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Trne NOVIX 4000 1s & true FORTH bprocessor and is capable of in
excess of 10 miilion FORTH instructions bper second. It 1
imo.ewentec &S & qate array.

Thise opaocer will introcuce the architecture of the chio. 1ts
hardware configuration and the software subport facilitv
provices with  1t. Details of a number of benchmark bproorams

willi be civern anc these wiil be used to identify particular
atp.ication areazs for the chio.

Architecture

Tre NOVIX NC4O0U 1s a gate arrav chip desigmec by a team liec bv
Cnarlee Moore. It implewvents FORTH &s its "machine code" anc as
such. is the first true FORTH machine on a chio. The chibp 15 &
1Z4 pin conventiona: CMOS cate array that operates at one cvcie
every 125 mnancseconds ( 8 Mez ). Its architecture is shown
nelow anc as can be seen. it implements separate buses for off
ciiip Insiruction and Data Memorv, Data Stack. Return Strtack anc
1/0.
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The fire:t point to maxke is that the machine is 16 bit worc

orientec arc ail ite data buses are that width. The two siacxs
use secarate off chip memory areas and 296 x 16 bit words are
acorecssed in eacih stack. The Data Stack has its too two values

helc on the chip ( N and T ) in order to make the large number of
FOR7TH worce that take two parameters operate in einocle cvcie
instructions.

Subroutine Threaded Code

Ratiher than ivpliementinc conventional Incgirect Threaded Code. the
NOViIX uses Subroutine Tnreadec Coce.

Hence a set of definitione such as
: ACTION W DUP 2% ¢
t: WABCD

r

Wili compile to ( Brackete incicate an address ) -

ACTION I ISR (W) | DU?= i el ! : {
w i JSR (R | JSR (B} | JSR (C) | JSR (D) | : i

Az this invocation of another mocule is so basic to & FO~Tr
system. it is important that it shoulc have the minimuw overneac.

This  is done by wmakino the most sionificant bit of the oobcoce
cefine either an "orcinary" instruction (1) or a subroutine call
(0. If the too bit of the oocode is O then the remainder is the
addreses to be jumbped to. Hence, subroutine jumping takes only
one cycle. While this limits FORTH definitions to only the lower
half of the 64K word memory, it will be shown later that this is

net thought to be a significanmt limitation. of course.
subroutine calling is only half the problem and an efficient call
with a slow returmn would be no gain. The NOVIX can combine the

semicolon action in witihh the wmajority of its instructions, by
takinag advantaoe of parallel access to the Return Stack. In this
way, the single cvcle add instruction can also include a return
without increasino its execution time.

The Arithmetic and Logical Instruction

These obcodes all start 10XXXX ( octal ) and may involve a
shift., a Multioly/Divide Register ( MD ) and a Sacuare Root
Register ( SR ) as well as Top of Stack ( T ), Next on Stack
( N ) or Next on Stack + Carry ( Nc ).
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The structure of an Arithmetic Instruction is -

WOIOIOIAltIUl v _|in]: [safor]x [st]se]

T Lchln-rlqm both =
L shift-left propogate
Al Decode sign bit
o7 — divide
; }.ArDY b 32-bl! shift
JTORY stack octive
; ; ; ga Y return troms subroutine
6Y-T copylintoN
7Y
Who s Y?
bits | Octal opcode digit
00 Dot N
(o]} 203 N with cony
10 40r$ MD (muitipliet / divisor)
n éo1? SR (squore 1001)

While the FORTH bproorammer need not consider the layout of tre
ALU  Instruction, ({ the FORTH Compiler will hide these details )
it is important to look in some detail at the ALU in order to
understanc the speed anc power of the NC4000. The important
point to note is that the ALU instruction consists of a number of
fieids each of which control a section of the NC40OO internail
components ancd all fielids of which are desioned to be executed in
paraillel. In this wav, it 1s comparable to a horizontal bit-—
sliced architecture, but as each field represents a FORTH worc.
as wmany as five high level words may be executed in a single
cycle ( and incidentally compiled to a sinocle 16 bit opbcode ).
Because of this feature, the NC4000 is said to be a "High Level
Externally Microcodec" machine. The resulting code cowmbaction
effect is why the 32K word limitation on program area 1s not
thought to be a significant limitation.

These then give the following basic ALU instructions -

Opcode Instruction

(octal) (Forth)

100000 NOOP No operation

100020 NIP Pop N

107020 DROP Poo N into T

100120 DUP Push T into T

107120 OVER Copy N into T while Dushzno T into N
107100 SWARP Exchange N & T

104020 + Rdd N to T and pop N
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Arithmetic instruction opcode
Opcoce Instruction
104220 +c Acd N to T with carry and poo
106020 - Subtract 7 from N and poo N
106220 -c . Subtract T from N with carry and obocbo N
103020 OR Logically OR N into T and popo N
105020 XOR Logically XDR N into T and poop N
101020 AND Looically AND N inte T anc boo N
100001 =2/ shift T right one bit with
TiS into T15 and T14
10000 2% Shift T left one bit with zero into TO
100003 0« Propagate T1S into all bits of T
100011 D&/ shift the combination of
N and T right one bit
100012 Dz Shift the combination of
N and T left one bit
104411 *7 Multiply stebo
102411 *— Signed multiply step
102452 *F Fractional multipnly steo
102416 !/’ Divide sten
102414 /" Last divide step
102616 s’ Scuare root steo
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Some of +the wmost useful wmultiple FORTH worcs that can be

implewented in a sinole cycle are -

OVER + (ab - a a+b )
SWRP - (ab - b-a)
+ 2/ { a b —— a/2+b/2 )

and of course the 3 can be cowmbined with any of these so that the

7

word ACTION now compiles to two sixteen bit words.

ACTION | O (W) i1 o0 0 1 = 2 | Octal

The multiplv, divice and souare root steo operations recuire
successive executions to pertorm & full high level operation., anc
theve 1s & TIMES rescicter in the NC4000 which if loaded withh a
vaiue, will force the next instruction to be executec that many
times toc heip in this.

16 bit * takes 20 cyceles
1€ bit / takes 25 cycles
i6 bit SQRT takes 27 cycles
Conditional Jumps
Three opcodes provide jump faciliities
11XXXX Conditiaonal IF /7 UNTIL / WHILE
1ZXXXX Unconcitional ELSE /7 AGAIN / REPEAT
15XXXX Loobo #L.00P

In these cases XXXX is an absolute address within the current &K
page. The #LOOP primitive and the #D0 implement a count down to
zeroc using only a single return stack value to hold the loops

paraveter.

Other Instructions

Dther instructions include register access ( I/0 registers, R,
etc ), wmewory access ( 1& bit address and 2! bit usinag the X
lines ) and short literals ( the five bit literal beinc part of
the instruction ). In all these cases, "external micrococing" is
usec to allow ALU coberations to take place in the same cycle.

Typical multiple operations that can take one instruction are -

R) SWAP R

e SWRAP -~
DUP € SWRP mm + ( a —— m a+nn )
nn +
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The onlv opbcoces reouirinag more than one word are lono literais
in which the 16 bit literal follows the obcode.

1/0

I1/0 devices may, of course, be accessed via memory mapoinag 1if
recuired, but two special bi-directional I/0 buses are provicec .
the 5 bit X port ( which may be used for extended wmemory
addressing in some apoplications ) and the 16 bit B port.

Each port allows individual bits to be specified as latchec
output. tri-state output or normal input. In the latter case.
the value read from the port is the exclusive OR of the received
value and a user set cowmbparison register. So, a simple reac of
an inout fielc ( ec status ) gives a truth value for cdirect
testinc. On outout a mask register allows specified bits to be
maskea out to allow the bit field of the port to be written to
indeoencently. By using these. it is relatively straightforwarc
to use say eiaont bits of the B pbort for bi-directional data. Two
for contreol anc four for device adgressing.

Hardware Implementation

The NC4OOO achieves its hioh processing speed not just from beino
a hipoh level language on silicon, but also from a number of
hardware technicues emwoloved in its design.

The wmost siriking of these is the use of external dedicatec

harcware for the returmn and parameter stacks. Thus, there are
three sete of buses coming out of the NC4OOO - resulting in some
124 pins. However, while this appears at first olance to

complicate matters, in practice the clock sionals reouired for
each bus are very straightforward so that it is in many wavs
easier to attach memory devices to the CRPU than is the case with
other 1€ pit bprocessors such as the 68000 or 80186 devices.

Internally, the NC40OOO uses no microde - each instruction bit has
a direct action on the internal logic within the device. Rs only
some 4000 gates are used, this implies very concise internal
logic - another factor in imbroving performance.

Externally, the fastest clock signal that can be usec is 8Mh:z.
With only some €2 ns per half cycle, any external memory decocing
logic has to be fast - in practice, the combination of HCMOS
parts with 32 ns RAM works well, and this is used on the
current develooment system, the Beta Board which will be
described in the next section. Generally, there is a read on the
first half cycie and a write on the second half. Separate write
cstrobe lines are provided for each memory area ( parameter and
return stacks, and wmain wmemory ) and for the I/0 port. of
course, it is not necessary to use 35S ns RAM which is expensive
- 70 ns devices are more widely available. If the same clock
transition times can be maintained, then doubling the wmemory
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access time may not necessarilyvy wear coublina the cvocie time: a
recucec clock of oniv &€ Mz may be possibie.

The NC40O0OA is imdliewented as a gate array in CMOS (it is
manufactured by Mostek )., a pbroven technolooy which assures both
high wafer yieids and ready availability for production. As &
CMDS device it consumes only 75 mA at 8 MHz and the entire
Deveilooment FBEoarc ( including Z4R of hioh speed RAM ) recuires
lese than 1 amb.

A further consecuence of the use of CMDS is that the device is
static internally. so that it can be sinagle stepoed for harcware
cebugging purposes 1T neeoec.

The Development Environment

The development svstem for the NC4000 is called the Beta FEoarc.
It consists of an indeoencent single board comouter t hat
containg:

NOVIX NC4000P

4K words of ROM

28K weorce of Z5 ns RAM

Two memory mapped serial ports

An on board clock for execution timina

Cormection for breadboard with access to full Novix Bus
BETA BOARD DEVELOPMENT SYSTEM

I1BM PC
or COMPATIBLE
{MSDOS) SCREEN
DISKS \]
: KEYBOARD
RS 232
RS 232 8CSs1
CLOCK o
| |
MEMORY H:PPED 1/0
28K RAM 35 nsec RAM
4K ROM
TU - DATA
STAC STACK
NOVIX ]
NOVIX
§ PIns
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In accition. software is providec to rian uncer MSDOS on an IBM RPC
or 10o0or—asike that will use the PC as a terminai anc sSupDdorTinG
oilsk grive to the NIVIX.

The software supplied is a FORTH 1Inc polyFORTH system. it
supports wmulti-tasking ( S microsec task switch time ) and can
oenerate standalone ROM based code that does not need to include

Tthe development support sections. The cowmpiler is optimised ¢to
the NOVIX in that it will combine multiple FORTH words into a
single NC4OOO instruction where possible.

The Benchmarks and Conclusions

——— ——— — ———— — —— -

At the time of writino, the Beta Board on which these tests are
to be run is still awaitino an exoort licence. Details of the
macnine’s performarce will be distributed at the Conference.
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