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processor includes four main registers each for holding
a parameter; a L or instruction latch register for decod
ing instructions and activating microprocessor opera
tion; an I or return index register for tracking returns; an
Nor next parameter register for operation with an arith
metic logic unit (ALU); and a T or top of parameter
stack register with an appended ALU. A return stack
port is connected to the I register and a parameter stack
port is connected to the N register circuit, each have
last in/first out (LIFO) memory stacks for reads and
writes to isolated independent memory islands that are
external to the microprocessor. The respective I, T and
N registers are connected in respective series by paired
bus connections for swapping parameters between adja
cent registers. A first split 16 bit multiplexer J/K con
trols the LIFO stack for the I and N registers on paired
8 bit address stacks; a second 16 bit multiplexer desig
nates the pointer to main memory with 65K addresses
and an adjoining 65K for data. This addressing multi
plexer receives selective input from a program counter
P, the return index register I, the top of the parameter
stack T and/or the instruction latch L. Movement to

ABSTRACT

subroutine is handled in a single cycle with returns
being handled at the end of any designated cycle. Asyn
chronous microprocessor operation is provided with
the address multiplexer being simultaneously set up
with an address to a future machine step, unloading
from memory of appropriate data or instruction for the
next machine step and asynchronously executing the
current machine step. A two-phase clock latches data as
valid on a rising edge and moves to a new memory
location on a falling edge. This two phase clock is given
a pulse width sufficient for all asynchronous cycles of
microprocessor operations to settle. The microproces
sor's assembler language is FORTH and the stack and
main memory port architecture uniquely complements
FORTH to produce a small (17,000 gates) fast (40 mips)
microprocess or operable on extant FORTH programs.
Provision is made for an additional G port which ena
bles the current operating state of the microprocesor to
be mapped, addressing of up to 21 bits as well as the
ability to operate the microprocessor in tandem with
similar microprocessors.

A language specific microprocessor for the computer
language known as FORTH is disclosed. The micro

12 Claims, 6 Drawing Sheets
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FORTH SPECIFIC LANGUAGE
MCROPROCESSOR

This is a continuation of application Ser. No.

06/673,694, filed Nov. 21, 1984, now abandoned.

BACKGROUND OF THE INVENTION

This invention relates to a microprocessor and specif.
ically to a microprocessor architecture designed to
asynchronously execute assembly instructions, one in

O

struction per clock cycle. The microprocessor architec
ture and assembly instructions are specifically designed
to facilitate use of the language known as FORTH.
SUMMARY OF THE PRIOR ART

Computer architecture, including integrated circuit
microprocessors, have heretofore been designed with
little reference to the programming languages that are
ultimately used to operate and control them. To the
contrary, prior microprocessor or design goals have
been to make the architecture of the microprocessor
capable of running practically any type of programming
language.
The interface between what might be termed a high
level programming language, such as COBOL, BASIC,

s

20

PASCAL, and FORTH, to name a few, and machine

code (the "ones' and "zeros' which are actually ap
plied to the microprocessor) is often the assembly lan
guage. Programs written in assembly language have the 30
advantage of often being very fast, efficient, and com
pact (i.e., the number of machine language instructions
used to perform a specific operation is much less than
other types of programming). However, programming
in assembly language is a tedious, exact, and demanding 35
chore-even for those skilled in such a language. The
programmer must often have intimate knowledge of the
architecture of the device being programmed-be it
computer or microprocessor.
Further, as indicated earlier, the architecture of prior
microprocessors has been developed with an eye
toward performing as many different tasks or opera
tions as possible; that is, it is often a design goal in mi
croprocessor development to make the microprocessor
as "general purpose" as possible. This design goal is 45
usually implemented by incorporating in the design a
variety of registers, latches, and other memory elements
whose content is often used to qualify, direct, or cause,
present or subsequent microprocessor operation.
Such a design approach tends to dictate synchronous
operation, requiring multiple (clocked) steps per in
struction execution, and some form of internal micro

code. Once the micro-code design is fixed into the mi
croprocessor architecture, it usually cannot be changed
without a great deal of difficulty. In addition, this com
plexity of design places a burden on the programmer:
The assembly language programming dictated by the
design now requires, in addition to knowledge of the
architecture itself, a continuing awareness of the con
tent of such registers, etc., when certain instructions are
to be executed. One must also have knowledge of what
certain registers, latches, etc., contain before other in

55

structions are to be executed to obtain the results de

sired.

Moreover, the assembly language used with such
integrated microprocessors can be extremely arbitrary,
and as such does not provide a relatively easy to learn
logical connection that higher-level programming lan

65
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guages typically provide programmers. Further, where
mistakes are present in an assembly language program,
they are extremely difficult to locate and correct. This
difficulty arises from the lack of any logical relation of
the assembly language to any computer language. Logi
cal connections between successive assembly language
steps are not apparent.
The FORTH implementations on most computers
have an additional difficulty. The memory of the com
puters must be used in three discrete sections. These
discrete sections are at least the return stack, the param
eter stack, and the main memory. While efforts are
made to restrict the specific memory areas, it is common
in the FORTH language to cause loops and other over
flows to any of the three discrete sections. Overflow to
any one section typically writes over the remaining
sections of the computer memory. Such overwrites
cause memory to be obliterated and the entirety of the
computer to "crash'. This latter phenomenon causes
the information in the computer to be largely useless
and usually requires reloading of the entire operating
system. Furthermore, it is only with difficulty that the
causes of such "crashes' can be precisely located. Typi
cally, the overflow to main memory obliterates or ren
ders inaccessible the programming error which caused
the overflow in the first place.
SUMMARY OF THE INVENTION

Accordingly, the present invention discloses a micro
processor architecture specifically designed and con
structed to operate in response to an assembly language
that is substantially identical to the higher-level
FORTH programming language.
Generally, the microprocessor architecture of the
present invention is provided with at least three sepa

rate, independent input/output ports for communicat

ing data words between the microprocessor and exter
nal data elements, one of which can be a memory ele
ment for storing instruction words as well as data. A
first of the three input/output ports is adapted to be
connected to receive instructions. The other two input
Moutput ports are coupled to one another by a two-way
data path that includes an arithmetic-logic unit (ALU)
for performing a variety of arithmetic and logic opera
tions on data that passes therethrough. The two-way
data path allows one of the input/output ports to re
ceive unprocessed data synchronously with receipt of
instructions (received at the first port), and pass that
data through the ALU to present it, as processed data,
at the other input/output port coupled to the ALU.
In the preferred embodiment of the invention a pair
of data registers each respectively coupled one of the
input/output ports to the ALU in a manner that estab
lishes that aforementioned two-way communication,
and each of the input/output ports is coupled to an
independent, external memory element, forming a pair
of Last In, First Out (LIFO) data stacks for storing a
number of sequentially ordered data words. A program
counter generates address information that is supplied
to a third (main) memory in which are stored micro
processor instructions and data; an address multiplexer

selectively communicates the content of the program
counter, or the content of certain internal registers of
the microprocessor, to an address bus that interconnects
the address bus and the main memory. An instruction
decode unit receives and decodes instructions accessed
from the main memory to provide therefrom the neces
sary control signals that, via a variety of multiplexing
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4.
any such last instruction to the return or predetermined

3
schemes, "pipe" information to desired registers and
latches and effect loading of those registers and latches,
as dictated by the decoded instruction.

state.

The preferred embodiment of the present invention

further includes logic that interconnects the registers
and the ALU in a manner that permits one-cycle infor
mation "swaps” between any one of the registers and an
internal register of the ALU. This feature, together
with the two-way data path through the ALU between
a pair of input/output data ports, provide a micro
processor architecture uniquely adapted to the design
of an assembly language containing the structure and
operating characteristics of the FORTH programming
language.
Finally, the preferred embodiment of the invention
includes addressing circuitry coupled to the external
memory elements forming the LIFO stacks of the sys
tem in which the microprocessor is used. This address
ing circuitry maintain the addresses ("pointers') of (1)

the memory locations at which the last data element
written to the memory element and (2) the next avail
able memory location at which the next memory ele
ment is written. These pointers are automatically incre
mented or decremented when data is written to (i.e.,
"pushed into") or read from ("popped') the stacks,
thereby maintaining stack structure without direct in

O

15

25

tervention of the microprocessor itself.
The stack structure, a concept basic to the structure
and operation of FORTH, is utilized extensively by
FORTH programming to store "return" from subrou 30
tine addresses. FORTH is often referred to as a "build
ing-block" language; using standard FORTH vocabu
lary words ("primitives"), metawords, meta
metawords, and so on, can be built. Implementation of
this (as well as other) concepts require the formation of 35
extensive subroutine programs, many of which are
often deeply nested within other subroutines which, in
turn, are nested in yet other subroutines. Further, some

of these subroutines may even be recursive. In order to
be able to return to a point of initiation of a subroutine 40
or subroutines, a return address, usually the address of
the memory location containing the next instruction
following in succession that which called the subrou
tine, must be stored. Often, therefore, and particularly

in the case of deeply nested subroutines, a successive list
of return addresses must be maintained in order to pro
vide a return path. This list is uniquely fitted for storage
in one of the LIFO stacks of the system capable of being
implemented by the microprocessor of the present in
vention and an external memory element. Subroutine
calls effect an automatic push onto a return stack of the
necessary Teturn address.

To complement the aforementioned feature of auto

A number of advantages are obtained from the pres
disclosed architecture is structured so that the assembly
language developed therefore implements many of the
"primitives” (standard words) of the FORTH program
ming language. Execution of each primitive (in some
cases multiple primitives) requires only one machine
cycle; an exception is certain data transfer instructions
(fetch and store) which operate in two machine cycles.
This allows for compact object code for a given appli
cation, and also provides extremely fast execution of
that code. These advantages are realized, in part, from
the stack constructions and their interconnection with
the ALU. The FORTH programming language typi
cally operates from two stacks: A first stack stores pa
rameters which are to be arithmetically and/or logi
cally combined or otherwise manipulated, and a second
stack typically used for storing the return address
es-described above. The microprocessor architecture
permits use of the stacks by the ALU, permitting
greater flexibility by permitting data manipulations to
be performed and stored with incredible speed. The
requirement of accessing main memory for data storage
ent invention. First and foremost is the fact that the

45

is reduced automatically.
The ALU includes a register that is used as an output
buffer (and, in some cases, also function as an accumula

tor). The microprocessor of the present invention uti
lizes this register as the top of one of the aforementioned
LIFO stacks (the "parameter' stack). The next location
of the stack is also implemented via a register, and the
following locations of the stack are found in one of the
external memories. The two. registers are intercon
nected so that "SWAPS" can be performed between
them; that is, the content of each register is transferred
to the other register simultaneous with a reverse trans
fer, thereby implementing the FORTH"SWAP" primi
tive. The other stack also has an internal register of the
microprocessor coupled to the accumulator of the ALU
in a manner that provides this same swap capability.
In addition to receiving a corresponding one of the
two aforementioned stacks, the ALU operand inputs
are also structured to selectively receive many of the
other internal registers of the microprocessor, and
thereby perform arithmetic-logic operations on the
content,

OTHER OBJECTS, FEATURES AND
SO

ADVANTAGES

An object of this invention is to disclose a micro
processor architecture designed specifically to accom
modate the FORTH computer language. Accordingly,
a microprocessor with four main registers, three main
addressing multiplexers, and four input/output ports is
disclosed. The registers are each designed to hold a
parameter and include a decode register L for operating
the microprocessor and a central register T with an
appended arithmetic logic unit. The arithmetic logic
unit (ALU) connects to a parameter stack through a
next parameter register circuit N, and connects to a
return stack through an index register circuit I. These
connections are made along paths permitting simulta
neous swaps of parameters between the T register and
the land N register circuits, for stack pushes and pops
to the respective LIFO return memory stacks and
LIFO next parameter memory stacks. These latter

matically maintaining a list of return addresses in a
"return stack' is the reservation of a specific bit position 55
of the machine language instruction designed for the
present invention for use in effecting a return operation
without specific memory (or other) manipulation. Ac
cording to this aspect of the invention, setting this spe
cific bit of the microprocessor instruction to a predeter
mined state automatically causes the last stored return
address to be used to address the main memory (in
which instructions are stored) and to "pop" the stack
for the next sequential instruction. This feature provides
an additional advantage: the last instructions of every 65
subroutine can be an operation (e.g., an arithmetic-logic
operation, data transfer, or the like) combined with a
subroutine return, merely by setting the "return bit" of stacks have simplified counters permitting automatic
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The further advantage is that the architecture posi
decrementing and data writing incrementing with ap
5

propriate data discharge from the stacks. Addressing of
main memory is permitted through a multiplexer which
accepts data from the instruction latch L (for absolute
jumps); data from the arithmetic logic unit in register T
(for fetches and stores of data to memory); data from
the index register I (for returns from subroutines); and

tioning of the microprocessor permits a single cycle
entry into subroutines, using a single bit (the most signif.
icant bit or MSB of the instruction) to define the jump

s

data from a program counter. These results a micro
processor whose assembly language instructions are
performed in one machine cycle with the exception of O
certain fetches and stores which require two cycles for
execution.
A further object of the disclosed microprocessor
architecture is to provide a service of at least three
isolated, separate and discrete memory islands: a main 5
program emory (typically 32K data and program in
structions, and 32K additional data) and the return stack
and parameter stack (each typically containing 256
addressable memory locations). These discrete memory
islands are fast, are served and can be used simulta
neously without sequential cycles.
A further advantage of discrete memory spaces is
that problems due to overflow can be at least isolated to
that discrete portion of memory where the error has
been caused to occur. Stack overflow will not invade 25
and overflow main memory. Moreover, where any
stack does overflow, there remains the last overflows to
provide a programming clue for debugging. Conse
quently, the programmer can list the main memory and
identify bugs causing stack and/or memory overflow, a 30
principle cause of FORTH crashes.
Yet another advantage of this invention is that both
the parameter stack and the return stack are available
for pop or push and the main memory accessible on a
simultaneous basis. Typically, only the speed of the 35
main memory is limiting-the parameter stack and the
return stacks are fast and typically do not limit memory
CCSS.
Yet an additional advantage of the discrete memory
with this microprocessor is that a 48-bit wide path to
commonly accessible memory is provided, which path
to memory can be three separate 16 bit wide paths, all
accessible simultaneously with microprocessor opera
tion.

instruction. In addition, all jump instructions include
the address to which the jump is made within the in
struction itself. Further, the microprocessor architec
ture permits the jump to be made simultaneous with
saving of a return address. An end of cycle instruction
is all that is required to do a return from subroutine. A
discrete cycle of the microprocessor is not required for

a subroutine return.

A further advantage of this invention is to disclose an
addressing multiplexer to a main memory which is
readily capable of input from a number of internal regis
ters of the microprocessor. According to this aspect, the
addressing multiplexer A includes a direct path from
instruction latch L for absolute jump, a write and read
path to a programming counter P for storing or reading
the next program or subroutine step to be executed, a
direct path from the indexing register I for placing the
next return to the addressing multiplexer, and a direct
path from the T register to the addressing multiplexer
for two cycle fetches and stores of data from main mem
ory. There results a microprocessor which in a single
cycle can set-up the memory location for a future step,
latch a memory instruction from main memory for the
next step while executing instructions of a current step
on an asynchronous basis. Consequently overlap in the
execution of microprocessor operation is provided to
increase speed.
A further object of this invention is to provide a
single cycle jump to subroutine with an accompanying

push of the return stack. Accordingly, the program

counter P writes its incremented count directly to the
return stack in a push. Simultaneously, the address mul
tiplexer receives the next instructed routine direct from
the instruction latch L. Since cycle subroutine entry is
achieved.

Yet another advantage of the disclosed I or indexing
register with the Tregister is that looping, an extremely
common technique in the FORTH and other languages,
can occur under control of this register to approxi
mately 65,536 times. Instructions may be repeated.
Moreover, stores and fetches to memory can be
streamed using a count in the I register and sequences of
data, for example a stream of data stored in the next
parameter LIFO memory stack; discrete addressing of
each data entry is not required.
Yet another object of this invention is to include a
microprocessor whose assembler language is directly
analogous to and understandable in terms of FORTH.
An advantage of an assembler directly analogous to
FORTH is that more than 1,000 man years of programs
in FORTH for the public domain are readily available
for adaptation to this microprocessor. In short, the mi
croprocessor may be readily programmed with extant

Yet another advantage of this invention is that the 45
ALU contained within the T register is effectively de
coupled from main memory. This arithmetic logic unit
runs from parameters on the nearby and N registers,
thereby assuring high speed asynchronous operation.
Yet another advantage of the microprocessor archi SO
tecture is the memory paths to main memory and the
stacks are always active. Shifts in sequential cycles to
differing portions of the main memory, return stack, and
parameter stack in sequence are not required.
A further object of this invention is to disclose a 55
microprocessor in which so-called "swapping" paths
permit the exchange of data between registers. The
index register I, the ALU register T and the next param programs.
A further advantage of this invention is that many
eter register N are interconnected to permit swapping
of data from the Tregister to either the I or N registers. other existent program languages can be implemented
Execution of the FORTH primitives is expedited and in in terms of the FORTH program language.
Yet another advantage of the architecture is that the
most cases, confined to a single cycle.
An advantage of the registers and their swap path is computer language FORTH has been designed first and
that the execution of instructions on the microprocessor the architecture of the disclosed microprocessor de
is essentially asynchronous. Operations can go on be 65 signed second and conformed to the language known as
tween discrete registers on the microprocessor simulta FORTH. Consequently, the architecture flowing from
neously and are not required to be cycled sequentially in software design results in a vastly simplified rapidly
cycling microprocessor.
discrete cycles.
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Yet another advantage of the assembler being analo
gous to the FORTH language is that programming in
assembler is vastly simplified. This simplification occurs
with respect to the level of programming skill required,

the time required for programming, and the amount of

8

parameter (S) stacks used by the microprocessor of
FIG. 1;

FIG. 9 illustrates, in block diagram, the arithmetic

5

complexity of the program itself. Consequently provid
ing the microprocessor with an "operating system' can
be done with about 1/10 of the time and effort required

logic unit (ALU) of the microprocessor of FIG. 1;
FIGS. 10A and 10B illustrate in greater detail, and in
block diagram form, multiplexer output portions of the
ALU shown in FIGS. 1 and 9;
FIGS. 11A and 11B are timing diagrams of the

CLOCK pulse used to operate the microprocessor of

with traditional assemblers. Moreover, since the assem

bler language carries with it the words of FORTH, a O
programmer in reading the listings can follow the logic
of the FORTHlanguage to debug or locate errors in the
operating system. Consequently debugging time and
effort is vastly reduced.
A further advantage of this microprocessor is an s
operation code which includes a 5-bit short literal at the
end of the FORTH primitive instructions. Such short
literals can be used for adjustable incrementing and
decrementing of registers, especially the T register
within the microprocessor. For example, incrementing
and decrementing is adjustable with each cycle in a
range of 0 to 31. Moreover, the bottom 32 positions of
memory can provide faster fetches and stores of com
monly used data.
Yet another object of this microprocessor is to dis 25
close a microprocessor architecture in cooperation with
the return stack that permits a FORTH dictionary to be
lodged having subroutine threaded code. Specifically, a
dictionary design is set forth having the word, a link to 30
the next word, and thereafter the series of subroutines to

be run to execute the word. No longer is indirect ad
dress threading required where the indirect address of
the address of a word or subroutine is utilized. This

FIG. 1; and

FIG. 12 is an illustration of additional internal regis
ters of the microprocessor of FIG. 1.
DESCRIPTION OF THE PREFERRED
EMBODIMENT

General Description
Turning now to the Figures, and specifically FIG. 1,

there is illustrated in block diagram form, and desig
nated with the reference numeral 10, the microproces
sor of the present invention. As shown, the micro

processor includes a program counter P for generating

addresses that are communicated, via an address multi

plexer A, output terminals 15, and an address bus A

BUS, to a main memory 12, AS addresses are generated
and applied to the main memory 12, instructions, and
data words as the case may be, are accessed and coupled

to a main memory port M of the microprocessor 10 by
a DATABUS that interconnects the microprocessor 10
with the main memory 12 at I/O terminals 13. Instruc
tions are passed by the main memory port M to an
instruction latch L (FIG. 3) contained in an instruction
decode unit 14 of the microprocessor 10, and held for
decoding.
Instructions that are decoded by the instruction de

function directly cooperates with the return stack and 35
code unit 14 cause activation of one or more of a num
provides increased speed of execution.
a
. . e.
An advantage of the dictionary structure is that it is ber of internal gating and command signals that are
faster by at least a full cycle in executing each word dispersed throughout the internal circuitry of the mi

croprocessor 10 to direct information flow and informa
tion manipulation within and by the microprocessor.

contained within a FORTH word definition.

Yet another advantage of this invention is to disclose
loops and jumps contained wholly within a single in
struction. According to this aspect of the invention,
jumps include a 12 bit address capable of jumping
within an 4K memory "page'. A single machine cycle is
all that is required for such loop and jump addressing.
Other objects, features, and advantages of this inven
tion will become more apparent after referring to the
following specification and attached drawings in which:

45

struction decode unit. Instructions are latched in the

instruction decode unit 14 on each rising edge 18 (FIG.
11A) of the CLOCK signal, and the latched instruction
is decoded during each HIGH state of that signal; in
struction decoding is preferably complete by each fall
ing edge 20 of the CLOCK signal. Accordingly, prior
to each successive rising edge 18 of the CLOCK signal

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified block diagram of the micro
processor of the present invention, illustrating generally
the overall information flow of this invention;

FIG. 2 is a map of main memory used within this

invention;
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FIG. 3 is a block diagram of the instruction decode
unit of FIG. 1, illustrating that unit in greater detail;
FIG. 4 is a block diagram of the address multiplexer

and program counter of microprocessor of FIG. 1;
FIG. 5 is a block diagram of the I (Return/Index)
register circuit of the microprocessor of FIG. 1;
FIG. 6 is a block diagram of the N (Next Parameter)
register of the microprocessor of FIG. 1;
FIG. 7 illustrates, in block diagram form, the main
memory port of microprocessor FIG. 1;
FIG. 8 is a block diagram of one (J) of the stack

pointers (J/K) that provide addressing for the external
memory units that are used to form the return (R) and

The microprocessor 10 also receives an externally
generated CLOCK signal, illustrated in FIGS. 11A and
11.B. From this CLOCK signal is generated an internal
clock (CLK) signal that is used to perform various
coding and latching operations that will be more fully
explained below. It is important at this point to recog
nize certain overlap operations performed by the in
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a determination has been made as to the memory loca
tion in the main memory 12 of the next sequential in
struction or data word (which, as will be seen, can be
obtained from several sources). After instruction de
code time is complete, the instruction is executed prior

to the next successive rising edge 18 of the CLOCK
signal. This allows an overlap of two basic microproces
sor operations: Address formation and instruction exe
cution.
These two independent operations take place during
each of the periods of the CLOCK signal: the address
for the next sequential instruction (or, in the case of data
fetches, the data) is formed, and the operation dictated
by the instruction is executed. Thus, at latch time T
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the microprocessor. 10 can be used for digital signal
processing under command of a FORTH language

(FIG. 12A) an instruction is latched in the instruction

decode unit, the location of which has been determined

program, wherein the I/O terminals 22 and 28 are
adapted to receive data streams indicative of the signals
to be processed.
Another important feature of the present invention,
particularly when viewed from the FORTH program
ming language, is the fact that the communicating paths
36, 37,38, and the G-BUS that respectively connect the
ALU to the N and I register circuits, the main memory
port M, and the I/O port 30 all provide simultaneous,
two-way data transfer, more commonly termed

by a previous instruction determination made concomi

tant with other instruction execution. Similarly, during
the time between latch time T and latch T1 another

address is formed, and applied to the A-BUS while the
instruction received at latch time T is being executed.
In addition to receiving and passing on to the instruc
tion decode unit 14 instructions words (and, in some
cases, addresses), the main memory port M selectively O
communicates data words to the next parameter register
N on a two-way data path 37, structured to permit a
simultaneous two-way transfer of data between the "swaps."
main memory port M and the N register circuit. The
INSTRUCTION DECODE UNIT
data received by the main memory port M from the N
Turning now to the circuit implementation of the
register circuit, as well as from an arithmetic logic unit
(ALU), can be selectively communicated to the main various elements of microprocessor 10 shown in FIG. 1,
FIG. 3 shows the instruction decode unit 14 in greater
memory 12 for storage.
The N register circuit, in addition to being connected detail. As illustrated, the instruction decode 14 includes
to the main memory port M, is also connected to the a 16-bit latch 50, an instruction decode circuit 52 and
ALU by a two-way data path 36, and to an input/output two input AND gates 54, 56, and 58. The 16-bit latch 50
(I/O) port 22. In turn, port 22 is preferably connected to receives at its data input a data word (M) from the main
an external parameter memory 24 by a 16-bit S-BUS. memory port M. The received data word (M) is latched
The N register circuit, together with the parameter along the rising edge of a CLK signal (derived from and
memory 24, form a LAST-IN-FIRST-OUT (LIFO) 25 essentially identical to the CLOCK signal received at
parameter stack S for storing a one dimensional array of input terminals 16 of the microprocessor 10) when the
sequential ordered data words. A similar LIFO stack, enabled clock EN-CLK signal from the instruction
termed the return stack R, is formed by a return/index decode circuit 52 is HIGH. The EN-CLK signal is
(I) register in conjunction with an external return mem usually in its HIGH state except when an instruction
ory 26. The return memory 26 connects to (16) input 30 dictating iterative operation is being executed. In that
output (I/O) terminals 28 of the microprocessor 10 (to case, depending upon the instruction (which will be
which the I register also is connected) by a sixteen line discussed more fully below), the EN-CLK signal may
R-BUS. The return memory 26, like the parameter be LOW for a number of CLOCK signals (and, there
memory 24, is operated, with the I register, to store data fore, CLK signals) to make it appear to the micro
words in a sequentially ordered, one-dimensional array 35 processor 10 as if an equal number (plus 2 as will be
or stack. Entry to the return stack R is via the I register. described) of identical instructions have been sequen
Entry to the parameter stack S can be through a "top tially received, latched, and decoded.
Instructions that are received and latched by the
parameter" register T (FIG. 9) via the N register cir
cuit, or through the N register circuit itself as will be 16-bit latch 50 are applied to the instruction decode
described more particularly below. Stack operation is 40 circuit 52, where they are decoded. The decoding per
maintained by stack pointers, J/K, that each (the J formed by the instruction decode circuit 52 generates
pointer and the K pointer) respectively produce address the necessary internal gating and command signals,
signals to the parameter memory 24 and return memory such as, for example, those listed in FIG. 3 (among
26. Operation of the parameter and return stacks S and others), to direct operation of the microprocessor 10,
R will be more fully described when the operation of 45 The instruction decode unit 14 also receives an INT
the stack pointers are discussed with respect to FIG. 8. signal, derived from the INTERRUPT signal received
Finally, the microprocessor 10 includes an input-out at the input terminal 18 of the microprocessor 10, and an
put PORT 30 comprising twenty-one individual input RST signal derived from the RESET signal received at
Moutput (IAO) terminals. Five of those terminals con the input terminal 20. The INT signal, when HIGH
nect to an X-BUS, and the remaining sixteen connect to causes the 16-bit latch 50 to be set to a predetermined
a B-BUS. These twenty-one I/O terminals are associ 16-bit instruction that, in turn, and after decoding,
ated with, and connected to, associated 5-bit and 16-bit causes an immediate jump to a memory location of the
registers, to provide an additional input/output capabil main memory 12 wherein is stored the coding for han
dling interrupt sequences. The RST signal forces the
ity.
Before continuing to a more detailed description of 55 content of the 16-bit latch 50 to, when decoded, cause
the individual elements that make up the microproces another jump to a memory location in the main memory
sor 10, a number of important features of the invention 12 wherein is stored the coding for a reset routine.
In addition to the 16-bit instruction from the latch 50,
the instruction decode circuit 52 also receives an I=

can be noted. First is the fact that the microprocessor 10

is capable of communicating with and using four dis
tinct, independent data paths to corresponding I/O
terminals 13, 22, 28, and the I/O port 30. While, in the
present invention, the main memory 12, parameter
memory 24 and return memory 26 are connected to the
microprocessor 10 in order to implement an architec
ture uniquely adapted to a specific programming lan
guage, i.e., FORTH, other connections to these termi
nals can be made to advantageously utilize the micro
processor 10 in different implementations. For example,

signal from the I register. As will be seen, the I register
at times will operate an index register to keep track of
the number of iterations performed in response to cer
tain instructions. The I= signal notifies the instruction
decode circuit 52 when the appropriate number of itera
65

tions has been reached so that the next instruction can

be accessed from the main memory 12.
The carry out (Co) T = signals are developed by the
ALU. The Co signal is indicative of overflow condi

11
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ENABLE signal selectively communicates the register
80 output I to the I/O terminals 28 when in one state,
i.e., HIGH; and disconnects the register from the I/O

tions or a negative result, while the T = signal is useful
to test for the completion of certain arithmetic opera
tions, as will be discussed below.

terminals 28 by placing the output of the tri-state buffer
86 in a high impedance state when LOW.

ADDRESS MULTIPLEXER AND PROGRAM
COUNTER

The I/O terminals 28 are also connected to a receiver

Turning now to FIG. 4, there is illustrated in greater
detail the address multiplexer A and program counter
P, shown in combined form to illustrate their interrela

tion. As shown, the address multiplexer A comprises a O
multiplex circuit 60. The program counter P of FIG. 1
comprises a program register 62, a 16-bit adder circuit
64 and a two input AND gate 66.
The multiplex circuit 60 has four, 16-bit, inputs, three
of which, 1, 2 and 3, respectively receive the latch 50 15
output, L, and output T) of a T register contained in
the ALU (FIG. 9), and the output (I) of the I register
(FIG. 5). In addition, the 16-bit input 4 of the multi
plexer 16 receives the output (P) of the program register
62. Selection between which of the 16-bit inputs is mul 20
tiplexed to the output of the multiplexer 60 is deter
mined by an A-CTL signal generated by the instruction
decode circuit 52 (FIG. 3) and received at the selection
SEL input of the multiplexer 60.
The selected input is passed by the multiplexer 60 to 25
operand input 64 of a 16-bit adder 64, as well as being
communicated to the A-BUS that connects the micro
processor 10 to the appropriate addressing circuitry of
the main memory 12 (FIG. 1). A second operand input
70 receives a hard-wired "-1". This arrangement al
lows the program register to always be loaded with a
value, incremented by 1. Thus, for sequential operation,

30

the multiplexer 60 will select the output (P) of the pro
gram register 62, reloading the program register 62 with

its prior content plus 1.
The program register 62 receives the output of the
AND and GATE 66 upon coincidence between the
CLK and P-EN signals. The latter signal is generated

35

by the instruction decode circuit 52.

when.

N-REGISTER CRCUIT

The detail of the N (next parameter) register circuit is
illustrated in FIG. 6. As shown, the N register circuit
includes a five (16-bit) input multiplex circuit 96, a regis
ter 98, and a AND gate 100. The multiplex circuit 96
receives at its (16-bit) inputs 1 and 2 the output (T) from
the Tregister of the ALU (FIG. 9), the output (M) from
the main memory port M (FIG. 7) at the (16-bit) inputs
3 and of the multiplexer 96 and receive the output of the
register 98-but in special fashion. As will be seen, the
register 98 can be configured by certain of the arithme
tic instructions as the lower sixteen bits of a 32-bit regis
terformed by register 98 and the Tregister of the ALU.
When so configured, the register combination is capable
of being shifted either left or right. When shifted left,
the lower sixteen bits receive, at the LSB position, the
CARRY signal generated by the ALU (FIG. 9); when
being shifted right the MSB of the register 98 receives
the LSB of the T register (T518). The feedback path
through the multiplexer 96 performs this shift opera
tion. Input 4 of the multiplexer 96, when selected, multi
plexes the low-order fifteen bits (i.e., LSB-MSB-1) of
the register 98 to the input of that register so that, when
loaded, the effect is a 1-bit shift left. At the same time,

REGISTER

In addition to the multiplexer circuit 60, the output
(P) of the program register 62 is also applied to the I
register, which is illustrated in greater detail in FIG. 5.
As shown, the I register includes a four input (each 45
16-bit) multiplex circuit 78, the output of which is ap
plied to the data inputs of a register 80. Selection of
which of the inputs 1-4 of the multiplex circuit 68 is
coupled to the register 80 is made by the I-CTL signal
received at the selection (SEL) input of the multi 50
plexer.
The 16-bit output I of the register 80 is coupled, via
a zero test circuit 82 to one (16-bit) operand input of a
16l-bit adder 84. The other operand input of the adder
84 receives a "-1". The combination of the register 80,
zero test circuit 82, and adder 84, together with the

circuit 88 that couple the I/O terminals 28 to an input of
the multiplexer circuit 78. The combination of the tri
state buffer 86 and receiver circuit 188 provide two
way communication between the register circuit and
the return memory 26 (FIG. 1) via the R-BUS.
The content of the register 80 is determined by vari
ous instructions. Accordingly, it is the I-CTL and I-LD
that determine what is placed in the register 80 and
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feedback path provided by the multiplexer circuit 78,
provide a technique whereby the content of the register

80 can be incrementally decreased (decremented), test
ing each decrement for zero. This allows the I register
circuit (i.e., register 80) to be used as an index register to
count a number of iterative steps of microprocessor
operation (such as, for example, during execution of
multiply instructions), and provides a means for testing
65
for an end to those iterative steps.
The output (I) of the register 80 is coupled to a tri
state buffer, and from there to the I/O terminals 28 that
connect the microprocessor 10 to the R-BUS. An R

the CARRY signal is combined with the fifteen output
lines from register 98 at the input 4 of the multiplexer 96
so that the LSB receives the CARRY signal. In similar
fashion, the high-order fifteen bits (MSB-LSB) are
combined with the LSB (T) of the output (T) at the
input 3 of the multiplexer 96 to effect a 1-bit right shift
of the content of the register 98, with the LSB of the
output T shifted into the MSB position.
Loading is effected by coincidence, at the two inputs
of the AND gate 100, between the CLK signal and the
control original N-LD signal produced by the instruc
tion decode circuit 52 (FIG. 3). Selection of which of
the multiplexer inputs 1-5 will be applied to the register
98 is effected by the control signal N-CTL also pro
duced by the instruction decode circuit 52.
The 16-bit output (N) of the N register circuit from
register 98 is coupled to the S-BUS by a tri-state device
99 when the control signal S-ENABLE is active. Data
may be coupled to the register 98 from the S-BUS via
the receiver 101 and the multiplexer 96.
MAIN MEMORY PORT M

As indicated during the discussion of FIG. 1, instruc
processor 10 via the main memory port M. Illustrated in
FIG. 7, in greater detail, is the main memory port M,
which is shown as including a two (16-bit) input multi
plexer 110, a (16-bit) tri-state device 112, and a receiver
tions and data are received or transmitted by the micro
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buffer 114. The multiplexer circuit 110 receives two

(16-bit) outputs: (N) from the N register circuit (FIG. 6)
and (T) from the T register of the ALU (FIG. 9). The
multiplexed quantity (i.e., (N) or T), selected by the
control signal M-CTL is passed by the multiplexer 110
to the tri-state device 112 and from there to the I/O
terminals 13 for communication via the DATABUS to

main memory 12. In addition, the output of the tri-state
12 (as well as the I/O terminals 13) is made available to
the internal circuitry of the microprocessor 10 as the
output M) of the main memory port M by the buffer
circuitry 114. Thus, the output M) of the main memory
port M represents either (1) the selected one of the N
register circuit output (N) or T register T or (2) data
from the main memory 12, depending on whether or not
the tri-state device is in its transmitting or high impe
dance state, respectively. Control of the tri-state device
112 is effected by a selection signal M-SEL generated

14

written. It is the function of the 8-bit latches 126 and 128

O

S

to always retain these respective pointers. As con
structed, the content of the 8-bit latches will always be
one address apart; that is, the content of the 8-bit latch
128 will be one greater than that of the 8-bit latch 126;
the content of the 8-bit latch 126 points to the "last
written' memory location and the 8-bit latch 128 points
to the next available location.
The 8-bit latch 126 is presettable with the low-order
eight bits from the output T) of the T register (FIG. 9).
The high-order eight bits of T preset the 8-bit latch
(not shown) of the stack pointer K corresponding to
latch 126. The 8-bit latch 128 (and its counterpart in the
stack pointer K) are not preset and are, therefore, inde
terminate until a data read. When such a read operation

occurs, the content of latch 128 is loaded with the read
address, and the latch 126 is loaded with the read ad
dress minus one.

The parameter and return stacks S and R, respec
tively,
are operated in conventional fashion; that is, data
STACK POINTERSJ AND K
is either "pushed" (written) onto or "popped" (read)
As previously indicated, maintenance of the parame from the stacks. A push is implemented by writing into
ter and return stacks S and R is conducted, in part, by the next available memory location the desired data and
the stack pointers J and K-under at least partial con incrementing the 8-bit latches 126, 128; a pop is effected
trol of control signals from the instruction decode unit 25 by reading the last value written and decrementing the
14. The stack pointers J and K function to generate the 8-bit latches 126, 128. In actual operation of the parame
address signals that are applied to the parameter mem ter and return stacks Sand R, the pop and push opera
ory 24 and return memory 26 for reading and writing tion utilize the N register circuit or the I register circuit,
from or to the stacks as necessary. They keep track of which respectively form the top of the stacks. The
the last memory location written (and, therefore, is the 30 following discussion concerns operation of the return
memory 26 by the stack pointer J.
location of the data that is accessed if the stack is read or
Consider first a "push" operation in which the output
"popped"), and have ready the address of the next
empty memory location to which data will be written of the I register circuit I) is to be added the remaining
when a "push" is implemented. Each stack pointer J portion of the return stack R, (i.e., that portion of the
and K generates two 8-bit addresses, and the structure 35 return stacks implemented by the return memory 26.
of each is essentially identical. Accordingly, only the The memory location at which the content of the I
stack pointer J will be described in detail, it being un register is to be placed can be found by the content of
derstood that the discussion applies with equal force to the 8-bit latch 128. Accordingly, the instruction decode
unit 14 brings HIGH a WRITE signal which causes the
the stack pointer K unless otherwise noted.
Referring, therefore, to FIG. 8, there is illustrated in 40 multiplexer 130 to select the output of the 8-bit latch
greater detail the stack pointer J used for addressing the 128, which output is applied to the address circuitry via
return memory 26. As shown, the stack pointer.J in the JA bus, of the return memory 26. At the same time,
cludes three two input, 8-bit multiplexers 120, 122, and the WRITE signal causes the multiplexer 122 to select
124, two 8-bit latches 126 and 128, and an output multi its input 1 for application to the data input of the 8-bit
plexer 130. The latches 126 and 128 are each respec 45 latch 128, and causes the multiplexer 120 to select its
tively caused to be loaded by signals generated by the input 1 for application to the input 2 of the multiplexer
AND gates 132 and 134. Loading of the 8-bit latch 126 124. During this time, the READ signal is low, causing
is enabled by the J1-EN signal produced by the instruc the multiplexer 124 to communicate its input 2 to the
tion decode unit 14, together with the CLK signal, 8-bit latch 126. Thus, it can be seen from the FIG. 8
while the 8-bit latch 128 is loaded by presence of the 50 when the WRITE signal is high, the multiplexers 120,
122, and 124 cause (1) the content of the 8-bit latch 128
J2-EN enable signal and the CLK signal.
A feedback path for the output 8-bit latch 126 to the plus 1 to be applied to the data inputs of that latch; (21)
input 2 of the multiplexer 120 is provided by a decre the content of the 8-bit latch 128 to be applied to the
ment circuit 136, which receives the output of the 8-bit data inputs of the 8-bit latch 126; and (3) the content of
latch 126, subtracts "1" from that output, and supplies 55 the 8-bit latch 128 to be applied to the memory circuits
the decremented value to the input 2 of the multiplexer of the return memory 26. The J1-En and J2-EN signals
120. In similar fashion, an increment circuit 138 receives are brought HIGH by the instruction decode unit 14 so
the output of the 8-bit latch 128, increases it by 1, and that the pointers contained by the 8-bit latches 126, 128
provides the increased value to the input 1 of the multi are incremented by l, while the desired value is written
plexer 122. The outputs of the 8-bit latches 126 and 128 60 to the memory, at CLK time.
The data is "popped' from the return memory into
are also communicated to the JA bus (which connects
the stack pointer J to the return memory 26) by a multi the I register in the following manner: the READ signal
is brought HIGH, and the WRITE signal is kept LOW,
plexer 130.
As previously indicated, the stack pointer J is respon by the instruction decode unit 14. With WRITE HIGH
sible for generating two addresses: The first "points" to 65 and READ LOW, the multiplexers 120 and 124 each
the memory location of the return memory 26 at which have selected their inputs too, thereby returning the
the last quantity has been stored; the second points to content of the 8-bit latch 126, -1, to its data inputs; and
the memory location at which the next value will be the multiplexer 122 selects its input to communicate the

by the instruction decode unit 14.
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tion stored in the parameter memory 24 to be trans
ferred to the return memory 26 and vice versa, as

content of the 8-bit latch 126 to the 8-bit latch 128. The

multiplexer 130 selects its input and applies the content

needed. Note further still that the swap paths desig

of the 8-bit latch 126 to the memory circuits (not

shown) of the return memory 26. Upon appearance of

the next successive CLK pulse (assuming appropriate
command signals from the instruction decode unit, i.e.,
J1-EN, J2-EN HIGH, the address pointers contained in
the 8-bit latches 126 and 128 are decremented. Note that
this pop operation will be accompanied by the neces
sary control signals, generated by the instruction de
code unit 14, to cause the register 80 (FIG. 5) to receive
and retain the data sitting on the R-BUS from the return
memory 26; that is, the I-CTL signal selects the input 3
of multiplexer 78, the I-LD signal is HIGH and the
R-ENABLE signal places the tri-state device 86 in its
high impedance state so that upon arrival of the CLK
signal that decrements the J stack pointer, the register
80 will also be loaded with the "popped' quantity.

5
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includes a zero detect circuit 146 that issues a "T='

s

ALU AND T REGISTER

Shown in FIG. 9, in greater detail, is the ALU of the
microprocessor 10, FIGS. 10A and 10B show, in
greater detail, portions of the heart of the ALU, the
arithmetic logic circuit 144. Referring first to FIG. 9,
the ALU is shown as including a four-input multiplexer
142, the arithmetic logic circuit 144, the previously
mentioned T (top of parameter) register, a zero detect
circuit 146, an AND gate 148, which produces (from a
T-EN signal from the instruction decode unit 14 and the
CLK signal) a load signal for the T REGISTER, and a
carry flip-flop 150. The arithmetic logic circuit 144 is, in
essence, a 16-bit design that is provided with two oper
and inputs 144a and 144b that respectively receive the

outputs T and (U) from the T register (via the zero
detect circuit 146) and the multiplexer 142, providing
the sum of T and U, the difference ofT) and U), the
difference of U and T, T) itself, U itself, the logical
(TORU), the logical (T) AND (U), or the logical T)
EXCLUSIVE-ORU).
The output of the arithmetic logic circuit is coupled
to the inputs of the T register by a bus line 154, which
communicates the result of the arithmetic or logic oper
ation performed on the values received at the operand
inputs 114a, 144b of the arithmetic logic circuit 144.
The arithmetic logic circuit 144 also receives OP
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ties: (SL) from the instruction decode unit 14 (FIG. 3),
the output (MD) from the register multiply/divide 202

from the instruction decode unit 14, information from

tively, information from the return stack R, via the I

register can be communicated to the T register. Note
particularly the fact that this data path allows informa

from the immediately lower stage, Y-1) the terms U,
T, CT --U), (T-U), (U-T), (T OR Uni), (T.
ANDU), and (T EXCLUSIVE-ORU). These out
puts of each of the stages Y. . . . Y is are applied to
corresponding multiplexers 160(Y) . . . 160(Y5), re
spectively. Each of the output multiplexers 160(Y) . . .
160(Y15) receive a 3-bit bus that carries a selection sig
nal OP-SELECT. The OP-SELECT signal is gener
ated by the instruction decode unit 14 in response to a

going to be selected.
Referring again to FIG. 10A, the output of each of
the multiplexers 160(Y)-160(Y1s) are each supplied to
yet another corresponding multiplexer 162(Y)-16
2CY15). In addition, the output lines of each of the multi

and L-SHIFT and R-SHIFT which function to perform
left and right 1-bit shifts of the results for reasons that
will be made clearer below.
In general, therefore, the ALU receives four quanti

the parameter stack S, including the N register circuit,
can be sequentially supplied to the Tregister, or alterna

when the output T is a 6. As illustrated in FIG. 3, the
T= 8 is an input to the instruction decode circuit 52 o
the instruction decode unit 14.
The arithmetic logic circuit 144 is illustrated in
greater detail in FIG. 10A. As illustrated, the arithmetic
logic unit includes sixteen interconnected stages, each
stage structured in a manner known to those skilled in
the art to produce the necessary arithmetic and/or logi
cal signals indicative of an arithmetic logic circuit.
Thus, for example, as illustrated in FIG. 10B, the indi
vidual arithmetic-logic stage Yn produces, from its op
erand inputs U and T (together with any carry

decoded instruction that dictates which of the terms are
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SELECT, which determines which arithmetic result
(identified above) is to be communicated to the bus 154

(FIG. 12), the output N from the N register circuit
(FIG. 6), and output (G) from a variety of internal regis
ters (FIG. 12), which will be described more fully be
low. Note that it is the multiplexer 142 that establishes,
via the arithmetic logic circuit 144 a 16-bit wide com
munication path from either the I register or the N
register circuit to the T register. Note also that the
output T) of the Tregister is communicated to both the
register and the N register. On appropriate signals

nated as 36 and 38 in FIG. 1 are established by multi
plexers 142 and multiplexer 96 (for the swap path 36)
and multiplexer 78 (for the swap path 38).
As will be seen, certain of the instructions test the
content of the T register for "zero" to determine
whether to continue operation or select another instruc
tion option. Accordingly, the (16-bit) data path from the
Tregister to the arithmetic logic circuit 144 of the ALU
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plexers 160(Y)-160(Y4) are connected to the multi
plexers of the bit positions immediately below and
above. Thus, for example, the output line from the mul
tiplexer 160(Y), in addition to being applied to the
input 2 of its associated multiplexer 162(Y), is also
applied to input 1 of multiplexer 162(Y-1) and input 3
of multiplexer 162(Yl). The multiplexers for the
arithmetic-logic stages Y and Y1s are different only in
that the multiplexer 162(Y) receives at input 3 the
carry-in (C), and the multiplexer 162(Y15) receives at
input 1 the output of a multiplexer 164, which selects
one of four available signals: the output of the multi
plexer 160(Y15), CARRY, LSB from the N register, N.,
or a "zero sign". Selection of which signal is coupled to
the input 1 of the multiplexer 162(Y5) is made by the
CTL ONE signal generated by the instruction decode
unit 14 (FIG. 3).
The multiplexers 162(Y-162CY1sl) function to per
form 11-bit left shifts, 1-bit right shifts, or no shift upon
the result from the arithmetic-logic stages Y-Y15. In
addition, multiplexers function to propagate the sign bit
(i.e., the MSB) throughout the T register. A 1-bit left
shift operation is performed when the signal L-SHIFT,
generated by the instruction decode unit 14, is HIGH
(the R-SHIFT signal being kept LOW), with a carry
(C) being shifted into the LSB position; a right shift
operation is performed when the R-SHIFT is HIGH
(and the L-SHIFT signal is LOW), with either the out
put of the multiplexer 160(Y5), the CARRY signal
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from the flip-flop 150 (FIG. 9), the LSB of the N-regis
ter, N, or a "zero” being the putative output of the
stage Ys; or, when both of the L-SHIFT and R-SHIFT
signals are LOW, the outputs of the multiplexers 160(Y

)-160(Ys) are passed by the corresponding multiplex

5

ers 162(Y)-162CY15). The selected results are received

by the bus line 154 and communicated to the T register
Sign bit propagation is affected by being HIGH the
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TABLE I-continued
OPCODE

ARTHMETCNSRUCTIONS
INSTRUCTION
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1084.20

MNEMONIC
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2020
O420

(FIG. 9).

SWAP SWAP-c

< signal. This causes the multiplexers 162(Y)-16

O 10302O

2CY15) to communicate their input 2 to the bus line 154.
The input 2 of each multiplexer 162(Y)-162CY15) re
ceives the MSB bit passed by the multiplexer 160(Y5).

105O20

XOR

1000

AND

OTHER INTERNAL REGISTERS

15

The microprocessor 10 incorporates other registers,
together with a two-way communication "swap" path
(via the multiplexer 142) to the ALU. These registers
are shown in FIG. 12, and include the multiply/divide
(MD) register 214, the square root (SR) register 204, the
B register 206, and the X register 208-all presettable
from the output T) of the T register. The outputs of

OOOO1
100002

A
2

00003

OC

OOO1

D2A

OOO2

D

O41
O221
102.212
102.216

these registers are selectively communicated to the
ALU via the G multiplexer 210.

OR

ACTION
Subtract T from N with carry
and pop N
Subtract N from T and pop N
Subtract N from T with carry

and pop N
Logically OR N into T and
pop N
Logically XOR N into T and
pop N
Logically AND N into T and
pop N
Shift Tright one bit with N
into T15
Shif T left one bit with Nis

into T.

Propagate sign of T through T

Shift the combination of N and T
left one bit
Shift the cornbination of N and

right one bit

8F
A"

Multiply step
Signed multiply step
Fractional multiply step
Divide step

O14
A.
Last divide step
FIG 12 also discloses a square root logic circuit 220 25 102616
S'
Square root step
which receives the outputs of the MD and SR registers
to provide (as the 16-bit signal M/S) the logical OR of
Referring first to Table I, illustrated there are the
the content of the SR register 204 content, shifted by 2,
operation code, mnemonic, and a brief description of
with the content of the MD register 202.
30 the operation or action for each of the basic arithmetic
NSTRUCTION SET
instructions; the more complex arithmetic instructions,
Having now described the circuitry of the micro i.e., those instructions that can perform multiple opera
in one machine cycle.
processor 10, the instruction set will be explained and tions
The first few instructions will be described in terms of
discussed with respect to Tables I-XIV.
The instructions can be, generally, grouped in four 35 the circuitry illustrated in FIGS. 1-13 in order to pro
categories: (1) the Arithmetic group includes those vide a clear understanding of not only the execution of
instruction, but the operation of the circuitries itself
instructions of groups I and II include those instructions an
that performed arithmetic operations; (2) the Jump and, in effect, the coding necessary to be set into the
decode circuit 52 (FIG. 3) to activate the
group includes those instructions which provide for 40 instruction
conditional or absolute program jumps; (3) the Indexing necessary control signals (such as those shown in con
nection with FIG. 3) in response to the op code bit
instructions are basically "set up' instructions or in structure
of the instruction.
structions that effect iterative operations; and (4) the
Thus, now referring to FIG. 1, the no operation. (N
Data Fetch/Store instructions which transfer informa
tion between various memory spaces, registers, and the OP) instruction does just that: it performs no operation
whatsoever; it is a "null' instruction. The DROP in
like.
struction causes the content of the N register, i.e., the
As will be seen, the mnemonics used for each instruc
register 98 (FIG. 6) to be transferred via the multiplexer
tion, as well as its operation, utilizes the FORTH pro 142,
arithmetic-logic circuit 144 (via the multiplexers
gramming language and concepts as much as possible.
160 and 162) to the T register. The instruction decode
ARTHMETC INSTRUCTION
circuit 52, therefore, sets up the appropriate data path
via the control signals ALU-CTL, OP-SELECT, L
Tables I and II set forth those instructions used to
SHIFT, R-SHIFT, and T-ENABLE, AS an illustration
cause the microprocessor 10 (FIG. 1), and in particular of
of this (and any other) instruction, assume
its ALU (FIGS. 9, 10A and 10B) to perform arithmetic thatthethetiming
instruction was latched in the instruction latch
operations.
55

50 at time T (FIG. 11A). During the DECODE time
indicated in FIG. 11A , the instruction decode 52

TABLE

OP Code

(OCTAL)
OOOOO
O7020
OOOO

perceives the instruction from the instruction latch 50,
decodes that instruction, and sets up the appropriate
data path to the T register by activating the necessary
aforementioned gating and command signals. At time

ARTMETIC INSTRUCTIONS
NSRUCON

MNEMONIC
NO OP
OROP
DROP DUP

ACTION
No Operation
Pop N into T
Copy N into T

O20

DUP

Push

O20

OWER

Copy N into T while pushing T

O710
04.00

SWAP
--

0.240

--c

T, when the next instruction is to be latched into the

instruction latch 50, the CLK signal (together with
R-EN via the AND gate 48) causes the transferred
information to be set in the T register.

into N

into N

Exchange N and T
Add N to T and pop N
Add N to T with carry and pop
N

0600

Subtract T from N and pop N

65

The DROP instruction also "pops" the parameter
stack S. Accordingly, the internal gating and command
signals issued from the instruction decode circuit 52
cause the memory location designated (at the time of

5,070,451
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19
execution of the DROP instruction) by the gate bit latch

The - instruction is the same at the -- instruction

latches (not shown) of the stack pointer K incremented

The SWAP- and SWAP-care, in effect, the same

except that it is a subtraction operation that is per
formed, and the content of the T register is subtracted
from the N register. It may be appropriate at time to
loaded therein at the next rising edge of the CLK signal, point out again that each individual stage Y-Ys per
forms all necessary arithmetic (i.e., add and subtract)
i.e., at time T of the above described example.
DROP DUP instruction is essentially the same as the operations so that at the output of each stage are the
DROP instruction except that the parameter stack is not operations as indicated previously and in FIG. 10B. A
popped. Thus, at the completion of the DROP DUP O particular operation is selected by the OP-SELECT
signal generated by the instruction decode circuit 52 of
instruction, the content of the N register is identical to the
instruction decode unit 14. Thus, for the arithmetic
that of the T register.
logic
stage Y, outputs illustrated in FIG, 10B, the -The DUP instruction "pushes' the content of the T
would cause the OP-SELECT signal to be
register onto the parameter stack S. Thus, execution of instruction
of
a
predetermined
state to cause the multiplexer
this instruction requires the input 1 of the multiplexer 96 160(Y) to select the term
(T-U) for passage to the
(FIG. 6) to select the output (T) of the T register for 15 second
multiplexer
162
(Y)
(FIG. 10A). Of course, the
communication to the register 98. The output N) since U operand is, in fact, the output
(N) from the N register
on the IMO terminals 22 and, therefore, is communicated circuit via the multiplexer 142 (FIG.
9). In similar fash
to the parameter memory 24 (FIG. 1) of the S-BUS. At ion, the - sign instruction would select,
the next CLOCK signal (and the CLK signal derived O of the OP-SELECT signal the (U-T).via generation
therefrom) the content of the T register is loaded into 2 The -c is, as indicated in TABLE I, an operation
the N register, at the same time the (prior) content of that subtracts the content of the T register from the N
the N register is loaded into the parameter memory 24 register circuit (i.e., register 98) and any carry, the re
at the memory location designated by the K stack sult
being left in the Tregister. The parameter stack S is
pointer counterpart of the 8-bit latch 128, and the 8-bit 25 popped.

of the stack pointer K (not shown) that corresponds to
the 8-bit latch 128 of the stack pointer J (FIG. 8) to be
conducted via the multiplexer 196 to the register 98 and

by 1.
The OVER instruction utilizes the two-way commu
nication 36 illustrated in FIG. 1 between the T register

as the - and -c instructions, described above, except
that the result is obtained by subtracting the U oper
and from the content of the T register. Referring to
of the ALU and the N register. Assume, for the pur FIG. 10B, the OP-SELECT signal will cause the multi
poses of illustrating this instruction, that just after time plexer 160 (Y), as well as the other multiplexers 160.
T (FIG. 11A) the content of the T register is T(), and
The OR, XOR, and AND perform the logical opera
the content of the N register is N(). Just after the time tions indicated, causing the necessary multiplexer selec
R (FIG. 11A) the content of the T register will be tions to be made through the internal gating and com
N(0), the content of the N register will be T(0) and the 35 mand signals generated by the instruction decode unit
memory location of the top of that portion of the pa
14.
rameter stack S contained in the parameter memory
The 2/ and 2' performs right and left shift operations,
will contain N(). This instruction requires the neces utilizing the multiplexers 162 (FIG. 10A). The 2/ in
sary internal gating and command signals to be issued struction activates the R-SHIFT and CTL1 signals so
by the instruction decode circuit 52 to cause the multi 40 that each of the multiplexers 162(Y14)-162CY) to select
plexer 96 (FIG. 6) to select the output T from the T its corresponding input 1. The MSB multiplexer,
register, the multiplexer 142 (and arithmetic-logic cir 162(Y5), receives at its input 1 the Ng from the multi
cuit 144) to select and communicate the output (N) of plexer 163. The 2" instruction activates the L-SHIFT
the N register to be communicated to the Tregister, and and C-CTL signals to operate the multiplexers 162(Y
to cause an appropriate read command (not shown) to 45 )-162CY15) and 165 to effectively shift the content of the
be communicated to the parameter stack memory 24 to T register one bit to the left, with the MSB, Nils of the
load the necessary registers and memory.
N register being shifted into the LSB position of the N
The SWAP instruction also utilizes the simultaneous
register.
two-way data path 36, and causes the multiplexer 142
The < instruction functions to propagate the sign
and arithmetic-logic circuit 14 to communicate the out 50 (i.e., the MSB) through the T register.
put (N) of the N register to the T register at the same
The D2/ and D2" instructions perform left and right
time that the output (T) of the T register is communi 1-bit shifts of both the N and Tregisters as if there were
cated via the multiplexer 96 to the register 98 of the N combined 32-bit register with the Tregister forming the
register. The effect is to "swap" or exchange the respec upper-most-significant sixteen bits. The left and right
55 shifts of the Tregister are performed as described above
tive contents of the N and T registers.
The -- instruction adds the content of the N and T
with respect to the 2/ and 2' instructions. The shift of
registers, leaving the result in the Tregister, and "pops" the N register is performed using the multiplexer 96 and
the parameter stack S into the N register; the 8-bit regis feedback path from register 98. If a left shift is per
ters (not shown) of the stack pointer K, corresponding formed, the input 4 of the multiplexer 96 is selected by
to those of the stack pointer J (FIG. 8) are each decre 60 the N-CTL signal, effecting a 1-bit left shift of the con
tent of the register 98, the CARRY being shifted into
mented by 1.
The --c instruction utilizes the CARRY signal from the LSB position. If a right shift is effected, the N-CTL
the flip-flop 150 of the ALU (FIG. 9). The CARRY signal affects selection of input 3 (at which the low
signal is gated to the C input of the ALU so that the order fifteen bit positions of register 98 are communi
operation of adding the content of the N register to the 65 cated to the register 98 as the high-order fifteen bit
content of the T register together with any carry from positions combined with the T as the LSB).
The , -, and F multiply instructions utilize the T
a previous instruction is performed, and the parameter
and N registers (FIGS. 6 and 9) together with the multi
stack Spopped.
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ply/divide (MD) register 202 (FIG. 13). Before these

are left undisturbed.

instructions are used, however, data transfer instruc

tions (discussed below) put the multiplier in the MD
register 202, the multiplicand in the N register, and the
T register is cleared. Execution of the multiply instruc
tion, ", causes the MD register 202 to be communi
cated, via the multiplexer 142 of the ALU 14 (where it
appears as the input (MD), and is applied to the arith
metic-logic circuitry 144 as the operand input U and
added to the content of the T, if the LSB, N, of the N
register is a "1". Simultaneous with the prior described
set up, the T and N registers are loaded with their con
tent shifted one bit left.
The operation for the signed multiply step, -, is
identical, except that the content of the MD register 202
is subtracted from that of the T register if N is a "1".
The fractional multiply step, 'F, is identical to the
signed multiply step, except that a left shift is per
formed.

The divide step, /, subtracts the content of the MD
register from that of the T register. If the result of that
subtraction is negative (which would be indicated by a
carry from the arithmetic-logic circuit), the result is
discarded, and the 32-bit combination formed by the T
and N registers is shifted left one bit, with the CARRY
signal being shifted into the LSB position of the N regis
ter. If the result is not negative, it is loaded, shifted one
bit left, into the T register (along with the shift of the N
register).

The multiply and divide steps are performed only
once when encountered. Iterative operations utilize the
TIMES indexing instruction (TABLE-IV) in a manner
that will be described below, and in conjunction with

the I register. The divide operation, however, requires
special handling for the last step of the process and,

therefore, there is provided the last divide step instruc
tion, M'. This instruction is essentially identical to the
divide step instruction, /, except that execution does
not terminate with any shift of the T register; only the
N register is shifted one bit.

JUMP INSTRUCTIONS
5

(OCTAL)
104.000

MNEMONIC
OWER --

ACTION
N -- T; result in T; no stack

O

OVER +

102000

OWER -

N - T. result in T

102400

OVER -

N - T - carry; result in T

OVER SWAP - T - N

06400

OVER SWAP - T - N - carry

03000
05000
101000

OWER OR
OWER XOR
OWER AND

TORN
TXORN
T AND N

OP CODE

20

(OCTAL)

MNEMONIC

ACTION

:word

Absolute Jump To Subroutine
Jump if T =
Unconditional jump

13aaaa

F

ELSE
- LOOP

0xxx4x

25

Jump if I-7t?; decrement I
Return

The first four instructions, the word, IF, ELSE, and
-LOOP, all have the address of the memory location
of main memory 12 to which the jump will occur em

bedded in the instruction itself (indicated, in the op code
as aa . . . a).

30

35

40

45

SO

Referring first to the word instruction, two opera
tions are required to be performed since this is a jump to
a subroutine. First, the return path must be established;
and, second, the jump address must be placed on the
A-BUS to address the main memory 12 (FIG. 1). Thus,
during the decoding and set up process of the clock
cycle, the program counter P (or more specifically, the
program register 62 contained therein) contains the
address of the next sequential instruction that would be
executed if no jump were performed. This address must
be stored. Accordingly, the output P of the program
register 62 is selected by the multiplexer 78 (FIG. 5) for
application to the register 80 of the I register circuit. In
turn, the output (L) of the latch 50 (FIG.3) is selected
by the multiplexer 60 (FIG. 4) for application to the
A-BUS and to the program register 62, incremented by
1 by the adder 64. Thereby, a jump is made to the ad
dress of the subroutine, the next sequential address of
the subroutine set in the program register 62, and the
return address "pushed" onto the return stack R at the
I register circuit, the 8-bit latches 126, 128 incrementing
by 1 to automatically perform the push operation o the
stack.

The return is executed by use of the ; instruction,

which is bit six of the instruction word (the LSB being
the first bit, the LSB-1 being the second bit, and so

55

The combined arithmetics instructions of TABLE II,

certain instructions can be combined to be performed in

one block cycle. Thus, for example, the OVER -- com

bines the OVER and -- instructions of TABLE to

cause the content of the registers N and T to be added
and loaded into T. The content of the N register and

register to that of the T register with any carry, the
result being retained by the T register. Again, the pa

NSRUCTION

Oaaaaa

11aaaa

above, are essentially identical to those discussed with
respect to TABLE I except that, due to the design,

remainder of the parameter stack S remain unchanged.
Similarly, the OVER and -c adds the content of the N

JUMPS

15

Stack operation

06000

guage. The microprocessor 10 of the present invention,
together with the return stack R provides an optimized
device for executing such memory jumps. TABLE III,
below, lists the operation codes, mnemonics, and action
taken for each of the five jump instructions.
TABLE II

operation
N + T -- carry; result in T; no

O4400

Jumps from one memory location to another, primar
ily from subroutine calls and returns, which can often
be deeply nested, are indigenous to the FORTH lan

TABLE II
ARITHMETIC INSTRUCTIONS (COMBINED)
OP CODE INSTRUCTION

22

rameter stack S, including the content of the N register,

65

on), may be "embedded' in any other instruction to
effect the return. Thus, every subroutine can end in any
instruction, together with its sixth bit (which would
normally be a "3") set to a "1" to simultaneously exe
cute the last instruction and perform the return neces
sary.
The return is effected by communicating the output
(I) of the register 80 of the I register circuit (which
should contain the return address) to the A-BUS via the
multiplexer 60 so that at the end of the decode/set up
time, the parameter stack R is "popped" and the content
of the memory location indicated by the output I) is
passed by the main memory port M to the instruction
decode unit 14 and loaded in the latch 50.

5,070,451
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The IF instruction perform a jump (to an address
formed from the low-order twelve bits of L and the
high-order four bits of the program register 62) after
testing the T register for a . Accordingly, the output
T= is coupled from the zero detect circuit 146 of the

ALU (FIG. 9) to the instruction decode circuit 52
(FIG. 3) and utilized, in connection with the content of

the latch 50 to determine whether or not a jump is to be
jump is performed in the same manner as described with
respect to the word instruction. If not, the content of
the program register 62 is coupled to the A-BUS.
The LOOP instruction utilizes the I= generated by
the zero test circuit 82 of the I register circuit (FIG. 5)
in much the same manner as the IF instruction uses the
T = signal. If the l= is not true, the jump is taken,
and the register 80 is loaded with its prior content -1;
that is, the content of the register 80 is decremented by
1 via the adder 84 and input 4 of the multiplexer 78.
The ELSE instruction is an unconditional jump. This
instruction always causes the multiplexer 60 (4) to select
the output L. from the instruction decode unit 14 to be

effected. If the content of the T register is, in fact, , the

communicated to the A-BUS.
INDEXING INSTRUCTIONS

Certain iterative operations capable of being per
formed by the microprocessor and are set up by the four
indexing instructions, which are listed below in
TABLE IV. These instructions set an index into the
register 80 of the I register circuit, which is ultimately
used for keeping track of the number of iterations per
formed by repeatedly (each clock cycle) decrementing

O

15 must be met before the TIMES instruction can be used:

20

the register circuit must contain the index, i.e., the
number (-2) indicative of the number of iterative steps
desired. Following the TIMES instruction must be the
instruction that is to be repetitively performed such as,
for example, one of the multiply, divide, or square root
instructions described above with reference to TABLE

I (remember, these instructions are single-step only
unless used with the TIMES instruction), or one of the
25 data fetch or store instructions described below.

The index that is to be contained in the I register

circuit is two less than the actual desired number of

iterative steps. The reason for this will be seen in the
following discussion of the iterative operation.
When the TIMES instruction is received and de

coded by the instruction decode unit 14, a repeat flag or
flip-flop (not shown) contained in the instruction de

the register 80 until its content becomes .

code circuit 52 is set, and one further access of main
memory 12 is made to retrieve the next sequential in

TABLE IV

INDEXING

24

loaded into the Tregister; the output of the (T) of the T
register is passed, via the multiplexer 96 (FIG. 6) to the
register 98 of the N register, and loaded therein; and the
output N of the N register is loaded into the next
available memory location of parameter memory 24, as
indicated by the 8-bit latch (not shown) of the stack
pointer K corresponding to the 8-bit latch 126 of the
stack pointer J.
The instruction >R performs essentially the same
parameter move, except that data is moved from the
parameter stack S through the ALU to the return mem
ory 26.
The TIMES instruction causes the microprocessor 10
to begin iterative operation. At least one precondition

35

OP CODE INSTRUCTION

struction, which will be the one repetitively executed.
Thus, the instruction following the TIMES instruction

MNEMONIC

ACTION

is loaded in the latch 50 of the instruction decode unit

47321

Re

40

5720

>R

located in T, T pushed onto
parameter stack
Pop return stack, push I onto
parameter stack
Popparameter stack, push T

14, and decoded; and execution begins. Each execution
of the instruction terminates in a test of the I=6 signal
by the instruction decode circuit 52. If this signal is not
true, the register 80 of the I register circuit is decre

5722

TMES

The I instruction pushes the content of the I register 45

tion held in the latch 50 is executed again. When the
I=6 from the zero test circuit 82 of the I register circuit
is finally true, the instruction has been executed the
number of times indicated by the content of the register
80 when the iterative process began, plus 1 (this latter

(OCTAL)

147302

onto return stack

Repeat

(i.e., the register 80 - FIG. 5) onto the parameter stack

S. during decode and set up time of this instruction, the

output () is coupled to the T register via the multi
plexer 142 and arithmetic-logic circuit 144. It should be 50
evident that in order to pass the output I to the T
register, the multiplexers 160(Y)-1600Y15) are set by
the OP-SELECT signal to select only the U operand
for communication to the bus line 154. In addition, the
output (N) of the N register is pushed onto the parame
ter stack S, while the register 98 of the N register re 55
ceives the output T of the T register.
The R and >R instructions function to move data,
through the ALU, between the return and parameter
stacks R and S. The Rd instruction moves data from
the return memory 26, through the I register circuit, the
ALU, and the N register circuit to the parameter mem
ory 24. Its execution sees the following simultaneous
operations: the content of the top memory location of
return memory 26, as indicated by the content of the
8-bit latch 128 of the stack pointer J (FIG. 8) is read into
the register 80 of the I register circuit (FIG. 5); the
output (I) of the I register circuit is passed, via the multi
plexer 142 and arithmetic-logic circuit 144, to and

mented in the Inanner described above and the instruc

execution results from the fact that the test of = is

performed after instruction execution). When the next
CLOCK (and the CLK signal derived therefrom) is
received, the repeat flag (not shown) contained in the
instruction decode circuit 52 of the instruction decode

unit 14 is reset, but the instruction is executed one addi
tional time.

DATA TRANSFER INSTRUCTIONS
The data transfer instructions concern data transfers

between the microprocessor 10 and the main memory
12, the MO port 30 and any external element connected
thereto, and between various internal registers of the
microprocessor. To a certain extent, the indexing in
structions may be considered data transfer instructions,

since they also concern transfers between the parameter

and return stacks. However, their main focus is the

content of the I register circuit (for subsequent iterative
instruction execution using the TIMES instruction) and,
to a lesser extent, the T register of the ALU.

25
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The category of data transfer instructions include
instructions that contain the data to be transferred; in
structions that contain the address of the main memory
location 12 at which the data to be transferred resides;
instructions that infer a memory location address; and
instructions capable of utilizing the 5-bit X-BUS in an
extended address operation.
TABLE V
OPCODE

(OCTAL)
1575nn

SHORT LITERAL FETCH
NSTRUCTION

MNEMONIC
t

ACTION
nn located in T; T pushed onto
parameter stack

S44mn

--

S46nn

RI. --

nn -- T -- carry loaded in T

1524nn

gas -

T - nn loaded in T

526nn

an -

f - nn -- carry loaded in T

1364nn

a SWAP -

N - a loaded in T

56.6nn

nn SWAP -

N - nn -- carry load in T

an OR
an XOR
nn AND

T OR nn loaded in T
XOR nn loaded in T
TAND nn loaded in T

1534nn
SS4nn
54n

O

nn - T loaded in T

TABLE WI

15

25

FULL LERAL FETCH
OP code

(OCTAL)

NSTRUCTION

MNEMONIC

47500

ACTION

Data from memory loaded in T;

T pushed onto parameter stack

144400

--

44600

n+

Data from memory + T loaded

30

in

Data from memory + T + carry
loaded in T

26

The nn + instruction causes the sum of SL (i.e., the
five bits of nn) and the content of the T register are
loaded in the T register.
The nn + c, nn-, and nn-care similar to nn instruc
tion except that where the c is shown, it is summed with
either the sum or difference of the content of the T
register and the 5-bit (SL).
The nn OR, nn XOR, and nn AND instructions per
form the logical operations indicated between (SL) and
T, loading the result in the T register.
The Full Literal Fetch instructions (TABLE VI,
above) involve a data transfer directly from the main
memory 12 to the microprocessor 10. Thus, for exam
ple, the n instruction will cause the content of the ac
cessed memory location to be pushed onto the parame
ter stack S at the N register circuit (i.e., the register 80
(FIG. 5)). The second cycle of the execution of this
instruction "swaps" the content of the T register and
register 98 so that the end of the execution of this two
cycle operation finds the T register containing the ac
cessed data and the register 98 containing the prior 98
content of the T register, and the prior content of the
register 98 has been pushed onto the parameter stack S.
To amplify execution of this instruction: Referring to
FIG. 12A, assume that the instruction is latched in the

latch 50 at the time indicated as T3 of the CLOCK (i.e.,
CLK) signal. During the decode time T4 the instruction
is decoded, the program counter P (FIG. 1) incre
mented, and the address of the next sequential memory
location, which contains the data desired, is communi
cated via the multiplexer A and the A-BUS to the main
memory 12. In response, the data contained in the mem
ory location designated by the applied address will be

put on the data bus 13, passed by the main memory port
M,
and applied, as M) to the N register, and communi
42600
nT - data from memory + carry
cated via the multiplexer 96 to the register 98. At the
loaded in T
next clock pulse, i.e., at the time Ts (FIG. 12A), the
46400
SWAP N - data from memory loaded
desired parameter is loaded in the register 98. Also, at
in
146600
in SWAP N - data from memory + carry
time Ts, the CLK signal to the latch 50 is inhibited by
loaded in T
40
the EN-CLK signal; the latch 50, therefore, retains the
43400
OR
T OR data from memory loaded
n instruction. The instruction decode circuit 52 contin
T
ues
the decode cycle, issuing those internal gating and
4S400
nXOR
TXOR data from memory
command signals necessary to cause the output N of
loaded in T
the N register to be conducted to the operand input
4400
AND
T AND data from memory
loaded in T
45 144b of the arithmetic-logic circuit 144 via the multi
plexer 142 to be added with the content of the T regis
Set forth above, in TABLES V and VI are those ter. At the time indicated as Ts, the output N of the N
circuit is loaded into T.
instructions involving data transfers to a location within register
The
remaining
instructions are similar, and self
the microprocessor 10. The Short Literal Fetch instruc
to a certain extent, except that they do not
tions load or leave a result in the T register and either 50 explanatory
involve, in effect, a push of the parameter stack S. For
push the previous content of the register onto the pa example,
the n+instruction adds the data fetched from
rameter stack or pop the stack. Thus, the nn instruction memory to
the T register with the carry. The n- in
causes the instruction decode circuit 52 to output the struction subtracts
the data fetched from memory from
five bits embedded in the instruction as (SL) which are 55 the content of the Tregister and loads the content in the
applied to the input 1 of the multiplexer 142 of the T register; and the n-instruction is the same with the
ALU. The ALU-CTL signal transfers the SL to the addition of a carry. The SWAP-Full Literal Fetch in
operand input 144b of the arithmetic-logic circuit 144 as structions logically swap the content of the n and T
a 16-bit data word: the lower five bits being nn (i.e., registers before the memory access is performed so that
SL), and eleven high-order bits of zeros. At the same the parameter is then subtracted from the T register.
time, the content of the T register is pushed onto the The logical functions OR, XOR, and AND logically
parameter stack (i.e., the content of the T register is combine the data fetched from memory with the con
loaded in the register 80 of the I register circuit, and the tent of the T register and store the result in the Tregis
content of register 80 is stored in the next available tet,
nemory location, as indicated by the 8-bit latch of the 65 Listed below are the Data Fetch (TABLE VII) fetch
K stack pointer corresponding to the 8-bit latch 128 of data from the main memory 12 using, as a memory
the J stack pointer, and the K stack pointer incremented location address, the content of the T register. Thus, for
example, the instruction causes the output Tof the T
1).
142400

-

T - data from memory located
in T

35
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register to be communicated to the A-BUS via the mul
tiplexer 60 (FIG. 4) during the first clock cycle of this
two-cycle instruction. The addressed memory location
of the main memory 12 is communicated via the DATA
BUS 13, the main memory port M, applied to the multi
plexer 96 of the N register (FIG. 6) as the output (M) of
the main memory port M and, at the end of the first
cycle, loaded in the register 98-simultaneous with a
push of the prior content of the register 98 onto the
parameter stack S. T and N are swapped during the
second cycle.

TABLE VIII-continued
EXTENDEED ADDRESS dATA FETCH
OP CODE INSTRUCTION
ACTION
5 (OCTAL) MNEMONIC

1634nn
654nn
614nn

(OCTAL)
6700

DATA FETCH
NSTRUCTION

MNEMONIC

15

ACTION
Data fetched from memory

G +

164200

(2) +

data fetched, stored in N,

data + T -- carry stored
in T

-

data fetched, stored in N, T -

(a -

data fetched, stored in N, T 25
data -- carry stored in T
data fetched, stored in N,

66000

(a) SWAP -

66200

g) SWAP -

63000
65000
6000

OR
G XOR
G AND

647
627an

DUP G SWAP nn +
DUP (a SWAP nn

data - T stored in T

Data fetched, stored in N,
data - T -- carry stored

The G--, G -- G - G - G SWAP -, G SWAP
- G OR, G XOR, and GRAND instructions operate
essentially the same as the G instruction insofar as
memory fetches are concerned (i.e., the address being
derived from the content of the T register), and their

30

(OCTAL) MNEMONIC

1411nn

45

50

MNEMONIC
an XG.

1644 an

nn XG. --

646nn

nn XG. --

Data fetched, stored in N,

an XG -

data + T -- carry stored in T
Data fetched, stored in N, T -

55

ACTION
Data fetch from memory and

Data fetched, stored in N, T data -- carry stored in T

664

an XG SWAP - Data fetched, stored in N,

666 in

an XG SWAP - Data fetched, stored in N,

data - T stored in T

nn G -

1442nn

nn G -

1460nn

nn G. SWAP -

1462nn

nn G SWAP -

Data stored in N, data - T -carry stored in T

1430nn
1450nn
1470nn

nn 6 OR
nn G XOR
nn G AND

Data ORT stored in T
Data XORT stored in T
Data AND T stored in T

Data stored in N, T - data -carry stored in T
Data stored in N, data - T

dressed Data Fetch instructions, insofar as the fetch and

which the data will be obtained. Thus, execution of

Data fetched, stored in N,

each Local Data Fetch instruction will cause the in

struction decode circuit 52 to issue the nn portion of the

instruction as the SL) output and apply to the input of
the multiplexer 60 (FIG. 4). The A-CTL signal is acti

data stored in T

nn XG -

1440nn

operation are concerned. The difference being that the
Local Data Fetch instruction each carry with them a
51-bit address that designates the memory location from

data -- T stored in T

626

nn G +
nn G. --

Local Data Fetch instructions are identical to their

stored in N

62nn

1420nn
1422nn

counterparts of the Data Fetch and Extended Ad

TABLE VII
(OCTAL)
6S

Data fetched from memory
location inn, stored in N
Data in N, data - T stored in
Data stored in N, data -- T -carry stored in T.
Data stored in N, T - data

stored in T

with the TIMES instruction, permits block moment of
data from one memory space to another.
EXTENDED ADDRESS DATA FETCH
OP CODE INSTRUCTION

ACTION

nn G

stored in T

increment the content of the Tregister by nn. The DUP
inn. These two instructions, when used in combination

loaded in the Tregister or, in the case of the instructions
combine arithmetic/logic operations, the result is
loaded in the T register.
TABLE IX

further discussion.

G. SWAP nn - results in the identical operation, ex
cept that the content of the T register is decremented by

the content of the X-REGISTER 208. Although not
specifically shown, the X-BUS is capable of being con
nected to the main memory 12 and used to access one of
a possible thirty-two, 64 KiloByte word memory. The

LOCAL DATA FETCH
35 OP CODE INSTRUCTION

execution is as indicated in TABLE VII, above. The

DUP G SWAPnn + and DUP G SWAPnn - require
The DUP G SWAPnn -- instruction: the end result
of this instruction is to push the content of the memory
location addressed by the content of the Tregister onto
the parameter stack S at the N register circuit, and

The extended address data fetch instruction (TABLE
VIII, above) perform the same as their counterparts in
the Data Fetch instruction set, except that there is an
extended addressing capability. Embedded in the in
struction is the parameter nin. This (5-bit) parameter,

accessed data is, in the case of the nn XG) instruction,

in T

Data ORT stored in
Data XORT stored in T
Data AND T stored in T

Data XORT stored in T
data XORT stored in T

Extended Address Data Fetches function to override

data stored in T

162200

nn XG XOR
nn XG AND

tion decode circuit 52 as the output (SL) and conducted
to the X-BUS of the I/O port 30 (FIG. 1) via the OR
gate 230. At the same time, the instruction decode cir
cuit 52 ensures that the X-EN signal is disabled (i.e., a
logic LOW, to disable the AND gate 238). Thus, the

Data fetched, stored in N,
data -- T stored in T

62000

data - T -- carry stored in T
Data ORT stored in T

when the instruction is decoded, issues from the instruc

and stored in N

164000

nn XG OR

O

TABLE VI
OP CODE

28

65

vated to select input 1 of the multiplexer 60, communi
cating (SL) to the A-BUS. The remainder of the opera
tion of the instruction is the same as the G and nn XG)
instructions.
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TABLE X
NTERNAL

ATA FETCH

OPCODE NSRUCTION
(OCTAL) MNEMONIC

143nn

an I.G

1427nn
1447nn
1467nn
1437nn
1457nn
1477nn
1423nn

nn G. -an IG nn IG SWAP nn I.G OR
an IG XOR
inn IG AND
DUP inn (a +

1443nn

DUP Inn le -

-continued

ACTION

5

Content of internal

register inn, Inn,
pushed onto stack at
nn + T loaded in T
T - mn loaded in T
Inn) -T loaded in T

an OR T loaded in T
inn) XOR T loaded in T
Inn)AND T loaded in T
nn pushed onto
parameter stacks; nni) --

nn (octa)

destination

O4
O6

MD Register
SR Register

10

B Register

4.

O

X Register

TABLE XIII
LOCAL DATA STORE
OP COE NSTRUCTION
(OCTAL) MNEMONIC
ACTION
STOnn
store T at memory

loaded in T

innn

453

nn

73mn

location inn

S

Sinn

OUP in

Non-destructive store to

memory location nn

Egyar
DUP na G OR -

154Onn

DUP inn -

DUP
an IG XOR
OUP in IG AND

S60

OUP in -

20 1520nn

Store T at an; store T --

N in T and pop S

Store T at nin; store N

T in T; pop S
DUP nn SWAP - Store T at nin; store T -

?h

STORE INSTRUCTIONS
a

The instructions that transfer data to the main men-

1530.

OUP in OR

SSO

OUP

ory 12 are listed in TABLE XI and XII. These instruc-

tions form a memory address from the content of the T 25

"

OUP

XOR

AND

N in T; pop S
Store T at nin; store T OR
N in T; pop S

Store T at ran; store T

XOR N in T; pop S

s

register (TABLE XI) or from the instruction itself

T

; pop

(TABLE X). In the latter case, the 32 pages of 64K
words of memory are available.
TABLE X
OP CODE

DATA STORE
INSTRUCTION

(OCTAL)
1000

MNEMONIC

1700

OUP

TABLE XIV
30

OP CODE

(OCTAL)

ACTION
N stored at address from T.

Spopped twice

N. stored at address from T.

ENTERNAL DATA STORE
INSTRUCTION
ACTION
MNEMONIC
nn
T stored at register inn;
DUP in

DUP inn

35

--

N - T stored in T; stack

S popped once
727n

47mm

SWAPOVER Inn -- N stored at address from T;
nn + T stored in T; S
popped
SWAPOWER an - N stored at address from T;
T - nn stored in T; S

40

542nn

DUPnin

-

OUP in

SWAP -

OUP

OR

OUP in

XOR

popped

1532

TABLE X
EXTENDED ADDRESS DATA STORE
OP COE NSRUCTION
(OCTAL) MNEMONIC
ACON

74nn

an X

OUP in X

45

DUP in

N stored at address fron T; in

N stored at address from T. nn

Spopped into N
T stored at register mn;
N - T stored in T; stack
Spopped into N
T stored at register inn;
T - N stored in T; stack
Spopped into N
T stored at register Inn;
N ORT stored in T; stack
Spopped into N
T stored at register nin;
N XOR T stored in T;

applied to X-BUS; Spopped
twice

San

stack Spopped into T
T stored at register nin
T stored at register inn;

nn G

SO

applied to X-BUS; Spopped

AND

stack Spopped into N
T stored at register nn;
N AND T stored in T;
stack Spopped into N
Swap content of T and
content of register nin
with one another

oice

Attached hereto as Appendix A is a FORTH pro
gram
listing of an emulation of the microprocessor 10,
transfer the data to the lower 32 memory locations of 55
the current gate of memory (that page indicated by the prepared for DEC PDP/11 computer. This listing or
code was used to validate the design and, in
content of the X register). TABLE XIV lists instruc source
particular, includes the instruction unit decodes of the
tions that transfer data from the T register to the other instruction
set of the microprocessor. The listing in
internal registers of the microprocessor 10. In TABLE
cludes 24 program blocks numbered 128 to 143 (the first
X nn (in octal) refers to:
nine blocks of code are for testing). Attached as Appen
TABLE XIII, below, lists those instructions that

in (octal)

00
O
O2

Destination

J/K stack pointers
I Register Circuit
Program Counter P

dix B are comment blocks 159-173, each respectively
corresponding to the program blocks 129-143, each
describing, in a line-by-line basis, the intent of the pro

65 gram.
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APPENDIX A

125 LIST

p. ( FORTHchip self-test) OCTAL
FORTH : a 17279 SHORT
CODE ; TARGET
2 FORTH : X& 1675gg SHORT ; TARGET

3 FORTH : X
1774pg SHORT
4 433 1622. BINARY -C

5

2 CODE ; TARGET
43pg. 1222 BINARY SWAP-C

6 ( DROP DROP OR OR OR OR XOR XOR XOR XOR XOR
7

AND AND DROP AND AND + + + + +C - - SWAP- - SWAP

8
9
g

SWAP-C -C)
: ALU 37 -2 125252 37 G
37 18. I p 17 Il
15 I

12 (+ 25 14 Il 25 Xe 12 X

9

2
13
14
15

12

LIST

( FORTHchip self-test)

HERE ' 'S

OCTAL

2 , p , -l , -l , -l , , , , , -l ,
3 l25252 125252 , , , 125252 , , , , ,
4 -l , -l , , , -l , , , -1 , , , -l , -l , -l , , , -l , , , , ,

5 33 JK

22 LIST

N

( FORTHchip Initialization test)

1 24 LOAD 26 LOAD 2. LOAD
2 legg ORG : START BEGIN
3

4.
5
6
7

I

13
17
15
7

2

Il 12 I
Il 16 I
IG 14. IG
IG 6 IG

8

DROP

9

-1 XOR A

1.
2
3
14
5

-1 XOR 13
-1 XOR 17
15 IG 14.
7 IG 6
- XOR
DROP DROP

l

3

- XOR

A. It

OCTAL
AND g I
5 I

RDROP DROP DROP
6

7 I

ll I lg. I 11 I
15 Il 14 Il 15 I
16 IQ l7 IG 11 IG 1. Ie
5 IG 4 IG 3 Ie 2 Ig
I

-1 XOR 2 I

-1 XOR 5 I

12 IQ 13 Is
l IG
I

- XOR 3 I

- XOR 6

I - XOR 12 I
11 IC Il -l XOR 16 I
15 IC -l
I6 l6 IG 17 IG ll I lip
IG 5 IG 4 IG 3 I
2
I
IG
g g +
DROP MULTIPLY MISC AGAIN

- XOR 7 I

XOR
I -1 XOR 11 I
XOR 14. It -l XOR 15 Il
IG 12 IQ 13 IG
Is l IG
IG

;
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23 LIST

( FORTHchip self-test)

OCTAL

HERE ' 'S

2 All 31 , , ,

3 , , , , , , ,
4 151515 , 141414.
5 11 llll , lll .
6 777 , 56.266

,
,
,
,

, , , p , , , ,
161616 , 171717
121212 , 13313
25.2555 , 4,424.

124 LIST

( FORTHchip multiply test)

1 : SQRT ( d - n)
2
DROP ; (25)

3

: MULTIPLY

4.

SQRT

5

21452. MD I

6

R2 DUP DUP ;

7
8
9

OCTAL

1ggggg. SR It

2342p DUP MD I

1.

3

14
5

125 LIST

( FORTHchip self-test)
HERE * 'S

2 33333 22222 , lllll ,
3 l6943. , 2765. , 2145g) ,
4 23429 , , , 16 , 2342 ,
JK

MD I

D2k 16 TIMES S'

g 15 TIMES k

k

1624gg 2765 D2k 15 TIMES / " / " " >R

12

5

, , , , , , , , , , , , , , ,
,
,
, 39323 , 52.222 ,

OCTAL

35
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126 LIST

( FORTHchip miscellaneous test)

OCTAL

335. 1422 BINARY +C

: CARRY
: MISC
-DD

+C ;
1 IF 4 ELSE 5 THEN g IF 3 ELSE 2 THEN
is - OOP

123456 DUP + i +C CARRY g +C 123456 DUP + CARRY g +C
52525 uCODE
122 ( DUP 2k) 2/ 125252 2/

123456 uCODE 152551 (DUP l-) uCODE

l
12
3
l4
5
27 LIST

28 LIST

421 (+ 2/) ;
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129 LIST

1
2
3
4
5
6
7
8

( Equations). EMPTY DECIMAL
: K ( n - it)
k NEGATE ;
: = ( n - t) g= NEGATE ;
: S. (n) DUP 32768 AND IF ." +" THEN 32767 AND . ;
HERE 1 , 2 4 , 8 , 16 , 32 , 64 , 128 ,
256 , 512 , 1924. , 248 , 4395 , 8192 , 16384 , 32768 ,

: BIT ( i - n) 2k LITERAL + e ;
CONSTANT CY WARIABLE N p, CONSTANT INTQ
WARIABLE 'L g CONSTANT gTH 1 CONSTANT STRQ
CONSTANT CQ
9 : I. ( n - n) BIT L G AND IF 32768 ELSE
THEN ;
1 : ( n - n) 32768 XOR ;
11 : BINARY ( n n - n n n) OVER 32767 AND OVER 32767 AND MAX
2
ROT 32768 AND ROT 32768 AND ;
13 : and ( n n - n) DUP gC IF OVER C IF MAX ELSE DROP THEN
14
ELSE OVER pg IF SWAP DROP ELSE MIN THEN THEN ;
5 ( TEGAS) 144 LOAD 5 WIDTH
13, 143 THRU 3 WIDTH 1 RESET
13g LIST
( Cells)

1 : 2AND
2 : 3AND
3 : 4AND

and 9 + ; (1)
and and 25 + ;
and and and 36 + ;

: 2AND
: 3AND
: 4AND

and 18 t ;
and and 28 + ;
and and and 31 it ;

4 : or ( n n - n)
SWAP and ;
5 : 2XOR OVER OVER and >R and RX or 35 + ;

6
7
8
9
1

:
:
:
:
:

2OR
3OR
4OR
30A
3AO

ll. : 40A

or
15 + ; (1)
or or 55 + ;
or or or 78 + ;
or and
37 t ;
and or 24 + ;
or and and

12 : 22AO
13
: 220A
14 :

37 + ;

:
:
:
:

2OR
30R
40R
3AO

: 4AO

and >R and R> or 45 + ;
or >R or R> and
37 + ;
17 + ;
: 2-1 and >R

or 19 + ;
or or 3 + ;
or or or 4 + ;
and or 24 + ;
and or or

24 t ;

and R> or 17 + ;

31 LIST

g

( Address)

1 : L ( i)

L

s

2 g) conSTANT T=p
CONSTANT I=g
3 : if 15 L 14 L 13 L 12 L 4AND ; (5.3)
4
5
6
7

:
:
:
:

LOOP 15 L 14 L 13 L 12 L 4AND ; ( 4.8)
ARITH 15 L 14 L 13 L 12 L 4AND ; ( 4.8)
IO 15 L 14 L 2AND ; (1.8)
AtIO 15 L 14 L 13 L 12 L 3AO 20R ; ( 5.6)

8 : STORE

12 L ;

; FETCH

9 : Ta
12

13 L ;

13 : TA

Ta IOl. 20R ;( 6.1)

STORE i ;

11 : IA. At IO 5 L STRQ 2AND 2AND ; ( 6.5)
12 : IOl. 15 L 14 L TH 3AND ; ( 4.2)

14 : SLA.

15

(7.2)

Ta

8 L 2AND 7 L. FETCH 6 L 3AO

IO1 3OR ;

39
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132 LIST

g

1
2
3
4
5
6
7
8
9
1g

( L., P)

:
:
:
:
:
:
:

TI/LP TA IA 2AND ;
JMP 15 L 1.4 L 2AND
13 L I=p 2AND 3AND
PI 15 L ;
LAll JMP PI 2AND
LA15 PI; ( 1.7)
1ST STORE 7 L 6 L 3AO
I012OR; (8.5)
EL 1ST STRQ 20R ;

( 7.4)
13 L 12 L 2AND
2AND ; ( 6.p.)
; ( 6.9)

12 L T=

STORE 8 L 7 L3 AND Ta
( 1.g. )
12 : EP TASTRQ INTQ 3 AND SLA 2AND ; ( 1.7)
13 : EM 1ST STORE 2AND ; ( 9.4)

2AND

3AND

14
5

33 LIST

g

1
2
3
4.
5
6
7
8
9
15

:
:
:
:
:
:
:
:

(N, S)

MN IOl. FETCH Ta 7 L 6 L 2AND 30A 20R ; ( 6.9)
1. PUSH MN Ta 8 L 7 L 6 L 3AND 2AND 2AND ; ( 8.7)
XTN IO FETCH 8 L 7 L 3AND STORE 8 L 7 L 3AND 3A0;
( 6.6)
TN 6 L ARITH TH 7 L 3AO XTN 39A ; ( 12.6)
N>
L ; ( . 2)
NN ARITH 3 L 2AND ; ( 5.7)
NS
PUSH 6 L XTN ARITH 4 L 3AO 3AO ; (11.4)
SN if
Ta STORE 2AND 1ST 3AO
6 L 5TH ARITH 4 L 3AO 15 L 1.4 L Ta 3AND

12 : EN
13 : ES
14

STORE 8 L 7 L 3AND 3AO 3AO ; ( 13.3)
MN NN
TN 3OR SN 20R ; ( 17.5)
NS SN 20R ; ( 15.2)

15
34. LIST

( T, y, G)

1 : L/G Ta 7 L 6 L 3AND ; ( 4.2)
2 ( : NY Io 8 L 7 L 6 L STORE Ta
3 : NY
4

l

5
6
7
8
9

12

13
14

:
:
:
:

22AO

8 L STORE 7 L 6 L 2AND FETCH 2-1 Ta

8 L 7 L 6 L 3AND Ta 2-l IO 2AND ; ( 7.2)

3AND ; ( 12.7)

MDY ARITH 8 L 2AND ; ( 5.7)
SRY MDY 7 L 20R ; ( 7.2)
SLX
ST 13 L 8 L 7 L 3AND 2AND ; ( 9.4)
EG IO Ta STORE 7 L 3AND 6 L 8 L 6 L 3AO 3AND ;
( 7.3)

41
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35 LIST

( I, R, M)

GI
STR
IGY
I-R
TI
EI
RI
IR
ER
N/T

: L
: 1L.

3 Lil L.
L 3AND ; ( 3.5)
STRQ I= 4 L EG 22AO ; (11.8)
I= LOOP STRQ 30A ; ( 13.2)
IO Ta STORE 20R 7 L 6 L 4AND ; ( 4.9)
LOOP STRQ
IA 20R 4 L GY 4AO ; ( 12.5)
GI EG 2AND; ( 8.2)
PII-R, TI 3AND ; ( 15.)
I- I-R 20R ; ( 14.2)
PITI 2AND ; ( 9.1)
RITIR 20R ; ( 15.9)
Ta ; ( . )

ARITH g L 2AND ; ( 5.7)
ARITH 1 L 2AND ; ( 5.7)

36 LIST

1
2
3
4
5
6
7
8

:
:
:
:
:
:
:
:

9 :

11
12 :
13
l4
15

( ALU)

T- 11 L 1.5 L 2AND ; ( .9)
Y- 11 L. 9 L 2AND ; ( 2.6)
PY MN Ta 7 L. 6 L 40A ; ( 1.6)
SUM 9 LPY if 3AND ; ( 13.1)
0/A 15 LPY if 3AND ; ( 13.1)
Y/L 11 LPY if 3AND ; ( 13.1)
N 32768 N (a 1 AND IF
THEN ;
CI CQ 8 L 7 L 3AND 1 L 2XOR ; ( 8.9)
CO CY 129 + ;
PT 11 Ll L. 2AND ARITH 8 L 2 L N 4AND 2AND
ARITH 2 L 2AND CO 3AO ; ( 17.2)
ET 13 L 14 L.
TH 7 L 6 L 3AND MN TA 3A) 14 L 2-1 15 L 20R ; ( 12.5)

37 LIST

( Internal decode)

OCTAL

: GSRMD EG 3 L 2 L 3AND; C 9.8)
: EMD GSRMD 1 L 20R SRY 20R ; ( 13.2)

: ESR GSRMD 1 L 20R SRY 20R ; ( 13.2)

HERE 4 ALLOT : G ( i - a) 17 AND 2. LITERAL + ;
-1. 3 G
- 5 G
- 7 G
: P ( - a) 2 G ; WARIABLE K 177523 CONSTANT MG
: Y ( - n) MDY gig NOT IF
4 G G SRY K IF 2: 6 G & OR THEN
ELSE NY. pg IF

'L G 37 AND L/G K NOT IF 2DUP IF G ELSE K THEN 0 THEN
ELSE N G THEN THEN ;
: SRMD SRY gig IF 4 G G 6 G G CO 5< AND OR 4 G
THEN ;
6 G & 2/ 77777 AND 6 G
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38 LIST

( Operation)

1 p CONSTANT PCLK

2 : a (n)

3
5
6
7
8
9
l
11

2 CONSTANT CLKEN

CONSTANT STR1

DUP 162 + DUP 75 + SWAP SUM PT 20R 3AO

STRQ 1ST 20R PCLK 220A;
3A02OR;
CLK
;
CLKE CLKEN CLK STRQ 1ST 20R 30A;
TOCK
a DUP S. c DUP S. 33268 (" PCLK +!
a DUP S. c S. 33268 (" PCLK + i ;
RAM (a - a) 2.947 AND 2k HEX 99p DECIMAL ) LITERAL + ;

4 : C ( n) DUP 125 + DUP 125 + SWAP STRQ 1ST 20R STR1 2AND
:

:
:
:

12 : TG (a - n)
3 WARIABLE A

RAM e ;

WARIABLE T

: T ( in a)

RAM

;

14 : C IAgg NOT IF P &
15 ELSE SUM PT 20R gg IF CO ELSE CQ THEN THEN ;
139 LIST

g

( ALU)

1 CODE C+ ( n n n - in n)

2

S ) S )+ ADD

3 : +C ( n n n - n)

4 CODE 2N (n - n)
5 CODE T2/ ( n n - n)

ADC

CLR

ASR

S ) S )+ ADD
ROR

< NEGATE C+ (') CY

S -)

;

ADC

MOW

NEXT

N MOW
ASL S > ROL NEXT
S >+ ASL S > ROR NEXT

6 : ALU ( - n) Te T- g< NOT IF -l XOR THEN Y
7 Y- pK NOT IF -1 XOR THEN
8 SUM p< IF Y/L gg IF of A gz IF 2DROP Y ELSE XOR THEN
9

ELSE O/A k IF OR ELSE AND THEN THEN
ELSE CI +C PT C IF DROP T G THEN

1.

pL p< IF ill g< NOT IF 2*N THEN

2
ELSE lll pg IF PT gig NOT IF CY 12 L XOR T2/ ELSE 2/
3
THEN ELSE C THEN THEN THEN ;
14 CODE N2/ ( n - n)
T MOV
ASR S > ROR NEXT

15 CODE N2k ( n - n)

g " CY MOV

g ASL

14. LIST
g
( Stacks)
1 : SIGNAL ( n - n) 32768 AND ;
2 HERE 64 ALLOT CONSTANT 'S : S ( i - a)
3 HERE 64 ALLOT CONSTANT 'R : R ( i - a)

4
5
6
7
8
l

:
:
:
:
:

s > ROL

NEXT

31 AND 2k 'S + ;
31 AND 2k 'R + ;

JK ( - a)
G ;
I ( - a) l G ;
COUNT ( n - n) DUP 255 AND 255 XOR IF 1 ELSE -255 THEN + ;
J C a - a) e 256 fMOD SWAP DROP ;
S-PUSH (n - n) NS gg NOT IF COUNT THEN ;

9 : STACKS JK & NS K NOT IF COUNT N e OVER S THEN
SN < IF DUP 255 AND IF - 1 ELSE 255 THEN + THEN JK
RI ( IF -256 JK +! THEN
2
IR gig IF 256 JK + I
JK J R
THEN ;

13 : REGS ( - n)
l4
15

I-R gg IF PIgg IF Te ELSE P e THEN

ELSE I- C IF I e - ELSE K J R G THEN THEN
EG < IF MG 'Le 15 AND BIT AND IF T & Le G ! THEN THEN ;
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4. LIST

( Display)

1 : . 2 ( m)

2 : TITLE

3

2. BASE

U.R OCTAL ;

CR ..." t

T

A

N/S

P

L/D

I/R

J

K" ;

4 : PINS CR EM g< IF A e Te 23 .2 SPACE

5
6
7

ELSE N/T gC IF N G ELSE T G THEN 23 .2 ..." k" THEN
IR C IF 1 G
17 .2 ..." k"
ELSE RI C IF JK J R G 7 . 2 SPACE

8 ELSE
9 NS
1
ELSE
11 : TEGAS
12 SN pg

18 SPACES THEN THEN
pg IF N (a 27.2 ." k"
SN p< IF JK e S e 27 .2 THEN THEN ;
EM p< IF A e Te D THEN

IF JK e S e S THEN RI gg IF JK J R & R THEN ;

13 : STATUS DUP t e < IF CR t ( 2 U.R OCTAL A 7 U.R P G 7 U.R.
14
"Le 7 U.R
G 18 U. S K 256 /MOD 4 U. R T ( 7 U.R
15
N 17 U.R 4 U.R PINS DECIMAL TEGAS CR THEN 1 t + ;
142 LIST

( Operation)
: EDGE

OCTAL

ALU STACKS REGS

TN K IF T G OR THEN MIN gig IF A
SN < IF K G SG OR THEN

NN g< NOT IF
EN gg IF N
EP gg IF A a
SWAP ET C IF
( C SIGNAL
1.
2
3
14

Te OR THEN

Ne N> p< IF N2/ ELSE N2k THEN OR THEN
ELSE DROP THEN
1+ P : THEN SRMD

DUP T p= SIGNAL ' ) T=g
EI EL ST STRQ 2AND 19956. AND ' ) TH !
STR 1 g g g g AND (') STRQ
g< IF A e Te 'L
THEN .
g< IF DUP I
= SIGNAL (') I=p
ELSE DROP THEN
(') CQ ) ELSE DROP THEN .

16 G 0 1 BIT AND IF INTQ gig NOT IF

4 'L THEN THEN 135 g (') INTQ
15 : INTERRUPT - g5 ( INTQ ;
143 LIST

( Operation)

1 : L/P ( n - n)

;

OCTAL
< IF 'L ELSE P THEN e ;

: POST TI/LP gig IF IA p< IF Te ELSE I e THEN
ELSE SLA { NOT IF 'Le 37 AND
ELSE LAll L/P 7777 AND

LA15 L/P 1725 AND OR

THEN THEN A JK ( IR K IF 4gg + THEN S-PUSH K . "
REW ( na) SWAP -l XOR SWAP ;
: RESET 1 giggg 'L 19992 (') STRQ I g (') TH
1 ppgg, 'I INTQ g 12 G
16 G ! POST t
1gggg. Te D REV JK e S e S REV JK ( J R G R REV ;
TICK EDGE POST ;
: 2 TICK STATUS ;
: ZS ( n) TITLE STATUS 1 - CDO Z LOOP) ;
TRACE ( t n) DECIMAL DUP LIST 1+ LOAD
CR CR .TIME TODAY . DATE CR TITLE
RESET BEGIN STATUS Lil 6, 73 > IF PAGE TITLE
THEN TICK A G 1 g = UNTIL STATUS 5 SPACES DROP ;
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159 list

. .

48

APPEND
isPPGAUD
X
.

( FORTHchip simulator comment blocks)

s

)(

2

ind

an

are redfired to FORTH 83 gtandad

- - - - - -- -

3S

- --

..

. .. ..

a.

- -- -

types
a signal
with leyel in bit 15 and time in bits 0-14.
- . . . .

-

5. BIT
--

returns the bit mask given a bit number. . .

S 'll

simulates the instruction latch.

7. L. ... returns an instruction bit.

-

-- - -- -

. . .

8 CY holds the current carry bit.
9 N simulates the Next parameter register.

iO INTG, STRG and CQ
-- T -

1 1 0 CONSTANT OTH

12

N

latch the interrupt, repeat and carry bits.

( 0th - 2nd - cycle of 2-cycle instruction)

complements a signal.

3 BINARY
14

-

.

-

is not relevant.

.. . .

-

-- -

a

Y

15 and combines. 2. Signals - both level arid actual arri Wall time.

150 LIST . . . .
( CMOS cells for MOSTEK gate array)
The following Cells are available :
A prefix number indicates the number of inputs arid the
input pattern. )
( A trailing
indicates irWersion. )
Multiple input AND AND OR arid OR gates are defined.
2-input exclusive-or gate ...

--

Multiple-input and -or and -or

-

--

or- and and or- and gates.

nWerter.
4- input 2-1 multiplexor.
-

-

-

-

r

-

1 1. Each gate returns the le Well of its out out and . the time it
2
becomes known.
3

r--

-

-

- - -

- -

-

-

-

- -

-- -

s

4 S
--

a

--

rms

as

d

sle . .

. . . . .

... --

161 LIST : - - -

.

.

- -

- -.

-

i

- . . . ..

,

s

.

.

sur

.

. .

-

- -

-

. . ( Logic equations - address multiplex or )

L. returns an inverted instruction bit.

. . . .. . .

T0 and to latch the or of the bits in T and I if
is low for an IF instruction.
LOOP is high for a LOOP instruction.
ARITH is high for an arithmetic instruction.

-

IO is high for an IO instruction.
A-IO is high for an arithmetic or IO instruction.

FETCH is high for an IO fetch instruction.

B
-

STORE - is high for an IO store instruction.
10 Ta is high when a data address is in T.
.

-

-

. . ..

:-

s

.. ... is

:-

ia IA/ low enables 1 &nto A.

-..

.

- -

s

-

. .

-

:

-

13 Ig- low indicates the first cycle of an IO instruction.
TA
low anabies T orito A... - - - - - -r -- - - - - - - . 15 sea lew enables a short (S-bit) Literal onto. A.
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162 LIST

days.

M

-

up - .

-

a

- - - - - - - - - - - - ". . . .

50
.1

...

d

A

logic equations - instruction and address registers)

- 1 TIMLP high enables T or I instead of L or P onto A.
as

2 JMP

low indicates a successful lump instruction.

3 P.

-

low enables P into

(and thereby I onto R. )

4 LA 1 high enables L0-11 onto A.
5 LA 15 high enables L12-15 onto A.
6

p

-

-

7 1 ST high indicates the first cycle of a 2-cycle instruction.
- --

8 EL

high enables the instruction latch.

9 EP high enables; the program register.

12 EM

-

2

--

.

-

-

low write-enables program? data memory.
p

-- -

-

-

-

.

.

4

-

- -- - - -- - - - - - -- -

-- - - - -

-

4.

--

5

E3 LST

logic equations - parameter stalk)
MN high selects memory as input to N.
2 1. PUSH high pushes stack list cycle of 2-cycle instruction.

3
4
5
6

XTN high selects T as input to N during O. instruction.
TN high selects T as input to N.
N) high shifts N right.
NN.

low shifts N left or right.

7

-

--

B NS low pushes N onto S.
9 SN high pops S into N.

12 EN high enables N register.
i ES high indicates stack acti We (input or output).
12
3
4.

-

-

-

-

15
64
* --

-- - a

- -

-

-.

S
. .

.

re

tre--- -

- -

-- - - - - - , .

T ( Logic equations - ALU input multiplexor) . . .
L/G high selects 5-bit literal instead of G.

NY. low selects N as input to Y.
MDY low selects MD as input to Y in arithmetic instruction.
SRY high selects SR as input to Y in arithmetic instruction.

Sux- low selects 5-bit literal instead of register X as X-port
Output. " -

- - - - - ...

EG high enables register selected by L4-LQ.
.

.

.

.

. .. . "

* -

--

-

5,070,
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165 List
--

-- -

52

.

- - -- - -

GI

2 . . ..

.
Logic equationreturn stack

high selects I register in G.

STR

low indicates repeated instruction.

--

I- high indicates register I to be decremented.

GY high selects G as Y input to ALU.
I-R
low selects or R as input to I.
T. low selects T as input to I.
EI high enables register I.
s

RI high pops R into register I.
12 IR high pushes onto R.
1 it ER high indicates R active (input or output).
13 NAT high selects N instead of T for output to memory.
14 OL

returns a Walid ALU shift-control bit.

15 1. L.

returns a Walid ALU shift-control bit.

-

SS LS

( Logic equations - ALU)
1
2
3
4

TYPY.
SUM

5 OMA

low complements T-input to ALU
low complements Y-input to ALU.
low selects P as output from ALU.
low selects sum as output from ALU.
high selects OR instead of AND as output from ALU.

.

6 YML high selects Y instead of logic (AND, OR, XOR) as output
7

from RLU.

8 ON returns complement of bit Q of register N (for multiply).
9 CI returns the carry-in to bit 0 of ALU.
iO CO returns the carry-out from bit is of ALU.
1 i PT high selects T as output from ALU (subject to shift).
2 ET high enables register T.
1.
A
x- - -

-

-

S-

. ..

-

-

- - - - - ------.

167 LIST

..

to

- -- -

F.

--

(Logic equations - multiply) -

--

- -- - -

GSRMD high enables T into either SR or MD.
EMD high enables T into MD."
ESR high enables T into SR. m
-

--

s.

dr

so as

a

u

- " -

-,

t

.

is

-

& Simulator - Y multiplex or ) . . .

ad

G simulator array that holds internal registers

" .
s

P register P. - . . . . . . .
... . . . . .
.. .
. . .
MG mask indicating which registers may be writtens
?Y 't returns
the
number
selected
as Y-input
to RLUs.
- - - - c. . . .. .
- - regul. . . .-

:

K register JK. . . . . . . . . . . . . . . . . .

-

t

sites square-root-step operation by altering
s

-:

- -. . -. -.

sire.

--,- --Y -- rats. *-

.

- -

T- - - -

..

.. .

- a .. .

..

.

•

a

-
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S4

8 LST

Simulator - Clock, memory arid Carry)
not relevart.

PCLK, CLKEN and STR1

a C clock phases - not relevait.

CLK external clock enable - not relevant.
CKE exterral click - rot rele Wart.

TOCK

cycles clock phases - rot releWant

RAM array simulating instructior. Mdata memory.
To fetches cortents of memory.
T stores into memory.

10 A simulates address us.
ii f

simulates T register.

3.

3 C simulates input to carry latch ( from P15 carry-out of A-,
14
5

or latch itself).

69 LIST
Simulator - AU)

(

a C+
3 +C

SIM 1 1 code is used for arithmetic pri?itives)
adds 2 numbers arid a carry.
adds 2 numbers arid a carry-in flag ( bit 15).

4 24 N shifts N and stack left.

5 Tam

shifts the stack right with a shift-in bit.

5 CODE N3
7

( r - r)

2

CY MOV

2 AS

S ) ROL

NEXT

8 ALU simulates the cut out cf the AU, includirig shift irg.
9

12 N3/
11 N2+

shifts stack (N) right with shift-in from T2.
shifts stack (N) left with sir, if t-in from carry.

12
13
A
S.
7

IS

Simulator - stacks)

1 SIGNAL

2 S
3 R

resets the time of a signal to 2.

simulates a 1 E-deep parameter stack.
simulates a 16-deep return Stack.

4.

5 JK

6

returns the address of simulated JK.

returris the address of simulated I.

7 COUNT increments the low-order byte by i (with cut c Werfl CW).
a J returns the high-order byte from J.K.
9 S-PUSH increments the parameter-stack pointer.
2

1 STACKS
12 REGS

pushes and pops both stacks.
ters G and returns the rew Value for i.

5070,451

SS

S6

71 LIST
Simulator - status display)

2 displays a binary nurber.
TIE displays a title ine.
T

NAS

K"

PINS displays the state of the iri put-cut out pirs.
TEGAS displays TEGAS format - not reie Wart.
STATUS

displays the several status

iries.

72 LS

( Simulat cir - risi rig edge)
EDGE sirnu ates register at Chir

at the r is iry edge c.

is

Cit.

INTERRUPT

simulates art interrupt.

3
13
4.
15

73

IST

Simulator - chip operatic r.)
returrs

Criterts of

cer P.

POS

simulates the address bus and stack po i riters at the
fall i rig edge cf the Clock.
REV TEGAS formattirig - not relevart.
RESET

TICK

simulates Chip reset.

simulates ore clock cycle.

Z Simulates orie Clcick cycle a

ZS

displays status.

simulates several clock cycles.

1

TRACE simulates a chic program - from reset till a braric: back.
to 12. It also displays (pririts) the source code arid
13
LORDs a block t c initialize stack metapry.
4

was

57
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What is claimed is:

S8

1. A processor adapted to receive instructions and to
execute multiple operations of a single instruction in
parallel, comprising:
an instruction latch;
a main memory data port coupled to said instruction

plexer further includes a fourth input coupled to said
first one of said control signal outputs.
5. The processor of claim 1 further comprising a next

register for generating a pointer address for said
next parameter memory having an output coupled
to an address input of said next parameter memory
and an input coupled to a fourth one of said control
signal outputs; and
a J stack pointer circuit for generating a pointer ad

of said top register and said index/return register to

parameter multiplexer having an output coupled to said
next parameter register, a first input coupled to said top
register, a second input coupled to said main memory
latch;
data port and a select input coupled to a sixth one of said
an instruction decode circuit for decoding an instruc control
signals.
tion in said instruction latch coupled to said in
The processor of claim 1 further comprising:
struction latch and having a plurality of control O a6. program
counter; and
signal outputs;
an index/return multiplexer having an output cou
a main memory address port coupled to a first one of
pled to said index/return register, a first input cou
said control signal outputs;
pled to said top register, a second input coupled to
an arithmetic logic unit having a control input cou
an output of said program counter and a select
pled to a second one of said control signal outputs 5
input coupled to a sixth one of said control signal
and a first operand input;
outputs.
an ALU multiplexer having an output coupled to said
7.
The processor of claim 1 further comprising:
first operand input of said arithmetic logic unit, a
a fourth data path coupling an output of said top
first input coupled to said main memory data port
register to an input of said next parameter register;
via a first data path, and a select input coupled to a 20
a fifth data path coupling said output of said top regis
third one of said control signal outputs;
ter to an input of said index/return register;
a top register coupled to an output of said arithmetic
whereby said arithmetic logic unit temporarily main
logic unit;
tains an output value of said next parameter register
a next parameter register coupled to a second input of
while an output value of said top register is applied
25
said ALU multiplexer via a second data path;
to an input of said next parameter register to enable
an index/return register coupled to a third input of
a simultaneous, one clock cycle swap of the con
said ALU multiplexer via a third data path;
tents of top register and said next parameter regis
a next parameter memory having a data I/O coupled
ter to be effected through said second and fourth
to said next parameter register, said next parameter
data paths; and
memory, next parameter register and top register
whereby said arithmetic logic unit temporarily main
forming a single parameter stack;
tains an output value of said index/return register
an index/return memory having a data I/O coupled
while an output of said top register is applied to an
to said index/return register for storing an index/input of said index/return register to enable a si
return stack;
multaneous, one clock cycle swap of the contents
K stack pointer means having only a single pointer 35

dress for said index/return memory having an out

be effected through said third and fifth data paths.
8. The processor of claim 1 further comprising means,
responsive to a predetermined bit of said instructions,
for performing a subroutine return operation concur
rently with other operations specified by said instruc

put coupled to an address input of said index/- tions.
9. The processor of claim 1 further comprising means,
return memory and an input coupled to a fifth one
45 responsive to a predetermined bit of said instructions,
of said control signal outputs.
2. The processor of claim 1 further comprising an for performing a subroutine call concurrently with
address multiplexer having an output coupled to said other operations specified by said instructions.
main memory address port, a first input coupled to said
first one of said control signal outputs, a second input SO 10. The processor of claim 9 wherein said means for

performing a subroutine call comprises means for stor
ing a program count in said index/return register and
providing an output of said instruction latch to said
memory address port.
s
3. The processor of claim 1 further comprising a main main
11.
The
processor
of
claim
1
further
comprising
memory multiplexer having an output coupled to said 55 means for modifying a value in one of said registers by
main memory data port and an input of said instruction
literal value from said instruction latch.
latch, a first input coupled to said top register, a second a multi-bit
12.
The
processor of claim 1 further comprising
input coupled to said next parameter register and a means for coupling
said top and next registers to store a
select input coupled to a sixth one of said control sig single, double-precision
value and for shifting said dou
nals.
60
ble-precision
value
through
said top and next registers,
4. The processor of claim 1 wherein said ALU multi
coupled to said top register, a third input coupled to

said index/return register and a select input coupled to
a sixth one of said control signals.

