Microprogram Address 83C
Rule3 = /L1*L0*/C2*C3 ;Starting at Microprogram Address 044
Ruled = /L1*L0*/C2*/C3*C4 ;Starting at Microprogram Address 074
Rule5 = /L1*LD*/C2%/C3*/C4 ;Starting at Microprogram Address O0BZ

= Rulel + Rule2 + Rule3 + Rule4 + Ruled

= Rule2
rule_4 = Rule2 + Ruled + Rule5

= Rule2 + Ruled + Rule5

= Rule3 + Rule4

= Rule5

27
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;compute action stub expression: k ~ 1
s 08 _z := reg_06E_0*/reg Q6E O ;define zero

3_09_z.clkf = wrlc

5_ 09 0 = /{(reg_O06E_0):+:/(/s_09_z})

s 09 1 =

((reg OGE _1):+:/(s_09_z)):+:((reg_06E_0)*/(/s_09_z)+({reg_O06E_O0)+/(/s_09_z)))

s_09

(7:09 OSE 1)*/(s_09_z))+{{reg_06E_1)+/{s_09_z))*{(reg_06E_0)*/(/s_09_z)+{(reg_O06E_0)
+/1/8°09_z)))

s 09 7 = {(reg_O6E_2):+:/(s_09 z)):+:3_0%c2

$09 3 =

{Treg 06E 3):+:/(x 09 z)): +:{{reg 06E_2)*/(s 09 z)+({reg O6E_2)+/(s_09_z))*s_09c2)
s 09c¥ 2 U = ((reg 06E 3)*/(s_09 z))+((reg OBE 3)+/(s 09 2))*({reg DEE_2)*/(5_09 z))
s _09c4" 271 = ((reg 06E_3)*/{s_09_z))+((reg 06E_3)+/(s_09 z))*({reg 06E_ _2)+/(s_09"z))
s 09 4 = ({reg_O6E 4):+:/(s_03 z))s:+:(s_09c4_2 O+s _09cd_7 1v*s 09c2)

5_0935 4 0 = (Teg _U6E_5):+:7(s_09 _z):+:T(reg OBE_4)*/(s 03 z}}

s 09s5_4"1 = (reg O6E_5):+:/(s_09_z):+:{(reg _06E_4)+/{s_09 z))

s_09 5 =

s_0985_4_0¢/(s_09c4_2 O+s_09cd 2 _1*s 09c2)+s_09s5 4_1*(s_09c4_2 O+s 09c4_2_l*s 09c2)
s_09c6 4 0 = ([reg_O6E_5)¥/(s_0d z)+((reg 06E_5)+/{s_09_z7) *((reg_06E_4)*7 (3_09"2))

s _09¢ch . 4 1l = (req O6E 5)"/(: 09" z)+((req 06E_ 5)*/(: 09~ zn*([reg DEE 4)+/(s 09 _2))
s_09¢c6 = s _09cé 4 0+s 09c6_4 1*(s _09c4 2 O+s 09c4_2_1*s 09c2)

s P9 6 = (Teg OBE_6):¥:/({s 0% _z}:*+:s_03cé

s 097 =

(reg_06E_7):+:/(s_09 z):+:((reg_O06E _€)*/(s_03%_z)+({reg 06E_€)+/(s_09_z))*s _09cé)
;compute address of array element: a [ j

a_0B_0 = reg 06C_0*/reg 06C_0

a_0B_1 = reg_06c_0
a 0B_2 = reg_06C_1
a_0B_3 = reg_06éC 2
a_0B_4 = reg 06C_3
a 0BS5S = req 06C_14
a_0B"6 = reg_06C_5
a_0B_7 = reg 06C_6
a_0B_8 = reg 06C_7

a_00_z := a_OB 0*/a_OB_0 :define zero
a_0D"z.clkf = wrlc
aODO-(aODz)+(aOBD)

a_0D"1 = ({7a_OD_z):+:(a OB _1)):+:((a_OD_z)*(a_0B 0))

a_0Dc2 = ((/a_0D”z)*(a_0OB 1T)+(c/a 0D_2)*(a_08_1))*((a_0D_z)~{a_3B_0))

a_0D_2 ~ ((/a_0D z):+:Ta_0B _2)) :+:a_00c2

2 _0D_3 = ((a_OD_z):+:(a_0B 3)):+ :((/a 0D_z}*ta 0B_2)+({/a_0D_z)+(a_0B_2))~a_0Dc2)
a_0Dc4_2 0 ="{{a_0D_z)*{a_DB 3})+{(a_0OD_z)+(a_ 0B _3))*{(/a 0D z)*{a 0B 2)}
a_0Dca_ 2__1 = {{a_OD_z)*(a_OB 3)}+((a 0D z)+(a_0B_3))*((/a_0D_z)+{fa _OB_2))

a_0D_4" = ({ _0D_z):¥:{a_0B_47)) :+:(a_0ODcd_2_O+a_ODcd 2 l*a —ope2)

2_0DsS_4_ 0 =" (a_0D_z):+:(a_0B_5):+:((a_00_z)*(a_0B %)}

a”0Ds5_4"1 = (a 0D_z):+:{a_OB_5):+:{(a_0D_z)+(a_OB_4))
a_ 0D 5 =
a_0Ds5 4 _0*/{a_0Dc4_2 O+a_ODcd4_2_1*a_0ODc2)+a_0Ds5 4 1*{a ODc4 2 O+a UDc4 2_1*a_0Dc2)
a0Dc6 470 = (a_ODB_ 2)*(a DB _5)+({a_0D_z)+(a_0B_5)71*((a_0D_z)*{a 0B_4})
a_0Dc6_ 4 1 = (a OD z)*{a OB 5)+({a 0D z)+(a OB S))*((a OD z)+(a_ GB 4))
a_0Dc6 = a_0Dc6_4_O+a_0Dc6_4_3*(a Ubcd_2_0+a_0Dc4_2_1*a_0Dc2)
a_0D_6 = (a_0D_z):+:(a_OB_B)i+:a _ODcé ~
a_0D_7 = (a_0D_z):+: {a 0B 7):+:({a OD _z)*(a_0B_6)+((a_0D_z)+{a_OB_6))*a_CDch)
0 = (a_0OD z)'(a UB 1)+ ({a_ ~oD” _z)+(a_ ~0B 7))*((3 oF z)*(a 0B 6))
a_0Dc8 ™ 6 1 = (a Ll R _z)*(a OB 7)+(ta 0D z)+(a OB™ 7))~ ({a 0D~ z)+(a_ GB 8))
a. OD 8 = (a 0D z): +:(a_| 0B 8Y:+: {a_| ODCB 6_ O+a ODCB 6_ l'a tbecé)
compute address of array element: a [ § + 1]
s O0F_z := reg_06C_0*/reg_06C_0 ;define zera
s_O0F_z.clkf ="wrlc
s_OF_0 = (reg 06C 0):+:{/s OF_z)
_1 = ((reg 06C_1):+:(s_OF z)):+:{{reg_06C_0)*(/s OF_2))
s_OFc2 = ({reg_06C_1)*(s_OF z})+{(reg_06C_1)+{s_OF _2Z))*({reg_06C_0)* (/s _0F _z))
= ({reg 06C_2):+:7s OF_z)):+:s OFcZ
s OF 3 =
((reg 06C 3):+:(s_OF_z)):+: ({reg_06C_2)*(s_OF_z2)+((reg_06C_2)+{s OF z))~s OFCZ)
s_0FcT_2 U = ((reg_06C _3)*(s_OF "2)) +{(reg_06C_3)+(s_OF_z))* ((reg_06C_2)~(s_OF z))
s_0Fcd" 271 = ({reg_06C_3)* (s OF_ z))+((reg 06C_3)+(s_OF_2z))*((reg 06C_2)+(s OF_ _z})
_ = ({reg_06C T4y ¥ (s_ OF zH +:(s_| OFc4 2 0+s OFc4 2_1*5 GFc2)
CFs5_4_0 = (reg_U6C_5):+T(s_OF z):+:{{reg CBC_4Y*{s_OF z))
01-‘55_4_1 = (req 06C_ _S)i+: (s OF . _Z)3+: ((teq o6c” 4)+(s _OF_z))

aun
LU )
o
L]
-h-

]

S
U\
]

s _0Fs5 _4_0%/(s_OFc4 2 O+s OFcqd 2 1l*s 0Fc2)+s OFs5 4 1*(s OFc4 2 0O+s OFcqd 2 1l*s _OFc¢2)
s_0Fc6_ 4 0 = (reg 06C 5)*(5 oF z)+((req asec 3)+( OF z))"((reg 06c 4)"(5 oF 2))

s OFc6 4 1 = (reg_ —06C_ 5}*(5 OF z)+{(reg 06C_S)+(s OF z))*t(reg 06C 4)+(s [} _z))
s_QFc6 = s_OFc6_4 0+s_OFcé _4_1¥(s_OFc4_2_D+s_OFc4 2 I*s 0Fc2)

28
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21 _ 22
s__or_;: = {reg 06C_&) :+: (s OF_z):+:5_0OFcé
s_0OF -
(Teg 06C_7) :+: {s_OF_z) :+: ((reg_06C_6)*(s_OF_z)+((reg_06C_6)+(s_OF z))*s_OFcé)
a_0iT 0 = & OF _0%/s0OF_C :
a_01171 = '5_0F 0
a_01172 = 3 0F 1
a_011 3 = s _0F 2
e 0114 = s_OF 3
a 01175 « 5 _OF 4
2 01176 = 5 OF 5
a 011 7 =g OF &
a_0i178 = s_OF ?
a4 _013"r 2= a_0T1_0*/a 011 0  3define zero
a_013 z.clkf = wrlc
a 013 0 = {a 013 z):+:(a_011_0)
a 01371 = ((7a 013 z)s+:{a 011 1)):+:{(a_013 z)*{a 01l 0))
2701362 = {(/a 013 z)*(a_0T1 1T)+({/a_013_z)+(a_01T _1)7*((a_013_z)*(a_£11_0))
a_013 2 = ((/a 013 ¢):+:Ta_0T1_2)):+:a_013c2
a 01373 = '

(Ta 013 z):+:(a 011 3)):+:{(/a_013_z)*{a_011_2)+((/a_D13_z)+{a 011 2)}*a_013c2)
2 0T3c472 0 = ((a 013 z)*{a_0T1 _3))+((a_013 2)+(a_011_3))*((/a_013 z)*({a 011 2})
4 013c4™271 = ((a 0137 z)*(a 01173))+({a_ 013 z)+(a01173))>((/a 013 z)+(a 011 2})
a"013 4 = ((a_013 z):%:{(a_OY1 4F):+:(a_013cT 2 0+a _013c4_2 1*a_013c2)

a"01335 4 0 = (a_D13_z):+:{a_011_5):+:{(a_013 z)=(a_011 4)) -

a_013s5°471 = (a_013_z):+:{a_011_5):+:({a’013_z)+(a_011_4))

a 013 5= :

._‘_013’55)_4 0%/({a 013c4 2 O+a 013c4 2 1*a 013c2)+a_013s5_4_I*(a_013c4_2_0-a_013c4 2 I~
a~013c2Y ~ - - - - T

a4 013c6 4 0 = {a 013 z)*(a 011 5)+((a_013_z)+(a_011 _5))~((a_013 z}~{a D11 4)}

2 013c6 4"1 = (a 013 z)*(a 011 5)+{{a_013 2z}+(a_011 5))*((a_013 z}+(a D1 _4)}

a4 013c6 = a_013cE 4 U+a _013c6 4_1v(a D13c¢7_2. 0+a 013cd_2 1va_013c2)

a 013 6 = (2 013 Z)r+:(a_D11_B)T+:a_U13cé

a_ 01377 =

(a 013 z):+:(a 011 T):+:((a_DI3 _z)*(a_011 6)+{(a_013 z)+(a 011 6))*a_013cé)

2 013¢B 6 0 = (a 013 2)*(a D11 ) +((a_013 2)+(a_011 7)) *({a_013_z)*(a_011_6))
a"013cB™6 1 = {a 013 z)*(a 011 _7)+((a 013 _z)+(a 011 7}}1*((a_D13 2)+(a_021 6))
27013 B = {a_0137z):¥:(a_0T1 8V:+:({a_Dl3cE_6_0+4a_013c8_6_l*a _013cé)

;compute action stub expression: j§ + 1

s_015 z := reg_06C_0*/reg_06C_0D ;define zero

s_015 2.clkf = wrlc

s_ 0150 = (reg _06C_0):+:(/s_015 z)

8015 1 = ((reg 06C_1):+:(s_015_2)):+:((reg 06C_D)=(/s_C15_z})

5_015¢2 = ((reg_06C_1)*(s_0I5 zJ)+((reg_06C_1)1+{s_015_z))~{{reg_06C_O0)~(/s_015 21
8 015 2 = ((reg 06C_2):+:Ts_0I5_z)):+:s5_015¢2 :

s 015 3 =

(T§1 :Oﬁg_g) 14:({5_015_z}) :+: ((reg_06C_2)*(s_015_z)+{({reg _06C_2)+(s_D15_z))*s_015¢c2)
] c4 -

{Treg_08C_3)*{s_015_z) )+ ({reg_06C_3)+{s_015_z})*({reg _06C_2)*ts_015_z))

3 _015c4_2_1 =
(Treg_08C_3)*(s_015_z))+({reg_06C_3)+(s_015 z))*({reg_06C_2)+{s_015 z))

5_015"4 = ((reg 06C_4):+:(s_015 z)):+:(s_0I5c4 2 0+s 015cd 2_1+3_015¢2)

s"01555 4 0 = (reg_D6C_5):+3{s_015_z):+:T{reg U6C_4)¥(s_015_z))

‘8_01585_4_1 = {reg_06C_5):+:(s_015_z):+:{(reg D6C_4)+{s_015_z))

s 015 5 =

3:0153574__'0*/ {s_D15c4_2_O+s_015c4_2_1*s_015c2) +s_015s85_4_1*(s_015c4_2 O+s_D015c4_2 1~
s_015c2 ’

5_015c6_4_ 0 = (reg_06C_5)*{s_015_z)+{{reg D6C_5)+(s_015_z)}*{{reg _0&C_4)*(s_ 015 z)}
5_015c6 41 = (reg D6C_5)*{s 015_z)+((reg 06C 5)+(s 015 z}}*{{reg 0€C_4}+(s_015_z})
87015c6 = s_015¢6_4_0+5_015¢c6 _4_T*{s_015cd 2 D+s_015c4_Z_1*s_015c2) N
l_Olg_G = {Teg_06C_8):+I(s_015_z):+:3_015cE S
s_015_7 =
(Teg_D6C_7):+:(s_015_z):+:((reg_06C_6)*(s_015_z)+({reg_06C_61+(s_015_z))*s_Cl5cé)
;gnput Registers and Constants

L

t= DIO H lambda input bit 0
LO.CLKF = WRLC sWrite Clock
10.CE = sel 00 ;Clock Enable
Ll = DIl : lambda input bit 1
L1.CLKF = WRLC iWrite Clock
L1.CE = pel 00 ;Clock Enable
reg_06C 0O := DIO ; j input bit O
reg_06C_0.CLXF = WRLC iWrite Clock
reg_06C_O0.CE = gel 06C :Clock Enable
reg_06C_1 - = DI H 3 input bit 1
reg_06C_1.CLKF = WRLC sWrite Clock
reg 06C_1.CE = sel 06C jClock Enable
reg_06C_2 = DI2 : 4 dnput bit 2
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reg_06C_2.CIKF =
reg_ _06C. ' 2.CE -
reg _06C_3 =
reg 06C 3.CLKF =
teg_OGC 3.CE -

req_06C_4.CE -
req " 06C_S .
req_| _06C_5.CLKP =
reqg_| _06C”5.CE -
reg_06C_6 =
reg_06C_ 6.CLKF =
reg_| OGC 6.CE =
req_ —06C_7 U
reg_06C_7.CLKF =
reg_06C_7.CE =
reg_ “O06E 0 B
reg | _G6E O.CLKF =
reg_06E_0.CE =
reg_ " O6E 1 1=
reg_O06E_1.CLXF =
reg 06E_1.CE =
reqg 06E"2 H
reqg O06E_2.CLKF =
reg_O06E_2.CE =
reg Q6B 3 H
reg_0GE_3.CLKF =
req —06E_3.CE =
g_06E 4
reg _06E_ 4. CLKF =
reg Q6E 4.CE
reg_06E_S =
reg _06E_5.CLKF =
reg_06E_5.CE -
reg_06E_6 H
reg_06E_6.CLKF
reg OSE 6.CE
reg_ —O06E_ 7 H
reg_| —06E_7.CLKF
reg_| OGE 7.CE
req ~07070 :
reg 070 0.CLKF =
reg_070” _0.CE =
reg_ —070"1 t=
reg_| _070_1.CLKF =
reg_| 070 1.CE =
reg_ 070 2 1=
reg | 070" 2.CLKF =
req 070" 2.CE =
reg_| 07073 =
reg_070_ 3.CLKF =
req_ 070" _3.CE =
reg_| 070”4 tm
reg 070 4.CLKF =
reg 070 4.CE =
reg_| —070°5 i
reg 070 5.CLKF =
reg_070 5.CE =
reg 070" 6 =
reg 070  6.CLKF =
reg 070 6.CE
req_| T070”7
reg 070" 7.CLKF
reg_070_7.CE
reg_072°0
reqg_072_0.CLKF
reg_| 072 0.CE
reg 07271
reg 072" 1.CLKE
reg_| 072 1.CE
reg 07272 H
reg_ _07272.CLKF =

.

reg_ 072 2 CE =,

reg_ 072" 3 1=
reg_ 072 3.CLKF =

5,574,930

WRLC
sel 0

sel _06cC

sel 070
DIl
WRLC
sel 070
DI2
WRLC
sel 070
DI3™
WRLC
sel 070
DI4q
WRLC
sel 070
DIS
WRLC
sel 070
Dié
WRLC
sel 070
DI?
WRLC
sel 070
DIO
WRLC
sel 072
DIl
WRLC
sel 072
D12~
WRLC
sel 072
DI3 ™
WRLC

sWrite
:Clock
;Write
3Clock

.
’

sWrite
sClock
}urite
;Clock
sWrite
;Clock
Write
;Clock

7
¥rite
:Clock
;Write
:Clock
sWNrite
;Clock
’
;Write
;Clock
;Write
:Clock

H
;Write
iClock

r
;Write
;Clock
sWrite
;Clock
;Write
;Clock

;Rrite
;Clock

s
s

iWrite
iClock
;

sHArite
;Clock
iWrite
:Clock
jWrite
:Clock

’
;Write
;Clack

;Write
;Clock
;

sWrite
;Clock
;

JHrite
iClock
iWNrite
;Clock
;

;Write
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Cleck
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock

Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Cleck
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock
Enable

Clock

J input
j input
j input
j input
J input
k input
k input
k input
k input
k input
k input
k input
k input
"alj]”
“afil"
“alj]*
wa(y)»
“afj]"
“afj]=
"a(jl"
"afjl*
"afj+1]
“a[j+1]
ra[j+1]

"afj+l]
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bit 3
bit 4
bit §
bit 6
bit 7
bit b
bit 1
bit 2
bit 3
bit 4

bit S

bit 6

bit 7

input »it ©
input bit I
input bit 2
input bit 3
input bit 4
input bit 5
input bit 6
input bitc 7
" input bit
" input bit
* input bit

* input bit
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reg 072 3 CE = sel 072 ;Clock Enable

reg_072"4 := DI4™ H *a{4+1]" input bit 4
reqg 072 4.CLKF = WRLC iWrite Clock

reg_072_4.CE = sel 072 -jClock -Enable

reg_072"5 = DI5S™ : ®*a[§+1]" input bit 5
Teg 072 5.CLXF = WRLC sWrite Clock

rcq_O?Z-S,CE = sel 072 ;Clock Enable )
reg_072_6 1= DI6 : "a{5+1}" input bit 6
reg | 072 6.ClLKF = WRLC sWrite Clock

reg_| 072 6.CE = sel 072 ;Clock Enable

reg_072_ -7 e D17 3 ®a[j+1]* input bit 7
Teg [ 0727 7.CLKF = WRLC ;¥Write Tlock

reg_| 0727 _7.CE = sel 072 ;Clock Enable

;Output Multiplexers™

pOOtl = s 09 O*sel D74 + a_OD_O*sel 076 ; k-1, 8a(3]
poOt3 = a 013 O*se] 078 + 3_015 _O*sel 07A ; Bal(j+1], j+1
DODal = DOOt1 + DOOE3

DOC = /(/RDC*(DO0al))

pOitl = s 09 1*sel 074 + a_OD 1l*sel 076 ; k-1, 8al3j)
DOlt3 = a 013 1*sel 078 + 3_0I5_1*sel 07a ; @alj+l], 3+
DOlal = DO1tl + DO1L3

DOl = /(/RDC*(DOlal))

DO2t1 = rule 2*sel 02 + s_09_2*sel 074 ; €Rule, k-1
DO2t3 = a_ DD 2%sel 076 + a_013 _2%sel_078 ; @a[3], falj+1)
DO2t5 = s 015_2*sel 07A ; ~j+17

DO2al = DO2t1™ + DO2t3 + DO2tS

D02 = /(/RDC*(DO2al))

pO3tl = rule 3*sel 02 + s 09 3*sel 074 ; 8Rule, k-1 :
DO3t3 = a 0D 3*sel 076 + a_0I3 _3*sel 078 ; Raljl, Ba[j+l)
DO3t5 = s 015 32sel 07A ; 3417

DO3al = DO3t1™+ DO3ITI + DO3tS

D03 = /(/RDC*(DO3al))

DOdtl = rule_4*sel 02 + s_09 4*sel 074 ; @Rule,

DOAt3 = a_OD 4*sel 076 + a_0I3_4a*sel_078 ; Ea[j]. @a[j+l]
DO4tS = s_015_4*sel O07A ; ~3+17

DO4al = DO4tl + DO4t3 + DO4tS

D04 = /{/RDC*{D04al))

DOStl = rule S*sel 02 + s_09 5*sel 074 ; @Rule, k-1
DOS5t3 = a OD S5*sel 076 + a_013 S«sel_078 ; @aljl, €a[j+l]
pO5t5 = = 015 5*sel 07A ; ~3+17

DO5al = DOSt1™+ DOSt3 + DO5StS

DO5 = /{/RDC*{(D05al))

DO6tl = rule_6*sel 02 + s_09 6*sel 074 ; €Rule, k-1
DO6L3 = l._DD 6*sel 076 + a 013 6*sel 078 ; Raljl, €afizl]
DO6tS = s D15 6*sel O7A ; ~3+1°

DO6al = DO6t1™ + DO6E3 + DO6LS

DO6 = /{/RDC*{DO6al))

DO7tl = rule 7*se)l 02 + s 08 7*sel 074 ; #€Rule, k-1
DO7t3 = a_ DD 7*sel 076 + a_DI13_7*sel 078 ; Raljl. Ba[j+i]
DOTtS = s_015_7*sel 07A ; ~j+1°

DO7al = DO7tl™ + DO7t3 + DOTLS

DO7 = /(/RDC*(DO7al})

DO8t]l = a_OD_B*sel 076 + a_013_8*sel 078 ; @&a[jl, fa{5+1]
poSal = DO8tT

DO8 = /(/RDC*{(DOBal))

3Address Select Logic

sel 00 = ASXO*ASHOTASMO*ASLO ;Select for lambda input
sel” 02 = ASXU*ASHO*ASMO*ASL2 - :Select for 8Rule output
sel 06C = ASX0*ASHO*ASME*ASLC ;Select for j input

sel O6E = ASXO*ASHO*ASM6*ASLE :Select for k input
sel_070 ASXO*ASHO*ASM7*ASLO ;Select for "af{jl" input
sel 072 ASXO*ASHO*ASM7*ASL2 ;Select for %a[j+1]* input
ASXO*ASHO*ASM7*ASL4 ;Select for k-1 output
ASX0*ASHO*ASM7*ASL6E ;Se.ect for E€a[j] outputr
ASXO*ASHO*ASM7*ASLS ;Select for €afj+l) output
sel O7A = ASXO*ASHO*ASM7*ASLA ;Select for j+1 output
ASXT = /A12*/A13*/A14*/Al5 Highest &HO

"

o

[

(=)

-~

o
LI I B

ASHO = /AB*/A9*/A10*/All ; Righ &HO
ASMO = JAL*/AS5*/A6*/A7 ; Middle £HO
ASLO = /Al1*/A2%*/A3 ; Low &HOD
ASL2 = A1*/A2*%/A3 ; Low &H2
ASME = /A4*ASTAE*/AT7 ; Middle &H6
ASLC = JA1*A2*A3 ; Low EHC
ASLE = A1*A2*A3 ; Low &HE
ASM? = A4*AS*A6* /A7 ; Middle £H?
ASLA = fA1*A2*/A3 ; Low &H4
ASL6 = AL1*A2%/A3 ; Low &H6
ASLE = /Al*/AZ'AB s Low &HS8
ASLA = A1*/A2¥*A3 ; Low &HA

31
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What is claimed is:

1. A computer system comprising:

a central processing unit, including memory access cir-
cuitry for asserting memory addresses and for writing
and reading data to and from memory devices at
asserted memory addresses;

a functional memory coupled to the central processing
unit’s memory access circuitry, said functional memory
including random access memory circuitry connected
in parallel with field programmable gate array circuitry;

said field programmable gate array circuitry coupled to
said central processing unit so as to receive configura-
tion data for configuring said field programmable gate
array circuitry from said central processing unit, said
configuration data defining what memory addresses
said field programmable gate array circuitry will be
responsive to and what computation functions said field
programmable gate array circuitry will perform;

said field programmable gate array circuitry including
input registers for storing data received from said
central processing unit when said central processing
unit’s memory access circuitry asserts a first set of
memory addresses defined by said configuration data
and result output circuitry for communicating the
results computed by said field programmable gate array
circuitry, said result output circuitry outputting result
data to said central processing unit when said central
processing unit’s memory access circuitry asserts a

20

second set of memory addresses defined by said con- -

figuration data; and

said functional memory including access circuitry for
routing data signals from said central processing unit to
both said random access memory circuitry and said
field programmable gate array circuitry in parallel, and
for routing data signals from both said random access
memory circuitry and said field programmable gate
array circuitry to said central processing unit.
2. The computer system of claim 1 wherein said func-
tional memory includes a multiplexer for selectively receiv-
ing data from said field programmable gate array circuitry
and from said random access memory circuitry.
3. The computer system of claim 1 wherein said func-
tional memory includes logic circuitry for logically ORing
data output by said field programmable gate array circuitry
and data output by said random access memory circuitry.
4. The computer system of claim 1, wherein

said central processing unit and said field programmable
gate array circuitry are programmed to execute a deci-
sion table program;

said field programmable gate array circuitry is configured
to perform a plurality of computations that include a
computation for computing a program address to be
used in a program branching instruction to be executed
by said central processing unit, said field program-
mable gate array circuitry configured to output said
computed program address when said central process-
ing unit reads a first address in said functional memory;

said central processing unit is programmed (A) to load
into input registers in said field programmable gate
array circuitry data required as inputs for said plurality
of computations performed by said field programmable
gate array circuitry, (B) to retrieve said program
address computed by said field programmable gate
array circuitry by reading said first address in said
functional memory, and (C) to jump to said retrieved
program address.
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5. The computer system of claim 1, wherein

said central processing unit and said field programmable
gate array circuitry are programmed to execute a deci-
sion table program, said decision table program includ-
ing a plurality of condition stubs comprising conditions
capable of being evaluated as true/false based on speci-
fied input data, a set of condition entries for selecting
one of a plurality of rules based on evaluations of said
condition stubs, action entries comprising a plurality of
selectable computations and action stubs for selecting
one of said selectable computations to perform based
on which of said plurality of rules is selected;

said field programmable gate array circuitry is configured

to (A) execute said plurality of condition stubs simul-
taneously to produce a first set of results, (B) evaluate
said set of condition entries using said first set of results
used as inputs select one of said plurality of rules, (C)
based on said selected rule and said action entries,
selecting ones of said action entries, and (D) perform-
ing the computations corresponding to said selected
action entries;

at least one of said action entries comprises a computation

for computing a program address to be used in a
program branching instruction to be executed by said
central processing unit;

said central processing unit is programmed to (A) load

into input registers in said field programmable gate
array circuitry data required as inputs to said condition
stubs and said action entries programmed into said field
programmable gate array circuitry, (B) retrieve said
program address computed by said at least one action
entry, and (C) jump to said retrieved program address.

6. The computer system of claim 1, further including a
system data processor coupled to said central processing
unit;

said central processing unit comprising a minimal pro-

cessor having a plurality of internal registers including
a program counter register and at least one other
register, said minimal processor further including data
processing circuitry that executes only a reduced set of
instructions consisting essentially of data move instruc-
tions for moving data between said registers in said
minimal processor, said random access memory cir-
cuitry and said field programmable gate array circuitry,
at least one program branching instruction including a
program branching instruction for loading said pro-
gram counter in said minimal processor with an address
retrieved from said functional memory, and a program
halt instruction for halting instruction execution by said
minimal processor;

said minimal processor including circuitry for enabling

said system data processor to directly access said
random access memory circuitry and said field pro-
grammable gate array circuitry so that said system data
processor can load programs into said random access
memory circuitry for execution by said minimal pro-
cessor and can load configuration data into said field
addressable programmable gate array circuitry.

7. The computer system of claim 6, wherein said func-
tional memory is configured to operate as a spreadsheet
computer such that memory locations in said random access
memory circuitry and said input registers in said field
programmable gate array circuitry store data while memory
mapped locations in said field programmable gate array
circuitry output expression results computed by said field
programmable gate array circuitry as a function of data
stored in said input registers.
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8. The computer system of claim 6, wherein

said minimal processor and said field programmable gate
array circuitry are programmed to execute a decision
table program, said decision table program including a
plurality of condition stubs comprising conditions
capable of being evaluated as true/false based on speci-
fied input data, a set of condition entries for selecting
one of a plurality of rules based on evaluations of said
condition stubs, action entries comprising a plurality of
selectable computations and action stubs for selecting
one of said selectable computations to perform based
on which of said plurality of rules is selected;

said field programmable gate array circuitry is configured
to (A) execute said plurality of condition stubs simul-
taneously to produce a first set of results, (B) evaluate
said set of condition entries using said first set of results
used as inputs select one of said plurality of rules, (C)
based on said selected rule and said action entries,
selecting ones of said action entries, and (D) perform-
ing the computations corresponding to said selected
action entries;
at Jeast one of said action entries comprises a computation
for computing a program address to be used in a
program branching instruction to be executed by said
minimal processor;
said minimal processor is programmed to (A) load into
input registers in said field programmable gate array
circuitry data required as inputs to said condition stubs
and said action entries programmed into said field
programmable gate array circuitry, (B) retrieve said
program address computed by said at least one action
entry, and (C) jump to said retrieved program address.
9. The computer system of claim 1, said central process-
ing unit comprising a minimal processor further including
data processing circuitry that executes only a reduced set of
instructions consisting essentially of data move instructions
for moving data between said registers in said minimal
processor, said random access memory circuitry and said
field programmable gate array circuitry, at least one program
branching instruction including a program branching
instruction for loading said program counter in said minimal
processor with an address retrieved from said functional
memory, and a program halt instruction for halting instruc-
tion execution by said minimal processor.
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10. The computer system of claim 9, wherein said func-
tional memory is configured to operate as a spreadsheet
computer such that memory locations in said random access
memory circuitry and said input registers in said field
programmable gate array circuitry store data while memory
mapped locations in said field programmable gate array
circuitry output expression results computed by said field
programmable gate array circuitry as a function of data
stored in said input registers.

11. The computer system of claim 9, wherein

said minimal processor and said field programmable gate
array circuitry are programmed to execute a decision
table program, said decision table program including a
plurality of condition stubs comprising conditions
capable of being evaluated as true/false based on speci-
fied input data, a set of condition entries for selecting
one of a plurality of rules based on evaluations of said
condition stubs, action entries comprising a plurality of
selectable computations and action stubs for selecting
one of said selectable computations to perform based
on which of said plurality of rules is selected;

said field programmable gate array circuitry is configured
to (A) execute said plurality of condition stubs simul-
taneously to produce a first set of results, (B) evaluate
said set of condition entries using said first set of results
used as inputs select one of said plurality of rules, (C)
based on said selected rule and said action entries,
selecting ones of said action entries, and (D) perform-
ing the computations corresponding to said selected
action entries;

at least one of said action entries comprises a computation
for computing a program address to be used in a
program branching instruction to be executed by said
minimal processor;

said minimal processor is programmed to load into input
registers in said field programmable gate array circuitry
data required as inputs to said condition stubs and said
action entries programmed into said field program-
mable gate array circuitry and is programmed to
retrieve said program address computed by said at least
one action entry and to jump to said retrieved program
address.





