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Preface to the Third Edition 
 

 

Dr. Glenn Haydon, one of the developers of the WISC (Writable Instruction Set Computer) Forth 

engine, often made the remark that it was unfortunate that Chuck Moore built the NC4000 chip and 

cast Forth into silicon. He lost the freedom to change his mind, as he often did. Indeed, it was very 

difficult to make any change in NC4000. Novix had not been able to fix the bugs in the NC4000 

prototype chip, or to bring out the NC6000/5000 with enhanced features, even with the infusion of 

large amount of venture capital after its incorporation. After two years since NC4000P was released, it 

is still the only chip available from Novix. 

 

Although Chuck Moore could not do much on NC4000, he is not standing still either. He talked about 

the 32 bit 'Buffalo Chip' on several occasions, although it is not clear how much has been committed to 

its design and construction. He also kept on revising the Forth kit and the cmForth system. The latest 

version was released in December 1987. He sent me a copy of the new cmForth to be published in More 

on NC4000 and allowed me to use it in the third edition of this book. 

 

It is a pleasure to go through the new cmForth and compare it line by line with the old version. Chuck 

made many changes, polishing the code in more than one way. Many definitions are refined. Many 

names are changed. The style and code layout are also much improved for readability. Shadow 

screens are included to provide functional description for every word defined. He managed to shave off 

15 lines of code and save a whole screen. He also put shades at the right and bottom edges of the text 

blocks, making them rise above the page. It is rather pleasing to the eyes. 

 

His persistent obsession in pursuing the simplest expression to be shared by NC4000 and its users is 

always fascinating to me. He must have felt the enormous responsibility of a system programmer and 

a language designer, in that every instruction he deleted and every cycle he saved will be multiplied by 

the billions in memory and times saved by the users. The old Chinese master ought to have made this 

observation when he declared: "For knowledge, add a little everyday. For wisdom (Tao), erase a little 

everyday". The Tao of Forth is not something vague and ethereal. It is embodied in cmForth for us to 

see, to feel, to study, and to meditate on, if we cared. 

 

In this edition I tried to include information and developments on NC4000 over the last two years. Many 

new sections are added based on my papers appeared in More on NC4000. However, the major focus of 

this book is still Chuck Moore's cmForth. Observing Chuck's programming style and how he 

constructs large structures from the components is the best way to gain maturity in Forth 

programming. Simplicity manifests itself in correctness, flexibility, capability, and productivity. 

 

In last year (1987), we saw several Forth engines: the 32 bit Forth chip from the Applied Physics 

Laboratory in John Hopkins University, both a 16 bit and a 32 bit WISC engine from WISC 

Technology, and the ,16 bit FORCE chip set from Harris Semiconductor. We can expect 

more entries into this field which will generate more interests and excitement in the coming 

years. Finally, we start to see blossoms from the seeds Chuck Moore planted two 

decades ago. 

 

A NC4000 Users Group was formed in the San Francisco Bay Area in 1986. The Silicon Valley 
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Chapter of the Forth Interest  Group hosts the NC4000 Users Group Meeting once every three 

months, on the forth Saturdays in January, April, July, and October. The discussions in 

these meetings are always lively and somet imes provocat ive .  For  members 

outside  of  the  Bay Area, a newsletter More on NC4000 helps the circulation of technical 

information about NC4000 and related products. Volume 7 of More on NC4000 was just released. 

We hope that it will provide timely and useful exchange of ideas and techniques among the users. 

 

 

Chen-Hanson Ting 

San Ma teo, California 

March 1988 
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Forward to the First Edition 
 

 

Footsteps in an empty valley is a Chinese ideographic phrase with very deep poetic connotation. It is 

used to describe the emotional feeling when one is, about to meet a long missed friend as his footsteps 

are nearing. The picturesque setting is an empty, desolated valley this person had chosen to retire. He 

has as his companions the trees and the flowers, a small flowing brook perhaps, and wild lives off 

the woods--the best mother nature has to offer--except for trusted friends whose friendships he had to 

sever as the price of his retirement. 

 

One day he was awakened amidst all, the familiar sounds of his environ--whispering of the trees, 

splashing of water, and soft songs of the birds--by the footsteps of someone he dearly missed all these 

years. Who would travel this far to this distant valley to visit, but the most intimate and the most trusted 

of friends? 

 

Living in this Silicon Valley full of people, money, energy, activity, and ideas; we've seen now things 

invented and new products introduced with rapid pace. Some are successful. Most do not see the light 

of day. Even the most successful fade in a couple of years. Amongst the high pitched, loud sounding 

hype, there is always this silent loneliness deep down inside. Which voice shall we heed? What 

direction are we heading? Where is the best and the truest to be found? 

 

We have witnessed hosts of microprocessors and microcomputers marching from cradle to grave, 

right before our eyes. Languages and operating systems come and go. Even in Forth, which I use to 

code for a living and write about to entertain, we've seen good work done and disappear, come and go. 

Have we the source code. It would be especially helpful to the user when the stack picture got fuzzy 

and the logic seemed tied in knots. At the very least, the user will have another point of view to explore 

Chuck's ideas besides reading the source code itself. 

 

The NC4000 is truly a milestone in computer technology-- more so than the much touted RISC 

computer. The Berkeley RISC machine was essentially a rediscovery of the original Von Neumann's 

ENIAC design. The only addition was the overlapping registers used to facilitate parameter passing 

between procedures. NC4000 is much more sophisticated than the RISC machine in its dual stack 

architecture, single cycle subroutine call and return, and the externally microcoded instruction set. To 

take advantage of the unique architecture of NC4000 and to make the best use of its powerful 

instruction set, the user needs a firm grasp on the inner mechanism of this chip. A systematic 

exposition of this chip is therefore necessary to bring all the information about this chip into sharp 

focus. Some knowledge about the hardware structure in this chip is mandatory in order to understand 

the software system embedded in cmForth; although lacking this knowledge would not prevent the 

user from programming this chip in the normal Forth style. A long section in this book is devoted to the 

chip itself to provide background information on the chip. 

 

The NC4000 chip does not work by itself. You have to connect it to some RAM and ROM memory to 

build a computer. Circuit schematics are provided for such a computer so that the user can build it 

with minimal parts and labor, and be productive in a short time. Many programming tips and tutorial 

examples are also included. Nevertheless, the richest source of coding examples are in the cmForth 

source code itself, where the user can find practical solutions to a broad spectrum of problems an 
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operating system has to solve. There is much we can learn from Chuck Moore both in terms of 

programming techniques and programming style. 

 

I didn't really have much time to explore all aspects this computer and the NC4000 chip. This manual 

represents the scope of my understanding at this moment. As time passes, I 
-
dill

 
make additions and 

updates and hope that you will keep me informed of your opinions and suggestions. If the chip is to be 

successful, it needs the entire Forth community to support it by providing viable applications and 

services to users not fluent in the language. If it is successful, we will ride on its coattails for a long, 

long while. 

 

It is superfluous to acknowledge Chuck Moore, because the acknowledgement is implicit every time 

I utter ‘Forth’. However, his personal help in bringing up our first NC4000 system and providing it 

with cmForth greatly accelerated our pace in making this information available to Forth users. Dr. 

George A. Nicol and Mr. Scott Reinhart of the Software Composers were very helpful in providing 

information on their SC1000 computer which also uses NC4000 as its CPU. Mr. John Peters and Dr. 

and Mrs. Albert Ting read the manuscript and made numerous corrections and suggestions. 

 

My best wishes to you and to your NC4000. 

 

Chen-Hanson Ting 

San Mateo, California 

March 1986 
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My Electronic Bookshelf 
 

A couple of years ago, I closed my website www.offete.com and stopped distributing my 

publications on-line. Nevertheless, these publications still exist on my electronic bookshelf. If 

you need any of them, please send me a request at chenhting@yahoo.com.tw, I will sent it in a 

return email, and also bill you by a PayPal invoice. I know, we are in the 21
st
 century now. You 

cannot do anything without a website. But, at least I got rid of lots of paper, and the snail mail. 

 

Juergen Pintaske twisted my arm to get Footsteps in an Empty Valley updated from a printed 

copy, which was edited on an old word processor TMaker on a CP/M machine and printed with a 

Diablo daisy wheel printer. Files got lost with the CP/M machine. I had to scan all the pages and 

used OCR to recover the text. The hardest part was Chuck Moore’s source code of cmForth, 

which he printed on an Epson dot matrix printer with a worn ribbon. Lots of the dots disappeared 

through copying processes. I tried my best to bring back the code, but couldn’t be entirely sure. I 

hope nobody will use the code for any purpose other than reading. 

 

Well. Let me know if you have any question. 

 

Chen-Hanson Ting, 

San Mateo, California 

February, 2017 

 

 

PDF Books 

 

After I learnt a Forth system, I always tried to document it so I could teach other people how to 

use it. So I wrote about polyForth, figForth, F83, F-PC, and cmForth. When Win32Forth came 

along, I gave up, because it was too large and too complicated. I then focused on developing 

eForth for microcontrollers. After retirement, I cleaned out the books off my shelves. People still 

asked for them, so I converted some to pdf files. Here is the list of available titles: 

 

4001  Footsteps in an Empty Valley, 4th Ed., $15 

Description of the first Forth chip NC4000 from Novix, and Chuck Moore’s cmForth for it. 

cmForth was the simplest and most compact specification of a real Forth system for a real Forth 

computer. It contains a complete Forth system with a target compiler, an optimizing assembler, 

and a serial disk driver. Required reading for all Forth programmers. 

 

1010  Systems Guide to figForth, 3rd Ed. $15 

The most authoritative treatise on how's and why's of the figForth Model developed by Bill 

Ragsdale. Internal structure of the figForth system. Very detailed discussions on the inner 

interpreters and the outer (text) interpreter of Forth. 

 

1003  Inside F83, $15 

Everything you want to know about the Perry-Laxen F83 system but afraid to ask. 288 packed 

pages divided into 4 parts: Tutorial on F83 system, Kernel, Utility, and Tools. It is based on 8086 

http://www.offete.com/
mailto:chenhting@yahoo.com.tw
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F83 Version 2.1 for the IBM-PC, but useful as a reference manual for all other (8080 and 68000) 

F83 systems.  

 

1008  F-PC Technical Reference Manual, $15 

Narration on all words in the kernel and tools of F-PC, a practically useful Forth system for 

applications on PC. Functional description of the utilities and applications. Valuable guide to F-

PC internals and assembly coding on segmented 80386 architecture.  

 

1013 .eForth and Zen, 3rd Ed. $15 

Complete description and exposition of the eForth Model: kernel, high level words, interpreters, 

compiler and utilities. Comparison of Forth and Zen, their similarities in simplicity and 

understanding. It is update based on 32-Bit 586 eForth v5.2 for Visual Studio Community 2015. 

It is in an assembly file as a C++ console project. It uses indirect thread model so that new colon 

words can be added to the .data segment. It is optimized with 71 code words and 110 colon 

words. 

 

1015  Firmware Engineering Workshop, $15  

A tutorial in 4 parts for building firmware for embedded systems, based on enhanced eForth. 

Hands-on experiments using CT100 Lab Board with 8051. 8086 eForth 2.02 and 8051 eForth 

2.03 are included with the original eForth 1.01 Models for 8086 and 8051. 

 

eForth Implementations 

 

I had always looked for low-cost microcontroller kits to teach people Forth. Over the years, these 

kits were getting cheaper and more powerful, and I ported eForth to a lots of them. I had lots of 

fun with them, and I enjoyed seeing others having fun (and making useful products) as well. 

eForth captures the essence of Forth, as an universal programming language for small, embedded 

systems. These eForth implementations are distributed with source code and substantial 

documentation. 

 

2152  ADuC ARM7 eForth, $25 

eForth for ADuC7020 MicroConverters from Analog Devices. It is written in ARM7 assembler 

on a Keil IDE. It uses the ARM7 link register for threading, and is fully optimized to make the 

best use of ARM7 core and analog peripherals integrated in this true microcontroller. 

 

2153  SAM7 ARM7 eForth, $25 

eForth for AT91SAM7X256 microcontroller from Atmel. It is in ARM7 assembler on Keil 

uVision3 RealView IDE. It uses the DBGU serial port to interact with user. Olimex's SAM7-

EX256 Board has a very interest color LCD module. This eForth has graphic primitives to drive 

the LCD display. 

 

2154  cEF Version 1.0, $25 

cEF is a Forth implementation based on eForth Model, and compiled by gcc compiler in Cygwin 

on a PC. The underlying Virtual Forth Machine has the standard 33 machine instructions defined 

in the original eForth Model. It is target to microprocessor without floating point coprocessor, 

and uses only integer arithmetic operations. 
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2155  cEF Version 2.0, $25 

cEF is a Forth implementation based on eForth Model, and compiled by gcc compiler in Cygwin. 

The Virtual Forth Machine has 64 machine instructions. Multiplication and division are 

implemented using double arithmetic floating operations. It is highly optimized to take 

advantages of recent microprocessors with floating point coprocessors. 

 

2157  eForth for STM8S,$25 

STM8S is an 8 bit microcontroller from STMicroelectronics. ST is distributing a STM8S-

Discovery Board for less than $10. It is an excellent kit to learn microcontroller programming. 

Now, a good Forth experimental kit is available for high school students. 

 

2159  328eForth for Arduino Uno, $25 

This is a very efficient implementation of eForth for ATmega328P microcontroller used on 

Arduino Uno Kit. It is using Subroutine Thread Model. It uses tools in NRWW memory to 

compile new words in main RWW flash memory. It allows you to build turnkey systems for 

commercial applications. It requires a flash programming tool. 

 

2162  ceForth_328 for Arduino Uno, $25 

This is an Arduino sketch which can be compiled and uploaded by Arduino IDE. The Forth 

Virtual Machine is coded in C, and the Forth dictionary is imported as a data array. The Forth 

dictionary can be extended into the RAM memory, so you can add new commands to this system. 

The dictionary is produced by a metacompiler running under F#. The source code of the 

metacompiler is included for you to enhance this system. 

 

2164  430eForth for TI LaunchPad, $25 

This is a Forth system for the MSP430G2553 microcontroller used on the LaunchPad from TI. It 

is a 16-bit Forth implementation to be assembler by the Code Composer Studio 5.2. It makes the 

best used of the 16 KB of flash memory, leaving about 10 KB for your applications. 

 

2165  STM32eForth720 for STM32 F4 Discovery, $25 

This eForth is for STM32F407 chip on STM32 F4 Discovery Kit from STMicroelectronics. This 

chip has 1 MB flash memory, 192 KB of RAM, and a ton of interesting IO devices. STM32 is no 

longer an ARM7 chip, but a THUMB2 chip. STMeForth720 is optimized for the new 

environment. 

 

2166  430eForth v4.3 for TI LaunchPad, $25 

This is a Forth system optimized for the MSP430G2553 microcontroller used on the LaunchPad 

from TI. It is changed from a subroutine threaded model to a direct threaded model, faster and 

more compact. 

 

2167  8086 eForth Version 2.03, , $25 

Enhanced 32-bit eForth for 80586 running under Visual Studio Community 2015. It is assembled 

by MASM buried under C++ as a console project. Now you can evaluate the eForth model 

conveniently in latest Windows environment. 

 

file:///J:/Yahoo%20SiteBuilder/sites/offete/430eForth.html
file:///J:/Yahoo%20SiteBuilder/sites/offete/430eForth.html
file:///J:/Yahoo%20SiteBuilder/sites/offete/430eForth.html
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2171  32-Bit 586eForth v.5.2 for Visual Studio, $25 

It is a assembly file in a C++ console project on Visual Studio Community 2015. It requires 

library files supplied by Kip Irvine for Windows services. It uses indirect thread model so that 

new colon words can be added to the data segment. It is optimized with 71 code words and 110 

colon words. Now you can test drive eForth on newer Windows PC. 

 

2172  espForth for ESP866 Chip, $25 

ESP8266 is a 32-bit microcontroller with integrated WiFi antenna and software drivers. Arduino 

IDE can compile and upload applications to it. espForth is an Arduino sketch which allows Forth 

commands to be sent to ESP8266 remotely as UDP packets. IoT for fun! 

 

VHDL Forth Chip Designs 

 

I had used VHDL to design Forth processors and tested them on FPGA’s. They included a 16-bit 

processor eP16 and a 32-bit processor eP32. I ported eForth to these chips for design verification. 

In 2016, we ran a CPU Design Workshop in Silicon Valley Forth Interest Group, and I used 

designs of Intel 8080 and DEC PDP1 as exercises. It was interesting that eForth was used here as 

test benches, which were much more difficult to design than CPU themselves. 

 

2163  eP16 in VHDL for LatticeXP2 Brevia Kit, $25 

eP16 is a 16 bit microcontroller. It was implemented on LatticeXP2 Brevia Development Kit 

with LatticeXP2-5E FPGA. It included a CPU module, a UART module and a GPIO module. An 

eForth metacompiler producing eForth RAM image is included with all source code. 

 

2158  eP32 in VHDL for LatticeXP2 Brevia Kit, $25 

eP32 is a 32 bit microcontroller. It was implemented on LatticeXP2 Brevia Development Kit 

with LatticeXP2-5E FPGA. It includes a CPU module, a UART module and a GPIO module. An 

eForth metacompiler producing eForth RAM image. It is the best Forth engine design on the 

cheapest FPGA kit. All VHDL files and eForth files are included. 

 

2169  80eForth202 for eP8080 Chip, $25 

eP8080 was a CPU model used in SVFIG FPGA Design Workshop. It recreated an i8080 chip in 

FPGA. 80eForth202 was the Forth system embedded in VHDL for design verification and to 

help debugging the chip. The eForth RAM image was derived from 86eForth v2.2 and 

Z80eForth by Ken Chen, assembled with MASM. 

 

2170  PDP1eForth for ePDP1 Chip, $25 

ePDP1 was another CPU model used in SVFIG FPGA Design Workshop. It recreated a PDP1 

chip in FPGA. PDP1eForth was the Forth system embedded in VHDL for design verification and 

to help debugging the chip. It was derived from eP16, and used a metacompiler in F# to create 

eForth dictionary to initialize RAM memory. 
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Chapter1.   Introduction 
 

 

1.1.  Historical Background 

 

In the beginning, Chuck Moore invented Forth as a programming language to make himself a more 

productive programmer. The late 1960's saw Forth evolved into an integrated, unified, and complete 

software development tool. In 1972, Chuck and a few of his colleagues left National Radio 

Astronomy Observatory (NARO) where they nurtured Forth into its present form, and formed Forth, 

Inc. to explore its commercial potential. For a while, he was content to use Forth as a software tool to 

solve real world problems, leaving hardware engineers to pick up the Forth architecture and 

implement Forth engines. 

 

Forth didn't become a household name in computer industry until Forth Interest Group was formed in 

the San Francisco Bay area. figForth source code was distributed by tons at cost beginning in 1978. 

Although Forth had established a sizable following in the microcomputer user community, the 

computer industry was very reluctant to accept Forth as an alternative architecture for hardware 

design and implementation. There were scattered efforts towards building Forth engines using bit 

slice technology and random logic, but the consequence was almost nil. Meanwhile, Chuck became 

restive and took it upon himself the task of casting Forth into silicon. In 1980, Chuck left Forth, Inc. 

to pursuit his new dream. 

 

In the reorganization, Forth, Inc. expanded its board of directors to include Bill Ragsdale, founding 

father of the Forth Interest Group, and John Peers of Logical Machines. Both had intense interests in 

seeing Forth burnt into silicon. The right milieu was thus gathered for the precise chemistry necessary 

for brewing a Forth chip. 

 

At the time, Chuck with Glenn Haydon and others were designing a prototype board to execute Forth 

words as primitive instructions. The spark that initiates the Forth chip development was set by Don 

Colburn of Creative Solutions, another Forth heavy weight on the east coast. With a $1000 birthday 

gift from his wife, Don organized a one-day, project-oriented session with Chuck Moore, Bill 

Ragsdale and a chip designer to discuss the feasibility of building a Forth engine on silicon. The 

discussions affirmed for Chuck that his dream of Forth chip could be realized and that serious support 

was available. 

 

John Peers saw the beauty of approaching Forth from several levels. He founded Technology 

Industries in March 1981, to be a parent organization to develop Forth in hardware, software, and 

applications. With funding from Technology Industries, Chuck developed and demonstrated a Forth 

engine simulator with color CRT display of the internal data paths and operations in March 1983. A 

funding partner of Technology Industries, Sysorex International, became interested in the project and 

formed the Novix partnership in March 1984 to carry forward the hardware implementation of this 

Forth chip. 

 

Mostek was chosen as the foundry to cast Forth in silicon. The chip was implemented with 3 micron 

HCMOS process using 4000 gates. It was packaged in a 128 pin pin-grid array. The first working 

chip was delivered in March 1985, running at 7 MHz. It was supposed to be a prototype chip. Since 
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95% of the functions worked as designed, Novix decided to offer it as a product and called it 

NC4000P. An evaluation and development system named Beta Board was also offered by Novix. 

 

When Mostek was sold to Thomson and Novix went through a process of reorganization and 

incorporation, efforts in removing the bugs in the prototype mask was suspended. A second run using 

the same prototype mask was completed, with the pin count on the pin-grid package reduced to 121 pins. 

It seems that this prototype chip, complete with all its bugs and restrictions, will be the one we have to 

live with for a while. Even with the bugs and restrictions, NC4000P is more powerful than the best of 

the 16-bit microprocessors. 

 

In March 1986, Novix was incorporated with Mr. John Peers as its chairman and chief executive 

officer. It was producing NC4000 chips and selling them. Chuck Moore offered the Gamma Board, a 

kit with a bare PC board, a NC4000 chip and a pair of PROM--to people who like to build computers. 

Software Composers were selling board level products: SC1000C single board computer with 

NC4000 and 8K of RAM, prototyping PC boards, memory expansion boards, etc. Meanwhile, 

NC4000 spread to many laboratories, factories, and other countries around the world. It was used in 

many different areas, including CAD/CAM, data acquisition, fast signal processing, factory 

automation, artificial intelligence, etc. An NC4000 Users group was also formed to collect and 

distribute information on NC4000 and its applications. 

 

Novix licensed NC4000 design to Harris Semiconductors to become the 16 bit CPU core in its cell 

library. Harris called it Forth Optimized RISC Computing Engine or FORCE. Harris' customers can 

thus use this CPU core together with other supporting macro-cells to design complete single chip 

microprocessors for dedicated applications. A five chip chip-set was produced by Harris for 

evaluation purposes. It includes a FORCE CPU, two stack controllers, an interrupt controller, and a 

multiplier chip. Software Composers, now renamed Silicon Composers, built a coprocessor board 

with this chip set, to be used inside an IBM-AT microcomputer. 

 

Glenn Haydon and Phil Koopman continued their efforts in building Forth engines using standard 

TTL parts. In 1986 a 16 bit version was produced, first in kit form and later in printed circuit boards, 

named CPU/16. This design is especially interesting because it uses writable control store memory to 

hold the microcode. User can thus design or write his own instructions on this engine. They called it the 

Writable Instruction Set Computer, or WISC. In 1987, the 32 bit version CPU/32 was released. Both 

these versions worked as coprocessor board inside IBM-PC or AT computer. Glenn and Phil formed 

WISC Technologies, and intended to produce microprocessors using these designs. 

 

1.2.  The RISC Panacea 

 
The Reduced Instruction Set Computer (RISC) seems to be the fad of 

-
computer industry for the 80's. 

By using a small instruction set, restricting memory access to a few memory fetch and store 

instructions, and using a large set of register windows, it promises faster execution at lower costs. 

Will it solve all our computing problems? The RISC architecture was so attractive that many people try 

to classify NC4000 as a RISC engine in order to give NC4000 an extra polish for selling to the 

unsuspecting public. 

 

The truth as I see it is that the Forth virtual engine by nature is a Complicated Instruction Set 
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Computer or CISC structure, because the Forth engine must support an interactive programming 

environment. A minimum Forth system has at least 250 instructions just to be barely useful. Any real 

Forth engine is thus bound to be a CISC machine. In fact, the champion CISC machine VAX has an 

instruction set that matches very well with a Forth virtual engine. The virtue of NC4000 is not that it 

has a reduced instruction set, but that it can execute its instructions with blazing speed due to 

simplicity in design and dual stacks supporting very efficient subroutine nesting. 

 

When the reports on RISC machine were published by Dave Paterson in Berkeley, I often compared 

it to the design of the original von Neumann's Advanced Electronic Machine (AEM) developed around 

1946. The similarity is very striking as shown in the two instruction sets in Tables 1.1 and 1.2. AEM had 

only 21 instructions and RISC had 31. On the other side of the fence, NC4000 has more than 200 valid 

instructions. Table 1.3 shows only a partial list of NC4000 instructions which can be conveniently 

named. Comparing these tables, you can see that NC4000 is definitely a CISC machine. Here we shall 

compare it with the von Neumann AEM and Berkeley RISC to see its true merits. 

 

Von Neumann's AEM was a 40 bit machine designed primarily for numeric computation. It had 

multiply and divide instructions, but no logic instructions. It addressed only 4096 words of memory. 

It was a memory oriented machine, in that an internal accumulator provided one operand and was also 

the destination of arithmetic operations. The other operand was generally fetched from memory. The 

only other register MQ in the CPU was used together with the accumulator, serving as an extension to 

the accumulator in the multiplication and division operations. From the contemporary point of view, 

AEM may seem very primitive, but it was very efficient for scientific and engineering computation. 

 

Let's examine the RISC machine and see how much we have advanced over the last 40 years. The 

only significant advancements in the RISC machine over AEM are: subroutine call and return 

instructions, the large number of windowing registers, and instructions operating on registers instead 

of the accumulator and memory. RISC has a large set of registers because of the VLSI technology, 

which was not available to von Neumann. Subroutine call and return were invented much later; 

although von Neumann was keenly aware of the power of subroutines, which was actually coined by 

him. Conveniently nesting subroutines and returning from them had to wait until the stack was 

invented in the 50's. Because of the large set of registers RISC has on chip, it is advantageous to use 

them as much as possible for normal ALU operations, while delegating the memory fetching and 

storing to special memory instructions. 

 

Besides the efficient subroutine nesting and the use of registers to reduce memory access, RISC is 

very similar to AEM. It is very interesting to observe that after 40 years of intense research, 

development, and engineering efforts, we came back to the point where we started. Are we much better 

than our fathers? 

 

The major advantage of the register windows is that they allow parameters to be passed conveniently 

between subroutines and their callers. The size of the register window was determined by extensive 

studies on large compilers and applications. However, no matter how the windows are sized, they tend 

to be wasteful because most subroutines do not make full use of them, and insufficient on many other 

occasions. In contrast to register windows, an independent data stack in NC4000 dedicated to 

parameter passing is the most efficient way to use on-chip memory to support subroutines without 

limitation on the number of parameters passed into or out of a subroutine. 
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The major objection to stacks for parameter passing is that stacks traditionally implemented in the 

main memory cuts into the memory bandwidth. Using data on the stack is thus always slower than using 

data in the on-chip registers. This objection is no longer valid because large amount of on-chip memory 

can be dedicated to stacks. It is also possible to build CPU chips which can access external stacks in 

parallel with the main memory so that stack accessing can be overlapped with memory accessing. 

NC4000 sports two external stacks in addition to the main memory. One stack is for subroutine 

nesting, and the other is for parameter passing among subroutines. As the CPU can access the main 

memory, the data stack and the return stack simultaneously, NC4000 is capable of executing a 

subroutine call in a single machine cycle and also returning in a single machine cycle. 

 

 

Table 1.1.  Von Neumann Machine Instruction Set 

 

Symbol Function Comments 
LOAD S(x)->Ac Load accumulator 
LOADN S(x)->Ac Load negative to accumulator 
LOADM S(x)->AcM Load absolute to accumulator 
SUBM S(x)->Ac-M Subtract absolute from accumulator 
ADD S(x)->Ah Add memory to accumulator 
SUB S(x)->Ah Subtract memory from accumulator 
ADDM S(x)->AhM Add absolute memory to accumulator 
SUBM S(x)->Ah-M Subtract absolute memory 
LOADR S(x)->R Copy memory to register 
MOVR R->A Copy register to accumulator 
MUL S(x)*R->A Multiply memory with register product in accumulator-

register pair DIV A/S(x)->R Divide accumulator by memory 
JMPL Jump S(x) Left Jump to the left address at x 
JMPR Jump S(x) Right Jump to the right address at x 
BRAL Branch S(x) Left Jump to left address at x if A>=0 
BRAR Branch S(x) Right Jump to right address at x if A>=0 
STR A->S(x) Store accumulator to memory 
STRL A->S(x) Left Store left half of accumulator 
STRR A->S(x) Right Store right half of accumulator 
SHR R Arithmetic right shift in accumulator 
SHL L Double arithmetic shift of the 
  accumulator-register pair 
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Table 1.2.  RISC Instruction Set 

 

Symbol Function Comments 
ADD Rd<-Rs+S2 Integer add 
ADDC Rd<-Rs+S2+carry Add with carry 
SUB Rd<-Rs-S2 Integer subtract 
SUBC Rd<-Rs-S2-carry Subtract with carry 
SUM Rd<-S2-Rs Reverse subtract 
SUBCR Rd<-S2-Rs-carry Reverse subtract with carry 
AND Rd<-Rs&S2 Logical AND 
OR Rd<-Rs;S2 Logical OR 
XOR Rd<-Rs xor S2 Logical exclusive OR 
SLL Rd<-Rs shifted by S2 Logical shift left 
SRL Rd<-Rs shifted by S2 Logical shift right 
SRA Rd<-Rs shifted by S2 Arithmetic shift right 
LDL Rd<-[Rx+S2] Load long 
LDSU Rd<-[Rx+S2] Load short unsigned 
LDSS Rd<-[Rx+S2] Load short signed 
LDBU Rd<-[Rx+S2] Load byte unsigned 
LDBS Rd<-[Rx+S2] Load byte signed 
STL [Rx+S2]<-Rm Store long 
STS [Rx+S2]<-Rm Store short 
STB [Rx+S2]<-Rm Store byte 
JMP pc<-Rx+S2 Conditional jump 
JMPR pc<-pc+Y Conditional relative jump 
CALL Rd<-pc, next,pc<-Rx+S2, CWP<-CWP-

1 

Call and change window 
CALLR Rd<-pc, next, pc<-Rx+Y, CWP<-CWP-

1 

Call relative and change window 
RET pc<-Rm+S2, CWP<-CWP+1 Return and change window 
CALLINT Rd<-last pc, next, CWP<-CWP+1 Call and disable interrupts 
RETINT pc<-Rm+S2, CWP<-CWP+1 Return and enable interrupts 
LDHI Rd<31:13><-Y,Rd, Rd<12:0><-0 Load immediate high 
GTLPC Rd<-last pc Restart delayed jump 
GETPSW Rd<-PSW Load status word 
PUTPSW PSW<-Rm Set status word 

 

This capability of single cycle subroutine call/return is very significant, in the light of the studies the 

Berkeley RISC group made to justify the RISC architecture--that subroutine calls and returns often 

consume 40% of the CPU time in high level languages and compiler implementations. Minimizing 

subroutine call and return will thus have a very significant impact on the efficiency of large 

applications programmed using high level languages. 

 

Another interesting feature of NC4000 is that the address generation was given the highest priority in 

the CPU design. Consequently the addresses of the next memory locations, be them in main memory 

or in the external stacks, are always made available midway through a machine cycle. The program 

can thus branch forward or backward, conditionally or unconditionally, in a single cycle. This design 

solves the problems generally associated with RISC architectures which have to rely on an instruction 
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pipeline to achieve the goal of one instruction per cycle. 

 

NC4000 has the following program flow control instructions at the machine level: 

 

Subroutine Call 

Subroutine Return Begin ... Until 

Begin ... While ... Repeat  

Do ... Loop 

If ... Then ... Else  

Jump 

Conditional Branch 

 

They can be used to support all high level languages which require these control structures. 

 

NC4000 with its dual stack architecture to support fast subroutine calling and returning, single cycle 

execution of instructions without pipelining, and the support of structured programming languages at 

the machine code level is definitely a superior design than the Berkeley RISC machine. The RISC 

panacea is not in the reduction of number of instructions, but in the reduction of the complexity of the 

CPU and the logic structure inside the CPU. 

 

 

Table 1.3.  NC4000 Instruction set 

 

Stack Instructions DUP DROP OVER SWAP NIP NIP-DUP DROP-DUP 

OVER-SWAP >R R> R@ 

ALU Instructions  + - +c -c AND OR XOR SWAP 

Compound Instructions OVER-aluop OVER-SWAP-aluop SWAP-OVER-

aluop 2DUP-aluop 

Shift Instructions  2/ 2* D2/ D2* 

Special Arithmetic Instructions 0< *’ *- *F /' /" S' 

Memory Instructions  @  !  @+ !+ @- ! -  I@ I! I@! LITERAL 

SHORT-LITERAL Local-memory-fetch Local-

memory-store  

Control Structure Instructions CALL RETURN IF ELSE #LOOP TIMES 
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Chapter 2.  The NC4000 Chip 
 

 

2.1.  Features of NC4000 Chip 

 

The Novix NC4000 is a super high-speed processing engine which is designed to directly execute 

high level Forth instructions. The single chip microprocessor, NC4000, gains its remarkable 

performance by eliminating both the ordinary assembly language and internal microcode which, in 

most conventional processors, intervene between the high level application and the hardware. The 

dual stack architecture greatly reduces the overhead of subroutine implementation and makes 

NC4000 especially suited to support high level languages other than Forth. A number of 

distinguishing features of this Forth engine on silicon can be summarized as follows: 

 

 16 bit high speed, HCMOS single chip Forth engine. 

 Direct execution of most Forth primitives in a single machine cycle without internal 

microcode. 

 One cycle subroutine calls with mostly zero cycle returns. 

 Supports 64K word memory, or 4M bytes with address extension port (the X-port). 

 Fully static operation permitting very low power consumption suitable for battery powered 
applications. 

 One cycle structured IF, ELSE, and LOOP instructions. Multiplication, division, and square-

root step instructions. 

 TIMES instruction allowing any instruction, including auto-incrementing/decrementing 
memory access, to be repeated once per cycle. 

 Single instruction fetch and store from/to the local memory. 

 One cycle generation of hex FFFF. 

 257 element 16 bit hardware return stack with the top element in on-chip I register. 

 258 element 16 bit hardware data stack with top two elements in on-chip T and N registers. 

 Two versatile I/O ports, both of which are bidirectional, maskable, auto-comparable, and 

programmable for either latched or tristate output. 

 Simultaneous access of return stack, data stack, main memory, and I/O port; concurrent with 
operation of ALU and shifter. 

 Execution of multiple Forth words in a single cycle instruction, e.g. "OVER +;", yielding 
over 180 available instruction combinations, not including permutations of register addressing. 

 

2.2.  External Data Paths 

 

NC4000 chip is housed in a 121-pin, pin grid array package. The pin layout is shown in Figure 2.1. 

The names and function of the pin groups are shown in Table 2.1. 

 

The external data paths spawn by the large number of pins can be shown schematically in Figure 2.2. 

The pins can be grouped into five different functional groups: Main memory data and address, data 

stack data and address, return stack data and address, I/O ports, and timing/control. The detailed 

properties of these pin groups are discussed in the following subsections. 
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(View from top of the pin grid array) 

 
 13 12 11 10 9 8 7 6 5 4 3 2 1 

N B00 A00 A01 A04 A06 X01 X02 X03 J01 J03 J06 S00 S01 

M B01 R01 R00  A02 A05 X00 VDD X04 J02 J05 J07 D00  D02  

L R03 B02 VSS WEB A03 A07 VSS J00 J04  WER VSS D01 S03 

K B04 B03 R02        S02 D03 D04 

J B05 R05 R04         S04 S05 D05  

H R07 B06 R06        S06  D06 S07 

G B07 VDD VSS       ° VSS VDD D07 

F R08 B08  R09        S09 D08 S08 

E B09 R10 R11        S11 S10 D09  

D B10 B11 R13       INDEX S13 D11 D10  

C R12 B13 VSS B15 A10 A14 VSS K01 K05 D15 VSS D12 S12 

B B12 B14 WED A09 A12 A15 VDD K00 K03 K06 S15 S14 D13 

A R14 R15 AOS All A13 RST INT CLK K02 K04 K07 WES D1d 

 

Figure  2 .1 .   NC4000  Pin  Lay out.  
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Table 2.1.  NC4000 Pin Names and Functions. 

 

Pins Function  

  

AO-A15 Main Memory Address Bus 

BO-B15 I/O Port Bus 

CLK Processor Clock Input 

INT External Interrupt 

JO-J7 Return Stack Address Bus 

KO-K7 Data Stack Address Bus 

DO-D15 Main Memory Data Bus 

RO-R15 Return Stack Data Bus 

RST Processor Reset 

SO-S15 Data Stack Data Bus 

VDD Power Supply 

VSS Ground 

WEB I/O Port Write Enable 

WED Main Memory Write Enable 

WER Return Stack Write Enable 

WES Data Stack Write Enable 

X0-X4 Address Extension Port 

 

 

 
 

Figure 2.2.  External Data Paths of NC4000 
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2.2.1.  Main Memory 

 

NC4000 controls and communicates with the main memory through 16 address lines, 16 data 

lines, and a write-enable line WED. The memory addressing space is thus 64K words or 128K 

bytes. The timing of the memory is synchronized by a single phase clock signal CLK. At the rising 

edge of the clock, data from the main memory is latched into the data memory port. At the failing edge 

of the clock, memory address lines are stabilized and addresses are available. The main memory must 

put the requested data on the data lines before the rising edge of the clock. The speed of the clock is thus 

limited by the time NC4000 requires to calculate the next address during the high period of the clock, 

and the time required by main memory to put valid data on the data lines during the low period of the 

clock. The high period as required by NC4000 is 65 ns at the minimum, and the low period depends on 

the memory used in the system. Using high speed CMOS RAM with 50 ns access time, the clock 

speed can be pushed to about 8 MHz. Using low cost CMOS static RAM with 150-200 ns access 

time, 4 MHz would be more appropriate. 

 

There are a few restrictions on the use of memory. Although NC4000 can address 64K words of 

memory, only the lower 32K can be used as program memory because the MSB bit of an instruction is 

a flag to indicate a subroutine call. However, the top 32K words can be addressed as data memory. 

Since the hardware reset causes the chip to start executing the instruction located at memory location 

1000H, it is mandatory that the bootstrap routine be programmed into this and the subsequent 

memory. Thus ROM memory must occupy a block of memory space starting at 1000H. Memory 

location 0 to 31 are special, in that these memory locations can be accessed by NC4000 with single 

word instructions, while other memory locations must be accessed by explicit memory instructions. 

Hence the memory starting at 0 is preferably RAM memory if the software is to take advantage of this 

hardware function. The memory map of NC4000 is shown in Figure 2.3. 
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Figure 2.3.  NC4000 Memory Map 

 

Whenever new data are to be written to the main memory, the WED (memory write enable) line will be 

brought low to coincide with the low period of the system clock. This line should be tied with the write 

enable lines of the RAM memory so that new data can be written into RAM memory. 

 

This chip is intended to operate with static RAM memory chips that do not require a complicated 

memory refresh process. 

 

The memory space can be greatly enlarged if the 5 I/O lines of the X-port (Extension Port) are used 

as extra address lines to control the main memory. In this manner the addressable memory can be 

expanded to 2M words or 4M bytes. 

 

2.2.2.  Data Stack and Return Stack. 

 

A Forth engine requires at least two stacks, one to store return addresses for unfinished subroutines 

and the other to store parameters passed between subroutines. Since the gate array with 4000 gates 

cannot support the necessary memory to host two stacks, the data and address lines of these two stacks 

are brought off the chip. Each stack uses 16 data lines, 8 address lines, and a write enable line. Since 

the address lines are only 3 bit wide, the depth of the stacks is limited to 256 words in the external stack 

memory. If more than 256 words are pushed on to the external stack, the stack would wrap around like 

a circular buffer, and the data stored 256 words before the current word would be overwritten. 
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The depth of the stack is generally much more than sufficient because most programs use a depth of 

only 12 words each on the return and data stacks. The depth of the stacks will be a serious concern only 

when a recursive procedure is used. Care must be taken to avoid exceeding the depth of the stacks. 

 

The timing requirements for stacks are almost identical to those of main memory. Stack data are 

latched into the chip when the system clock makes a low to high transition. The addresses to the stacks 

are stabilized when the clock goes from high to low. The stack memory must put the data requested on 

the stack data lines before the clock returns from low to high. Thus the same type of memory used in 

main memory can be used for stacks. There is little advantage to use higher speed memory for stacks. 

 

The write enable lines WES and WER to the stack memories are low for the low period of the system 

clock when data are to be written to the stack memory. 

 

Since most commercial static CMOS memory chips have capacities greater than 256 bytes, it seems 

rather wasteful to use them for stacks in NC4000. One way to take advantage of the extra stack space is 

to use the lines in the X-port for bank switching of the stacks. This is very useful in supporting a multi-

tasking system, in which each task has its own data and return stacks. Task switching in this 

environment will be extremely fast since the operating conditions of each task are fully preserved in 

their individual stack space. 

 

2.2.3.  B-Port and X-Port 

 

Two input/output ports are supported by NC4000 chip: a 16 bit B-port (B for bus) and a 5 bit X-port 

(X for extension). These two ports are fully programmable through 4 internal registers for each port: a 

direction register to specify individual bits to be input or output, a mask register to protect individual bits 

from being written to, a tristate register to tristate output bits, and a data register to read from pins and 

write to pins. Both ports can do I/O operations in single machine cycles as data registers are read or 

written. These 21 programmable, high speed I/O lines make NC4000 chip an extremely versatile 

controller chip for all types of high throughput, real time control applications. 

 

The B-port write enable (WEB) line is low for the duration of the low period of the system clock when 

the output of the I/O ports is stabilized. Data on the input lines are latched into the data register at the 

rising edge of the system clock as usual. Output data are available on the output pins about 100 ns 

after the rising edge of the system clock. 

 

An interesting behavior of the I/O port is that a set of output data latches in the data register can be 

written to even when the bits are assigned as input. The data on the input pins are XOR with the bits in 

the output latches when read by the CPU. If the data latch were loaded with ones, you can invert the 

input data on the fly as they are read through the data register. This extra XOR logic operation is 

programmable for each individual I/O pin. 

 

Each I/O pin is capable of sourcing or sinking 60 mA, so that they can be used to drive a large number 

of logic gates without additional buffering chips. 
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2.2.4.  System Timing and Control 

 

NC4000 is an asynchronous CPU chip which requires a
-
single phase master clock. All internal 

registers are static and the information held in them remains indefinitely while the clock is held low. 

The upper limit of clock rate is set by the time required by the internal logic to calculate the address of 

the next instruction during the high period of the clock, which is about 65 ns in the prototype chip. 

Using a symmetric crystal oscillator for the master clock, this limits the speed of NC4000P to about 8 

MHz. The low period of the clock is used mainly to wait for the external memory to put their data on the 

data lines. If one uses slower memory chips, the low period of the clock must be stretched accordingly. 

 

The external clock signal is brought in via the CLK line. As long as the low and high periods satisfy the 

above requirements, the rate and the duty cycle of the clock are not critical. Either crystal oscillator or 

simple RC timing circuits can be used to generate the system clock signal. 

 

The timing diagrams of NC4000 are shown in Figure 2.4. Most NC4000 instructions execute in one 

machine cycle. When the clock line makes a low to high transition, the current machine instruction as 

well as all input data are latched. The instruction is decoded and executed. When the clock line makes 

a high to low transition, address of the next instruction is available on the main memory bus and stack 

addresses are also stabilized on their respective buses. The external memory and stack must put their 

data on the data lines so that when the clock line is again raised to high, the next instruction and other 

data will be ready for NC4000 to use. 

 

Memory accessing instructions need two machine cycles to complete. At the end of the first cycle, the 

address of the memory to be read or written is put on the main memory address bus. The first half of the 

second cycle is used to read or write the data to or from the main memory. The address of the next 

instruction will be ready when the clock is lowered. Main memory must then supply the next 

instruction before the clock is raised again. 

 

The reset signal RST if brought low will stop all internal operations in the chip. When RST is brought 

back to high, NC4000 will jump to the reset memory location at 1000H and start executing the 

instruction fetched from that location. The software bootstrap routine must be placed in that location 

for the system to work properly. The external reset circuitry must be capable of sinking 60 mA to 

bring down the RST line for NC4000 to reset. 

 

There is also an interrupt input pin named INT. When the INT pin is brought low, NC4000 will 

execute a call instruction to location 20H, where a service subroutine must be placed. In the prototype 

chip, the use of this interrupt facility is severely restricted, because the interrupt can be serviced only 

when a single cycle, non-jump instruction is being executed. The interrupt will lose its return address 

if it occurs during the first cycle of a two cycle instruction. If precaution is taken to enable the interrupt 

only during a sequence of single cycle instructions, interrupt can be serviced correctly. 

 

Being a CMOS gate array, the power supply voltage to the VDD pins can range from 0 to 7 volts. 

Nominal operation voltage is 5.0 Volts and typical current during operation is 10 mA. The supply 

voltage might have to be higher than 5 volts if it is to be used with a higher clock rate of 7 MHz or higher. 
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Figure 2.4.  Timing Diagrams of NC4000 

 

2.3.  NC4000 Architecture 

 

There are two unique features in NC4000 chip which differ from conventional microprocessor 

design. The chip can simultaneously address four memory spaces--main memory, data stack, return 

stack, and internal registers including I/O ports. It can directly decode the bit patterns in instructions 

and execute them in single cycles. Due to the use of two stacks, which greatly simplified the language 

and the architecture of the chip, a high level language was cast in silicon using only 4000 gates 

while achieving a speed far in excess of those microprocessors with much more complicated 

structures. 

 

2.3.1.  Internal Registers 

 

The architecture of NC4000 is shown schematically in Figure 2.5. It can be divided into five 

functional groups internally. On top are the main memory interface and the program control section 

that fetch instructions and data from the main memory, decode the instructions and execute them. 

Address Multiplexer A outputs addresses to the main memory, and the data to/from the data memory 

is latched into Main Memory Port M. Instructions are then copied into the Instruction Latch L for 

decoding and execution. Program Counter P keeps the address of the next instruction and feeds it to 

the Address Multiplexer. 
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Figure 2.5.  Architecture of NC4000 

 

In the middle is the stack interface and control, which manages the data stack and the return stack. 

The bulk of the two stacks are implemented using off-chip RAM memory. Only the top two elements 

of the data stack and the top element of the return stack are kept on chip. The Top Register T of the 

data stack is the focus of the entire chip because it can communicate with almost all the on-chip 

registers. The Next Data Register N communicates with the external data stack and also receives 

data from the Main Memory Port. The Return Index Register I is the top of the return stack, doubling 

as the loop index register. The Stack Pointer Register J/K outputs stack addresses to both stacks. Its 

upper byte contains the data stack address and its lower byte contains the return stack address. 

 

At the lower center is the ALU section, which performs all the arithmetic and logic operations 

required by the language. The sources of the ALU are the T and N registers on the top of the data 

stack. A shifter below the ALU can shift the ALU output before storing it back to T register. The 

ALU can alternately use the MD or SR registers as input instead of the N register to do 

multiply/divide or square-root operations. When MD and SR registers are not used for these 

operations, they are free to be used as scratch pad registers to store temporary data. 
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Table 2.2.  Internal Registers in NC4000 

 

Symbol Function  

A Address Multiplexer for the Main Memory. It selects data from P, L, I, or T. 

I Top of the return stack. It also serves as a decrementing counter for 

NEXT(LOOP) and TIMES instructions. 

J Return Stack Pointer Register. 

K Data Stack Pointer Register. 

L Instruction Decode Register. It generates appropriate control signals to execute 

an instruction. 

M Main Memory Data Bus Port providing data path to main memory. 

N Next Register on the data stack. It can be shifted with T register under 

instruction control. 

P Program Counter pointing to the next instruction in the main memory. 

R Return Stack Memory Bus. 

S Data Stack Memory Bus. 

T Top Register on the data stack. It performs all ALU functions and 

communicates with all other registers. 

 

On the lower left are the I/O ports and control registers. There are two fully programmable I/O ports--

a 16 bit B-Port and a 5 bit X-Port. Each port is controlled by 4 registers: a Data Register to hold input 

or output data, a Direction Register to specify individual pins as input or output, a Mask Register to 

deactivate output pins, and a Tristate Register to tristate output pins outside the output write cycles. 

These registers give youtotal control over the 21 I/O pins. 

 

Finally, a block of logic handles the external clock input, the reset RST signal, and the interrupt INT 

signal. There is a flip-flop in the interrupt circuitry. A high-to-low edge on the INT pin sets the flip-

flop and an interrupt return resets it. The flip-flop is set even when the interrupt is disabled. Interrupt, 

when enabled, generates a subroutine call to memory location 20H. RST causes NC4000 to execute 

the instructions starting at 1000H. 

 

2.3.2.  Program Sequencer 

 

Programs are sequences of instructions stored in the main memory. Normal program execution 

sequence for NC4000 is to fetch an instruction from the main memory by placing the address of the 

instruction in the Address Multiplexer or L register before the system clock's trailing edge. During 

the low period of the clock cycle, the main memory puts the next instruction on the data bus and it is 

latched into the Main Memory Port or the M register at the rising edge of the clock. The instruction is 

sent into the Instruction Latch L to be decoded and executed. The first step in the decoding process is 

to find the address of the next instruction. Normally the next instruction is in the next memory 

location pointed to by the Program Counter P. In this case, the Program Counter will send its content 

to the Address Multiplexer and the address of the next instruction will appear on the address bus when 

the clock level makes a high to low transition. The next instruction will then be fetched and so on. 

 

When a branch or a loop instruction is encountered, the address of the next instruction can be 

constructed very easily by attaching the upper four bits in the Program Counter P to the lower 12 bits 
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in the branch or loop instruction. The resulting address is then sent to the Address Multiplexer to alter 

the program sequence. This is the reason why NC4000 can branch or loop only within the current 4K 

word page. No computation is necessary to generate the target address. It assures that the next 

address is stabilized before the clock falls again. 

 

When a subroutine call instruction, characterized by a zero in the most significant bit 15, is 

executed, the address of the callee appears as the lower 15 bits of the call instruction. This whole 

instruction is then copied into the Address Multiplexer to fetch the next instruction. In the mean time, 

the address of the next instruction in P is pushed onto the return stack and copied into the Return 

Index Register I. When the subroutine is completed, a return instruction will be executed. The return 

instruction causes the return stack to pop its top item, which is in the I register, back into the Program 

Counter P and the Address Multiplexer A. Consequently, the caller routine will continue on from the 

point interrupted by the subroutine call. 

 

When the program counter is push on to the return stack, the most significant bit of the address is of no 

practical use. Chuck Moore chose to save the carry bit at this position with the 15 bit return address. 

It is important to mask this carry bit when the return address is retrieved. 

 

When a two cycle memory reference instruction is executed, the memory address, which is usually in 

register T, is selected by the Address Multiplexer and put on the address bus. The next rising edge of 

the clock will latch the data from the specified memory address into the N register through the Main 

Memory Port. Meanwhile, the address of the next instruction is placed on the address bus through the 

Address Multiplexer and the next instruction will be available at the next rising edge of the system 

clock. 

 

A unique feature of the Instruction Latch L register is that the instruction latched into this register can 

be repeatedly executed as many as 65535 times by preceding the instruction with a TIMES 

instruction. TIMES places a count in the I register which causes the next instruction latched in the L 

register to be repeated that many times. The most obvious use of this feature is in the construction of 

multiply, divide, and square-root functions by simply repeating the multiply, divide and square-root 

step instructions. It is also useful in moving blocks of data. Since a single NC4000 instruction can 

perform many Forth functions, this repeating capability can be very powerful in various situations. 

 

2 . 3 . 3 .  Data Stack and Return Stack 

 

The top of data stack is the heart of a Forth engine because all data manipulations occur in these few 

locations. In NC4000, the top two elements of the data stack are cached on chip in the form of the Top 

Register T and the Next Data Register N. These two registers usually supply two arguments to the 

ALU unit. T register can communicate with almost all internal registers through internal register 

fetch and store instructions. The N  register also serves as the interface to the external data stack and 

to the main memory port M, in addition to supporting the ALU unit. 

 

Only the top element of the return stack is cached on chip as the I register. The main purpose of the I 

register is to interface with the program counter P and the address latch A during subroutine calls and 

returns. For this purpose, a single cached element is quite sufficient. In addition to this role, the I 

register has two explicit functions--to hold the loop index in the do-loop structure, and to hold the 
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count for TIMES instruction. In these cases, the content of the I register is automatically 

decremented when the NEXT (or LOOP) instruction or the instruction latched in L register is 

executed. The do-loop or the latched instruction will be repeated until the count in the I register is 

decremented to zero. At this point, the return stack is popped back to I, and the next instruction in the 

normal sequence is fetched and executed. 

 

The loop structure thus implemented is quite different from the standard DO-LOOP structure, which 

requires both the loop index and the index limit to be pushed on the return stack. However, the single 

decrementing index is sufficient for all looping structures. Chuck Moore stated: "I apologize for 

having mislead you for so long with DO-LOOP, but the decrementing FOR-NEXT loop is the right 

way to do it after all". Many Forth programmers have already adopted this simpler loop structure in 

their systems based on other microprocessors. 

 

When a subroutine call instruction is executed, the address of the subroutine is extracted from the 

instruction latch L and passed to the Address Multiplexer A, in preparation for jumping to the 

subroutine. Meanwhile the content of the Program Counter P, pointing to the address of the 

instruction right after the subroutine call instruction, is pushed on to the return stack. This pushing 

action involves moving data from P register to I register, and pushing the I register onto the off-chip 

return stack. When a subroutine return instruction is executed, the content of I register is moved into 

the A and P registers, and the top of the external return stack is popped into the I register. 

 

Two stack pointer registers J and K are on-chip to control access to the external data stack and the 

external return stack. As both stack pointers are only 8 bit wide, they are combined into one register 

J/K when accessed as an internal register. J,  the return stack pointer, appears as the lower byte in the 

J/K register. K, the data stack pointer, appears as the high byte. During a push operation, the stack 

pointer is pre-decremented, and during a pop operation it is post-incremented. 

 

The data stack, the return stack, and the three stack registers in NC4000 chip can be viewed as an 

array of 515 words or a 515 element shift register. The entire array can slide right or left with a three 

word window exposed to the ALU. Elements can be modified, added, or deleted only within this three 

element window -- most frequently through the Top Register T. 

 

The dual stack architecture contributes greatly to the simplicity of the Forth language and also of 

NC4000 chip, because it allows the return addresses to be stored independently from the data to be 

passes between caller routines and the callee subroutines. Thus a subroutine call instruction only has 

to manage the address on the return stack and leaves the caller and callee routines to worry about the 

data passing through the data stack. In NC4000, the overhead in supporting the subroutine call and 

return is reduced to a minimum of one machine cycle, a truly monumental breakthrough in computer 

design. 

 

2.3.4.  Arithmetic Logic Unit (ALU) 

 

The ALU in NC4000 is a 16 bit, dual input Arithmetic/Logic Unit. It is shown in Figure 2.6 with the 

registers directly connected to it. The Top Register T is always an input to the ALU. It also receives 

output from the ALU. The other input Y can be taken from the N register, the Multiplier/Divisor 

register MD, or the Square-Root register SR. The carry bit can be taken as input optionally with the 
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N register. There is a multiplexer used to supply data from the selected register to the Y input. The 

multiplexer is controlled by a two bit Y field in the ALU instruction. 

 

 
 

Figure 2.6.  Arithmetic Logic Unit 

 

The output of ALU passes through a shifter before falling into the T register. This shifter can shift 

the 16 bit result from the ALU either left or right by one bit. It can also extend the sign bit of the result 

to the lower 15 bits. Alternately, it can also shift the 32 bit combination of T and N register pair 

either right or left by one bit. The shifting function is controlled by the last three bits in the ALU 

instruction: D?, SL, and SR. 

 

Output from the ALU always goes into the T register. Original content of T register may be copied 

into the N register. The T Lo N data path is opened or closed according to the bit TN in the ALU 

instruction. While all these activities are going on in the ALU section, the data stack can also 

participate in some of these activities. Another bit SA in the ALU instruction allows youto specify 
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whether the data stack should be pushed or popped, thus passing data between the N register and the 

external data stack. Permutation of these bits in the ALU instruction produces a rich set of primitives 

executing multiple Forth instructions in a single machine cycle. 

 

The detailed operation of the ALU, the interaction of the ALU operations, and data path selections will 

be elaborated in the next chapter dealing with NC4000 instruction set. 

 

2.3.5.  The I/O Ports 

 

There are two I/O ports on NC4000 chip: a 16 bit B-Port and a 5 bit X-Port. All 21 bits are connected 

to pins on the pin-grid package. All the pins are fully programmable to be input, output, or tristate, thus 

allowing NC4000 to communicate with a host of standard or custom peripheral devices. 

 

The data paths in the I/O section are rather straightforward. There are four port registers for each 

port; a Data Register which connects to the pins to send or receive data to the outside world, a Direction 

Register to specify whether pins are input or output, a Mask Register to indicate which pins can be 

written to, and a Tristate Register to indicate whether the data on output pins are latched or tristated 

after being written to. All these registers are connected to the T register, which downloads data to any 

register by register write instructions and reads data from any register by register read instructions. All 

16 bits in the B-port registers are used in controlling the 16 B-port I/O pins. Only the lower 5 bits in 

the X-port registers are used to control the 5 X-port pins. 

 

In the Direction Registers, a bit set indicates the corresponding pin is an output pin, and a bit reset 

indicates an input pin. In the Mask Registers, a bit set indicates that writing to the corresponding pin 

is prohibited. In the Tristate Registers, a bit set indicates that the corresponding output pin will go 

tristate after the write cycle. The Mask and Tristate register settings do not have any effect on input 

pins. 

 

The Data Registers are used to output data patterns to the output pins and to read input data from the 

input pins. When a pin is assigned as input, the corresponding bit in the Data Register can still be 

written to as a comparison latch. Actual bit read from the Data Register is the XOR'ed result of the data 

at the input pin and the bit written to the comparison latch. If a 1 is written to an input bit in the Data 

Register (setting its comparison latch) and a 1 appears on the input pin, the result read from the Data 

Register will be 0 instead of 1. Thus a free XOR logic operation can be performed on the input data on 

the fly at no cost to the user. 

 

As each input and output pin can typically sink or source 60 mA of current at about 20 pf 

capacitance, NC4000 has more driving power than most of the available CMOS interface driver 

chips. It can comfortably drive any CMOS or TTL peripheral chip with plenty of margin. Actually, 

the B-Port is designed to drive a heavily loaded bus structure, as B stands for Bus. 

 

The designed purpose of the X-port is to support extended memory space addressing. Two special 

instructions X@ and X! put a 5 bit literal out on the X-port when the master clock goes low. Thus this 

5 bit pattern can be used by the main memory as a page select to address up to 32 pages of 64K word 

memory. Alternately, this 5 bit pattern can be used to select a page in the data stack/return stack 

space, thus allowing the stacks to be switched between different tasks to support multiuser and 
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multitasking operations. In the current NC4000P prototype chip, X@ and X! instructions do not 

work as designed. Thus the X-port pin can only be used to select memory banks statically, not 

dynamically in single machine cycles. 
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Chapter 3.  Instruction Set of NC4000 
 

 

Let's consider how a user interacts with a conventional computer--the different layers he has to go 

through between issuing a command and actually performing the demanded function. The 

command is first issued to the operating system, which calls a compiled set of instructions into 

memory for execution. The program usually consists of a set of statements written in either a high 

level language or in assembly language. This program is compiled or assembled into a set of 

machine instructions. When the machine instructions are executed, microcode inside the CPU are 

invoked to do the dirty work of operating the gates and shuffling the data bits. Thus there are at least 

5 levels of interpretation between youand the real action. It is a miracle that the computer works at  

all through this convoluted process. NC4000 architecture reduces the layers to only two levels--user 

commands and machine instructions. This greatly reduced complexity is the most important reason 

for the speed and the versatility of NC4000. 

 

NC4000 is a 16 bit microprocessor. Its basic data elements and instructions are all in 16 bit words or 

cells. The instructions are sometimes called 'external microcode' in the sense that NC4000 would 

take individual bits in the instruction and perform individually assigned functions in parallel. It does 

not need another layer of microcode to perform functions of an instruction. The side benefit is that 

many Forth instructions can be encoded in one instruction and executed in a single machine cycle. 

 

There had been many projects implementing Forth engines in hardware. All these designs had 

attempted to encode individual Forth words into single machine instructions. They were shown to be 

much faster than Forth engines implemented in software because of the reduced overhead in NEXT, 

NEST, and UNNEST instructions and in the operation of the stacks. Chuck Moore went far beyond 

in NC4000. He attempted was to find the simplest way to control stacks and perform operations while 

using the minimum number of gates. He discovered that many of the computing and controlling 

functions can be performed independent of one another. Pushing or popping the stacks, 

arithmetic/logic operations, accessing main memory, and input/output are operations in different 

domains of the computer. They do not have to be performed serially. These distinct, almost 

independent domains can be controlled by the limited number of bits in a 16 bit instruction just as 

well as multiple bits in a much wider microcode. Thus it is possible to perform several functions in a 

single machine cycle rather than using multiple machine cycles to perform a single function, as 

implemented in all conventional microcode based computers. 

 

Under the cmForth operating system or other Forth for NC4000, NC4000 engine directly executes 

normal Forth words or programs just as any other computer operating under a Forth operating 

system. A user is not really required to know the detailed structure and the machine instruction set of 

NC4000 in order to use it. However, speed and efficiency can be maximized if the programmer is 

aware of the special properties of NC4000, its instruction set, and the best way to program it, 

especially in time sensitive applications. In this chapter, we shall discuss this instruction set in 

details. Learning the instruction set is the best way to appreciate the power and versatility of this 

processor. It is also important to understand NC4000 instruction set in order to study the code in 

cmForth, a piece of art in software by the master himself. 
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3.1.  Classification of NC4000 Instructions 

 

There are four major classes of instructions in NC4000: the subroutine calls, the I/O and memory 

instructions, the branch and loop instructions and the ALU instructions. The class of an instruction is 

encoded in the most significant four bits of the machine instruction, as shown in Figure 3.1. 

 

 
 

Figure 3.1.  Encoding of NC4000 Instructions 

 

Bit 15 is truly the most significant bit in NC4000 machine instruction. If it is zero, the instruction is a 

subroutine call and the rest of the instruction contains a 15 bit subroutine address. Zero in this bit 

position triggers the subroutine threading mechanism in NC4000. The program counter is pushed 

onto the return stack, i.e., copied into the I register. The 15 bit address in the instruction is moved into 

the Address Multiplexer A. At the beginning of the next machine cycle, the instruction stored at that 

address will be fetched for execution. The Program Counter P will be pointing at the next instruction 

in that subroutine. 

 

Using bit 15 to encode a subroutine call has only one drawback--it can only call subroutines in the 

lower 32K word in the main memory. The upper 32K word addressable memory cannot be used to 

store executable programs. This was a very serious trade-off in the design of NC4000. The most 

important argument to justify this trade-off is that Forth programs written for NC4000 can be 

extremely compact due to the single cycle subroutine calls and the condensation of many Forth 

words into a single instruction. Many large programs are needed to fill up the 32K word program 

space. By the time memory requirements exceed 32K words, you will probably have a 32 bit Novix 

chip to accommodate these stupendous programs resulting from the lazy-minded or 

uncommunicative programming teams. 
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When bit 15 is set, bit 14 is used to distinguish IO/Memory instructions from ALU/Branch instructions. 

When bit 14 is zero, the next two bits are used to decide whether the rest of the instruction is to be decoded 

as an ALU instruction or used as a 12 bit branch address. When bit 14 is one, then the rest of the instruction 

will be decoded to determine the type of I/O or memory instruction and how the I/O or memory is to be 

accessed. 

 

Another way of classifying NC4000 instruction set is shown in Figure 3.2. In this figure, the non-subroutine 

call instructions are classified according to the instruction type field, bits 12-14. In this figure, all the bits 

which perform specific functions are named and placed in their respective bit positions. We shall discuss 

each of these instruction types in great detail in later sections. Only a few general comments will be made 

here as an overview. 

 

In all I/O, memory, and ALU instructions, types 0 and type 4-7, bit 5 is called the return bit, or ';'. This bit, 

when set, will cause a subroutine return, in addition to whatever the instruction may otherwise do. 

Therefore, a subroutine return in NC4000 can be a zero cycle operation; it gets a free ride when the last 

instruction in a subroutine is an IO/Memory or ALU instruction. It would be difficult to optimize a 

subroutine return instruction much further. 

 

In the prototype NC4000P chip, however, this return bit should not be tagged to a two cycle memory 

instruction, types 4-7, because the return operation will interfere with the memory fetching. The memory 

address will be replaced by the return address from the return stack. This is not a problem with single cycle 

instructions as there is no conflict in the use of the address multiplexer. 

 

In IO/Memory and ALU instructions, bits 9 to 11 in the ALU field determine the function of the ALU 

section on the chip. Thus a free ALU operation can be tagged on to an IO/Memory operation. 

 

An ALU operation requires two operands. One of the operands is always taken from the Top register T and 

the other operand is usually selected among three internal registers, specified by a two bit field Y, bits 7 and 

8. In most instances, the Y field is zero, which selects the Next register N as its operand. 

 

External data stacks are controlled by two bits: TN bit at bit 6 and SA bit at bit 4 in an ALU instruction, or 

bit 14 in a memory instruction. If TN bit is set, the content of T is copied into N at the beginning of an 

instruction. The SA, stack active bit, signals the external stack to perform a push or a pop operation. If both 

TN and SA bits are set, old T register is copied into N register and the content of the N register is pushed on 

the external data stack. If TN is zero and SA is set, then the top element on the data stack is popped back 

into the N register and the data in N register is lost. The combination of control bits in the ALU field, the Y 

selector, and the TN and SA bits allow NC4000 to perform most Forth ALU operations and stack 

operations, as well as their combinations. 

 

In a memory instruction, the least significant 5 bits constitute a literal field which contains a small 

integer from 0 to 31. 
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Figure 3.2.  NC4000 Instruction Formats 

 

This literal is used to represent different types of information needed by the memory instruction. In a 

short literal instruction, the small literal is pushed on the data stack as an integer. In an internal register 
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accessing instruction, it selects one of the registers to be accessed. In a local memory instruction, it is 

the address of a local memory (the first 32 words in the main memory). These local memory words 

can thus be accessed by a single instruction. In the extended memory instructions, it supplies the bank 

number to be placed in the X-port to select one of 32 memory banks for memory access. In other 

instructions, this field is not needed and must be cleared to zero. 

 

In a branch instruction, bits 12 and 13 determine the type of branch and the lower 12 bits supply the 

target address. The 12 bit address field specifies an absolute address within the current 4K word 

page which contains the branch instruction. It is thus impossible to branch across a 4K word 

boundary. The programmer must be aware of this property in the branch instructions when he is close 

to a 4K word page boundary. 

 

A 1 in this two bit field (bits 12 to 13) indicates an IF instruction, which does a conditional branch 

to the following 12 bit address. The branch condition is taken from the Top register T. If T register is 

zero, the IF drops T and jumps to the target address. Otherwise, IF is simply a DROP instruction. A 

3 in this field indicates an unconditional branch or an ELSE instruction. The 12 bit address in the 

address field is always taken as the address of the next instruction. If a 2 is in this two bit field, the 

instruction is a NEXT instruction, which will decrement the I register--containing the loop index--

and will branch to the 12 bit address if I is not 0. When I is decremented to zero, the conditional end 

of loop, the NEXT instruction pops the index off the return stack and terminates the loop. 

 

Another comment about this rather complicated instruction set is that not all combinations of 

control bits can generate meaningful instructions. Certain combinations simply do not make sense 

at all and other combinations cause conflicting use of the registers or data paths and the results are 

not always predictable. In addition, defects in the prototype NC4000P preclude some instructions or 

combinations of bits and these instructions should not be used. In Table 3 .7 -8 ,  we have collected 

all the valid ALU instructions and instruction combinations that can be safely used in the NC4000P 

chip. Many of these restrictions will be removed when the production chip becomes available. 

 

3.2.  ALU Instructions 

 

ALU instruction is the most complicated class of instructions in NC4000 chip because all 12 lower 

bits in the instructions are decoded to perform functions in parallel. A firm grasp on the use of the 

individual bits and their interaction is essential. Understanding will lead to an appreciation for the 

power of these instructions which can compress several Forth words into one machine instruction. A 

number of examples will also be given to illustrate how the field and bits can combine to form multiple 

function instructions. With this information you will probably be able to decode other valid 

instructions and to visualize how they would work. 

 

A more detailed data path diagram for the ALU section of NC4000 can be of great help in explaining 

the inner mechanism of the ALU instructions, as shown in Figure. 3.3. 
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Figure 3.3.  Data Paths and Registers in ALU Section 

 

The ALU performs arithmetic and logic operations using operands supplied to it from the T register 

and the Y port. The function of the ALU is specified in the ALU field, bits 9-11. 8 different actions 

can be performed on the two operands as shown in Table 3.1: 

 

Table 3.1.  ALU Code and Function 

 

ALU Code Function 

0 Pass T 

1 T AND Y 

2 T - Y 

3 T OR Y 

4 T + Y 

5 T XOR Y 

6 Y - T 

7 Pass Y 

 

The two bit Y field, bits 7  and 8, controls the multiplexer which selects one of four registers as the 

source for the Y port as in Table 3.2. 
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Table 3.2.  Y-Port Selector 

 

Y Code Source to Y Port 

0 N register 

1 N register with carry 

2 MD Multiplier/divisor register 

 

Normal operations use the N register as the Y-port operand. The N register with carry is selected 

when doing extended precision arithmetic. MD register is used to store multiplier in multiplication 

operations or divisor in division. Both the MD and SR registers are involved when a square-root 

operation is performed. 

 

TN, bit 6, operates a switch connecting the N  register to the output of T register. The content of 

the T register is copied into the N register at the beginning of an ALU machine cycle if TN bit is set. 

If T is passed through the ALU unit unchanged, a DUP operation is performed if TN is set and a 

NOP is performed if TN is 0. If N is selected as the input to the ALU unit and passed through it 

unchanged, a DROP DUP operation will be performed when TN is 0 and a SWAP will be performed 

when TN is 1. 

 

The Stack Active bit SA, bit 4 in the instruction, activates the external data stack. Depending on the 

state of TN bit, the content of N register is pushed on the external stack or the top element on the 

external stack is popped into N register. The stack action can be summarized in Table 3.3. 

 

Table 3.3.  Data Stack Code and Functions 

 

SA TN Stack Function 

0 0 ALU result to T. N not changed. No stack action. 

0 1 ALU result to T. Old T to N. No stack action. 

1 0 ALU result to T. External stack popped into N register. 

1 1 ALU result to T. Old T to N. Old N pushed on external stack. 

 

It would be more pleasing if an independent bit were assigned to specify the direction of the stack 

activity besides the TN bit. However, it was found that the limited combinations of these two bits are 

sufficient to implement most of the stack operations required by the Forth language. Many other 

stack operations can be synthesized in conjunction with other activities in the ALU. The fact that 

these two bits are not in a contiguous field makes it difficult to associate the instructions with their 

stack effects. These were the trade-offs the designer had to make and the users have to live with them. 

 

Bit 5 is the almighty return bit. When this bit is set, a return from subroutine function will be 

triggered even as the ALU and stack functions are performed concurrently. The return bit undoes the 

subroutine call, as executed by the Call instruction. The return address on the top of the return stack 

or the I register is popped into the Program Counter P and the Address Multiplexer A. The next 

instruction executed will be the instruction following the Call instruction and the execution will 

resume. The return bit can be tagged to any ALU instruction. Thereby a free return is generated 

without an explicit return instruction. If this return bit is zero, execution will continue with the next 

instruction. 
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TRIM 108 

Tristate 33 

TWO 96 

TYPE 69 

U*+ 65 

U. 73 

U.R 73 

U< 62 

uCODE 96 

UNTIL 94 

UPDATE 77 

UPDATED 76 

USE 90 

Utility compiler 105 

VARIABLE 92 

Variables in target dictionary 107 

VNEGATE 66 

Vocabularies 136 

von Neumann machine  4 

WEB 9,12,50 

WED 9 

WER 9,12,50 

WES 9,12,50 

WHILE 95 

WITHIN 63 

WORD 80 

WORDS 113 

WORDS 114 

X! 20 

X@ 20 

X0 51 

X1 129 

X2 129 

X4 51 

XMT 12 

XOR 62,103 

X-port 12,20,33 

Y 25,27,31 

Y-port 28 

-ZERO 64 
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