Micro-
PROCESSOR
MICROCOURSE

BY FORREST M. MIMS

PART 4. PIP-2

AN ULTRA-SIMPLE
EDUCATIONAL
MICROPROCESSOR.

N Part 3 of this series (May, 1978}, we

learned about semiconductor memo-
ries and how three-state logic allows
data transfer over a bidirectional data
bus. We also looked at the basic organi-
zation of a microprocessor.

This month we're going to meet PIP-2,
a very simple, 4-bit educational micro-
processor. Though PIP-2 is not as pow-
erful as the 8080, Z80, 6502 and other
real-world microprocessors, it illustrates
some of the more important operating
features of microprocessors.

Introducing PIP-2. FPIP is an
acronym for Programmable Instruction
Processor. PIP-2 is a simplified succes-
sor to PIP-1, an educational computer
described in detail in Understanding
Digitat Computers, a new book pub-
lished by Radio Shack.

While PIP-2 is simple, it has many of
the elements of a sophisticated micro-
processor. For example, PIP-2 contains
a built-in program memory—so it really
qualifies as a microcomputer. Since it
also contains a microprogrammable
control ROM, this means that its instruc-
tion set can be revised, or replaced, by
entirely new instructions, as we will see
in Part 5 of this series.

PIP-2’s Organization. A block dia-
gram of the major components of PIP-2
is shown in Fig. |. As you can see, PIP-2
is a bus-organized microprocessor. All
of its sections are connected to a 4-bit
bidirectional bus which permits data and
memory addresses to be transferred
from one section to one or more other
sections connected to this bus.
Remember from Parl 3 that only one
section can read data onto a bidirection-
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al bus at any one time. PIP-2 meets this
operating restriction by employing three-
state outputs on all sections designed to
read data onto the bus. This isolates the
output of those sections from the bus

until they are activated (one at a time) by
an appropriate enable signal from
PIP-2's control section.

Let's now take a look at each of the
sections in PIP-2.
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Input. A row of four toggle switches, a
LOAD switch and an INITIATE switch com-
prise PIP-2's INPUT. All these switches
are shown in Fig. 2, a front-panel ar-
rangement that allows PIP-2 to be used
like a microcomputer.

Applying power to PIP-2 automatically
clears the A and B registers, the pro-
gram counter and the program memory
to all 0's. This permits a program to be
loaded into the program memory by sim-
ply switching in a binary instruction or
data word and pressing the LOAD switch.

Up to sixteen 4-bit instructions and
data words can be loaded into PIP-2's
program memory. After the program is
loaded, the program counter is cleared
to 0000 by pressing the INITIATE switch.
Thig returns the program counter to the
first memory address in the program
memory in preparation for running the
program.

Program Memory. This is a 64-bit
read/write memory (RAM) organized as
sixteen 4-bit words or “nibbles.” The
RAM has a three-state output to keep its
instructions and data isolated from the
address data bus until they're needed.

The program memory has a single
control input, RAM/R (R = read). When
RAM/R is low, the three-state output is
enabled, and the RAM reads the word
addressed by the program counter onto
the address data bus. When RAM/R is
high, instructions and data can be load-
ed into the RAM.

Program Counter. This is a 4-bit bi-
nary counter. PIP-1 and many real mi-
croprocessors have a special memaory
address register that saves the contents
of the program counter until it's time to
advance to the next memory address. In
PIP-2, the program counter doubles as a
memory address register.

The program counter has three con-
trol inputs. A “low" that's supplied to
PC/C by pressing the INITIATE switch
clears the counter to 0000. The rising
edge of a pulse applied to PC/I incre-
ments the program counter to the next
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higher count. A low at PC/W (W = write)
writes any data on the address data bus
into the program counter. This is a valu-
able feature since it means the program
counter can branch to any address in
the program memory.

A and B Registers. These are stand-
ard 4-bit data registers with three-state
outputs. Each has two control inputs and
aclock input ( @ 2).

When A/R or B/R is low, data is read
from the selected register onto the ad-
dress/data bus. When A/W or B/W is
low, any data on the address/data bus is
written into the selected register when
the next clock pulse (¢ 2) arrives.

Adder. This is a 4-bit combinational
logic circuit that continuailly sums the
contents of the A and B registers. The
sum is isolated from the address/data
bus by a three-state buffer. When
ADD/R is low, the buffer is enabled and
the sum is placed on the bus.

Output. PIP-2's output consists of four
light emitting diodes {LED's) that con-
tinually show the contents of the B regis-
ter. It's possible, of course, to connect
external devices in place of the LED’s. A
4-line to 16-line decoder, for example,
would permit PIP-2 to control any one of
up to sixteen external devices.

Control. This is the electronic nerve
center of PIP-2. Control fetches instruc-
tions from the program memory and

executes them one by one under the
perfectly synchronized control of timing
signals (@1 and ¢ 2) produced by the
clock.

Control consists of a 128-bit ROM or-
ganized as sixteen 8-bit bytes, an ad-
dress decoder, several microinstruction
decoders and a two-phase clock.
PIP-2's instruction register doubles as a
microprogram counter and is so closely
associated with control that it can be
considered part of it.

In the next installment, we'll look at a
block diagram of control and study its
operation in detail. For now, suffice it to
say that control's ROM contains a se-
quence of from one to five microinstruc-
tions for each of the various microrou-
tines necessary to execute PIP-2's six
instructions, As you'll recall from Par 3,
individual microinstructions implement
simple operations such as data transfers
from one register to another, etc.

PIP-2’s Instruction Set. PIP-2 can
process six separate instructions. Each
instruction is identified tor humans by a
type of shorlhand called a mnemonic
{(memory aid) and for PIP-2 by a 4-bit
nibble called an operation code or in
simple terms an op-code.

Some of the instructions require only
one program memory address, while
others are followed by a data word.
These latter instructions require two pro-
gram memory addresses and are called
memory reference instructions. For ex-
ample,

0001
1111

(LDA)
{data)

is the format for a memory reference in-
struction that loads the A register (LDA}
with the data word 1111.

Shown in the box below IS a table tnat
summarizes PIP-2's instructions set.
These instructions are so simple that
they really need no further explanation.

PIP-2's INSTRUCTION SET
Mnemonic Op-Code Nibbles Operation
NOP 1111 1 no operation.
LDA 0001 2 load A with next nibble.
{nibble) {30xx%)
ADD o1 1 add A-+B; store sumin A,
JMP 1000 2 jump to address in next nibble.
{address) {xxxxc}
MOV 1011 1 mave A into B; save A.
HLT 1110 1 halt the microprocessor. '
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It will be easier to apply them in actual
programs, however, if we know some-
thing about how and why they're used.
Therefore let's discuss the instructions
one by one.

NOP. Pronounced “no-op,” this is a
do-nothing instruction with several valu-
able applications. You can use a NOP or
two to reserve space in a program for an
instruction or two you might want to add
later. And you can use NOP's to replace
instructions you remove from a program
without rewriting the program. Finally,
you can use NOP’s to add a predictable
time delay to a program. This is handy
for calibrating a program that loops
through a cycle of instructions again and
again to act like a timer.

LDA. This memory reference instruc-
tion (load A) loads the A register with the
data nibble in the next program memory
address. It is used to temporarily store a
nibble for addition or later transfer to the
output or program counter.

ADD. This single-step instruction initi-
ates a string of five microinstructions
that adds the contents of the A and B reg-
isters and place the sum in the A regis-
ter. It is used for ordinary addition, and
to increment the nibble in the A register
by some specified number (often 1). In-
cidentally, ADD uses the A register like
the accumulator register found in real
microprocessors.

JMP. This (jump) is a very powerful in-
struction that orders the program count-
er to branch (or jump) to the address in
the program memory specified in the fol-
lowing nibble. JMP is used to set up a
loop, a program or section of a program
that continues to execute again and
again until PIP-2 is halted by pressing its
STOP button.

MOV. This register-transfer instruc-
tion has several applications. As an out-
put instruction, it allows PIP-2's operator
to see the contents of the A register on
the LED readout (output). It also allows
you to accomplish the equivalent of a
LDB (load B) instruction by preceeding it
with LDA (load A). And, it lets you dou-
ble a number by following it with an
ADD.

HLT. This instruction (halt) is placed
at the end of all PIP-2 programs. It disa-
bles the clock in the control section, thus
preventing PIP-2 from executing any ad-
ditional instructions.

In the next part of the ccurse, we'll ex-
amine the microroutines for each of
these instructions in detail. We'll also
learn how to add new instructions by
changing the microinstructions in con-
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trol's ROM. Meanwhile, let's learn how
to program PIP-2.

How to Program. Let's write a simple
program for PIP-2 that continually incre-
ments the number in the A register by
one and displays the updated count on
the LED readout of the output. Here's
the program:

Program
Memory Address Mnemonics/Data

0000 LDA
0001 0001
0010 ADD
0011 MOV
0100 JMP
0101 0000
0110 HLT

It's easy to see how this program
works. When PIP-2 is started, both the A
and B registers are cleared to 0000. This
means that the first three instructions
load 0001 into A, add A to B and store
the sum (0001) in both A and B. JMP
loops the program back to line 0000 for
another cycle. LDA replaces the con-
tents of A with 0001 first. Register B also
contains 0001 so ADD gives 0010. The
sum, 0010, is moved into B and dis-
played on the readout.

Again, JMP loops the program back to
line 0000 and the process continues.
The result is that the readout flashes a
binary count of 0000 to 1111 and contin-
ues repeatedly until PIP-2 is halted.

As you can see, this program is noth-
ing more than a software version of an
ordinary 4-bit counter. That alone is not
very impressive since PIP-2 already
contains two such counters in its hard-
ware, the program counter and instruc-
tion register.

What's significant is that this simple
program can be easily modified to imple-
ment any count increment from 0000 to
1111 by simply changing the data nibble
following LDA! While this can be accom-
plished with some relatively simple hard-
ware, PIP-2 performs the task after only
a few seconds of software modification.
This nicely illustrates the amazing ver-
satility of using a microprocessor to sim-
ulate many different hardware functions
with the help of software.

Running the Program. The simple
counter program we've been discussing
is called a source program since it's writ-
ten using the mnemonics of the various
instructions. Before it can be loaded into
PIP-2's program memory, it must be
converted to an object program.

An object program is written using the
binary numbers a microprocessor un-
derstands. Sometimes it's called a ma-
chine language program. All that's nec-
essary to generate the object program
for our software counter routine is to
substitute the appropriate op-codes for
the mnemonics in the source program
with the help of the table showing
PIP-2's instruction set. Here's the ma-
chine language result:

Source Object
Address Program Program
0000 LDA 0001
0001 0001 0001
0010 ADD 0101
0011 MOV 1011
0100 JMP 1000
0101 0000 0000
0110 HLT 1110

After the object program is compiled,
it's a simple matter to load it into PIP-2's
program memory. First, the power
switch is turned on. This automatically
clears all of the program memory, regis-
ters and counters to all 0's. Then the first
object code nibble in the program (0001)
is switched in via the front panel
switches (a switch is 0 in the down posi-
tion and 1 in the up position) and the
LOAD switch is pressed. This action
loads the nibble 0001 into the 0000 ad-
dress of the program memory and auto-
matically advances the program counter
to the next address.

The remaining nibbles are loaded one
by one until they are all stored sequen-
tially in the program memory. Then the
INITIATE switch is pressed to return the
program counter to the 0000 address of
the program memory.

Now all that remains is to press
START. This causes control to fetch the
first instruction from the program memo-
ry, load it into the instruction register, de-
code it and execute it. The program is
processed like this a step at a time as
the output displays the updated contents
of the B register.

Incidentally, if the clock speed is more
than about a hundred Hz, the count dis-
played on the readout will biur into a
continuous 1111. Since the clock of
most real microprocessors runs at a
MHz or more, time delay loops must be
added to their programs intended to dis-
play data to be viewed by an operator.

Other PIP-2 Programs. Though
PIP-2's instruction set is very primitive,
it's possible to write a number of differ-
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ent programs with it. Here, for example,
is a source program that adds two num-
bers and displays their sum:
LDA
(first number)
MOV .
LDA
(second number)

ADD

MOV

HLT
Here's a source program that doubles a
number:

LDA

(number)

MOV

ADD

HLT
And here's a program that counts by
two's:

LDA

0002

ADD

MOV

JMP

0000

HLT

Programming Real Microproces-
sors. Real microprocessors have doz-
ens of instructions in their instruction
sets. A typical microprocessor such as
the 6800 or 8080 has instructions that
can accomplish any of these tasks:

® Move data and addresses between
registers.

@ Shift and rotate the bits in a data
word.

® Perform various arithmetic and logi-
cal operations.

® Branch conditionally or uncondition-
ally to any part of a program or to a sub-
routine.

® Make various logical comparisons.

® Increment or decrement the con-
tents of a register or memory address.

Real microprocessors also have

special instructions that may be unique
to a particular family of microprocessors.
For example, some microprocessors
have various instructions for accepting
data from outside circuits. Others have
built-in decimal arithmetic capability.

Programming real microprocessors
can be both tedious and time consum-
ing, but most people can learn to write
simple programs with a little practice
and some hands-on experience with a
microprocessor using a keyboard (best)
or toggle switch (OK) input. Of course,
many microprocessor programs have
been published in books and articles;
and as time goes by, the number of
available programs will multiply. <
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ELF 11 by
NETRONICS
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Shown with 2 optional 4k
Memory Boards, GIANT
BOARD'™, Kluge Board and
ASCIt Keyboard

@ Hobbiests! e Engineers! ® Technicians! e Students!

Write and run machine language programs at home, display
video graphics on your TV set and design microprocessor
circuits—the very first night—even if you've never used a com-

puter before! ELF II featuring

RCA COSMAC

microprocessor/miniCOMPUTER

Get “hands on” experience with a computer for
- just $99.95. Then, once you've mastered com-
puter fundamentals, expand ELF |l with low cost
add-ons and you've got an advanced personal
computer powerful enough to solve business, in-
dustrial or scientific problems

LEARNING BREAKTHROUGH!

A short Course on Microprocessor
and Computer Programming

Written for anyone! Minimal background needed!
Using advanced computers is now as easy as dnving a car with an automatic

SPECIFICATIONS

ELF 1| features an RCA COSMAC
COS/M0S 8-t microprocessor ad-
dressable to 64k bytes with DMA, n-
terrupt, 16 registers, ALU, 256 byte RAM,
full hex keyboard. two digit hex output
display, 5 slot plug-inexpansion bus {less
connectors}, stable crystal clock for tim-
ing purposes and a double-sided, plated-
through PC board plus RCA1861 video IC
to display and se%ment of memory on a
video monitor or TV screen.

EXPANSION OPTIONS
® ELF |1 GIANT BOARD™ WITH CASSETTE
170, RS 232-C/TTY 1/0, B-tit P 170
decoders for 14 separate I/ 0instructions
and a system monitor/editor. Turns ELF [}
into the heart of a full-size system with
massive computing power! $39.95 kit
© 4k Static RAM. Addressable to any 4k
page to 64k. Uses low power 2102's. Chip
select circuit allows onginal 256 bytes to
be used. Fully buffered. Onboard 5 voit
reEuIalor‘ $89.95 kit
© Prototype (Kluge) Board acceptsupto
36 I.C.'s including 40, 24,22, 18,16, 14
pin. Space available for onboard
regulator. $17.00.
® (sold plated 86-pinconnector. $5.70.
e ELF §) Full ASCII Keyboard Upper &
lower case. $64 95 kit.
® 5 amp Expansion Power Supply.
Powers the entire ELF 11 (Not required un-
less adding 4k RAM boards.) $34.95 kit.

Al of the above PC boards plug
directly into ELF II's expansion bus.

ELF Il TINY BASIC
Communicate with ELF 11 in BASIC. ELF fl
Tiny BASIC 1s compatible with either
ASCII keyboard and TV screen or stan-
dard teletype/ video terminal utilising RS
232-Cor ZI?(reml TTY interface. Commands
include SAVE and LOAD for storing
programs on standard cassettes, a plot
command to display graphic information
and special commands for controling
ELF It 170 devices. 16-bit integer
arithmetic; T . X, [ ).26 vanables A-Z.
(Other commands include LET, IF/ THEN,
INPUT, PRINT, GO T0. GO SUB, RETURN,
END, REM, CLEAR, LIST, RUN, PLOT.
PEEK, POKE. Comes with maintenance
documentation and excellent user’s
manual that aliows even beginners to use
ELF 1l for sophisticated agghcatmns‘ a4k

memory required.) $14.95 on cassetie
tape.

Coming Soon...

@ D-A, A-DConverter e Controler Board

e Cabinet ® Light Pen {Lets you wrnte
or draw anything on a TV screen.
Imagine having a “magic wand” that
wrtes Itke a crayonf)

We will teach you, step by step. instruction by instruction, how to
use an RCA COSMAC computer.

Not only does our short course explain computers, it helps anyone write and
run programs and solve complex problems requiring a computer Knowing howa
computer works can help you ..

{1) Spot situations where 3 computer can assist you in business, industry, per-
sonal applications, etc., {2} Select the most economical computer for
microprocessor) and related hardware for your specitic needs, {3) Write and run
the programs you need; and {3} Keep your computer costs down.

This course was wnitten for ELF 1i users but. it's a blockbuster for every RCA
COSMAC user or owner!

Stop reading about computers and get your hands or: one. ELF Il 1s an outstanding
tramer for anyone who needs to use a computer to maximize hus or her personal etlec-
tiveness. But ELF |1isn’t just a trainer. Expanded, it becomes the heart of a powerful
computer system.

FOR $99.95 YOU GET ALL THIS—

No other small personal computer offers video output and ELF II's expansion
capabilities for anywhere near $99.95 ELF Il can create graphics on your TV screen
and play electronic games! It pays for itself over and over again in the fun 1t provides
for your whole family. Engmeers and hobbtests can use ELF H in microprocessor-
based circuts as a counter, alarm, lock, thermostat, imer, tefephone drater, etc. The
possibilities are endless!

THEN ELF 1} EXPLODES INTO A GIANT!

Once you've mastered computer fundamentals, ELF 11 can give you POWER! Plug in
the GIANT BOARD™ and you can record and play back your programs, edit and debug
pm%rams, communicate with remote devices and make things happen in the real
world. Add Kiuge Board to solve specific problems such as operating a more complex
alarm system or controlling a printing press 4k memory units let you wnte longer
programs and solve even more sophisticated business, industrial, scientific and per-
sonal finance problems.

ADD ELF 11 TINY BASIC AND ASCII KEYBOARO

To make ELF lieasier to use, we've developed ELF Il Tiny Basic. It lets you program ELF*
11 with simple words you can type out on a keyboard such as PRINT, RUN and LDAD.
ELF il respends by displaying answers on your printer, video monitor or TV screen.

WRITE AND RUN PROGRAMS THE VERY FIRST NIGHT!

The ELF It kit includes all compenents and everything you need to write and run your
own programs plus the new Pixie Graphics chip that lets you display any 256 byte seg-
ment of memory on a video monitor or TV screen. No wonder ELF [11s now being used
as a trainer 1n many high schools and universites,

Easy instructions get you started nght away, even if you've never used a computer
before. The newly expanded ELF [I Manual covers assembly, testing, programming,
video graphics and games

ELF Il can be assembled in 3 single eveming and you'll still have time to run
programs including games, video graphics, etc. before going to bed!
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NETRONICS R&D LTD., Dept. PE-6 (203) 354-937'
333 Litchfield Road, New Milford, CT 06776

OYES! | want to run programs at home and have enclosed:
[1$99.95 pius $3 p&h for KCACOSMAC ELF 11 kt. (134 95 for power supply, required
for ELF 1! t. O $5.00 for RCA 1802 User's Manual

[ $4.95 for Short Course on Microprocessor & Computer Programming
{3 ELF ) connects to the video input of your TV sel 1 you prefer to connect ELF I to
I E‘our antenna terminals mstead, enclose $8 95 for RF Modulator -
[ $17.00 plus $1 p&h for Prototype {Kluge} Board A% I
[1 83495 plus $2 p&h for Expansion Power Supply nit B
— Gold plated 86-pin connectors at $5 70 ea
[ $64 95 plus $2 for ASCIl Keyboard kit
[ $14 85 for ELF i Tiny BASIC cassette

— 4k Static RAM lot, $89.95 ea plus $3 p&n

$39.95 plus $2 p&h for ELF Il GIANT BOARD™ kit.

3
31 Want my ELF 11 wired and tested with the power transformer, RCA 1802 User's
Manual and Short Course on Microp &C P for
$149.95 plus $3 p&h.

Total Enclosed (Conn. res. add taxjy &

NAME
ADDRESS
ary STATE P,
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