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INSTRUCTIONS FOR PERFORMING
EXPERIMENTS 81 THROUGH 90

At this point vou have thoroughly
studied most of the basic digital logic
circuits that are used in practical digital
systems. You have studied both sequen-
tisl and combinational logic networks,
particularly the most common ones used
in computers and digital instruments. In
this kit you will learn additional digital
techniques and applications.

In the previous two kits vou demon-
strated digital logic fundamentals at the
gate and functional circuit levels. Tt is
aasier to learn how different types of
digital circuits operate when they are
demonstrated individually. However, in
this kit you will begin to combine these
circuits to form larger circuits that per-
form some useful functions. involving
arithmeric computations by digital tech-
niques. These circuits will be more sophis-
ticated than those you have worked with
in the past. As a result you will be
interconnecting more circuitry, using the
experimental chassis and as many as five
of the computer printed circuit boards at
a time. There will be numerous inter-
connections to make and you should be
extremely careful to make these properly.
Complete and detailed instructions are
given for each experiment in wiring these
circuits. I[f you follow the directions
carefully, you should have no trouble in
getting the circuits to work.

Despite the seemingly complex nature
of some of these experiments, they are
typical of what you will encounter in
industry. As a techniciun, you will be
working with even more sophisticated
equipment. In many cases the experi-
mental circuits that you wire here are

identical to typical breadhoarding setups
that vou will make as a development
technician,

The experiments in this kit are de-
signed to teach you memory applications
and arithmetic circuitry. In the first three
experiments, you will build and use one
type of digital memory. You will demon-
strate read and write operations and use
the memory to perform 2 wide varety of
logic functions. The memory that you
will build is known as the read-
only-memory (ROM) that finds wide
application in modern digital systems.
The memory that you construct is a
programmable read-only-memory  that
permits you to vary its function easily
and demonstrate important concepts.
After building this memory and demon-
strating it in the experiments, vou will
test it thoroughly and use it as the main
memory element in the digital computer
that vou will construct in the next kit.

Most of the remaining experiments
cover arithmetic circuitry — logc circuits
for performing addition, subtraction, and
multiplication by digital methods. You
will review basic binary arithmetic and
construct circuits for performing thase
arithmetic operations. In addition, you
will perform experiments covering BCD
and other special arithmetic circuits.

The experiments in this kit will con-
clude your detailed study of digital cie-
cuitry. In the next kit you will construct
the digital computer and use it to leamn
computer organization, operation, pro-
gramming, and troubleshooting. In this
kit as in the others, vou will construct
several of the printed circuit boards to be



used in the computer. You will use some
of these boards in performing the experi-
ments. In each case, construct the PC
boards carefully, Because of the large
amount of circuitry involved in the digital
computer, problems can occur due to
poor construction techniques. This means
paying puarticular attention fto  your
soldering.
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As with your previous kits, check the
contents against the photo in Fig. 1 and
the related parts list. Be sure that you
have all of the components so that vou
can proceed with the experiments with-
out interruption. If you should be missing
4 part or some important piece of your
kit, let the NRI Consultation Service
know immediately.
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Fig. L. Some of the experimental parts for this training kit are shown abave,

Part Price

(Quan. No. Description Each

31 tNlD2 .01 mid, 50 volt dise cap. .38

1 CN104 .1 mid disc eap, .36

6 CN112 100 mid, 10 volt electroly tic cap. A5

1 CN143 500 pf disc cap. .15

3 CNZI18 001 mfd disc cap. 13

130 CR23 1N914 silicon dinde .40

1 EC32 C1 printed circuit board 4.00

1 EC34 A1 printed circuit board 4.00

1 EC35 AZ printed circuit board 4.00

E 1 EC36 M3 printed cireuit board 15.50
a\’_ 1 EC37 C3 printed circuit board 5.0
£ 2 HAB0 10 fr. roll 032" solder 75
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Part
Nao.

105
1GH
1G7
1G9
G0
IG12
IG13
1G14
IG1L7
IG18
1G19
G20
1G21
1525
LLo9
NU1
RE30
RE32
RESS
RE 166
REL67
SC5
S04+
3086
3087
SWoB
SWTD
5WT1
SWT2
T521
T522
WRI86

Deseription

T4 integrated circuit
7420 integrated circuit
15844 integrated circuit
7451 integrated circuit
7442 integrated cireuil
7404 integrated circuit
74:H) integrated circuit
T4164 intagrated circuit
T480 integrated cirenit
7476 integrated circuit
7453 integrated circuit
7460 integrated circuit
7422 integrated circuit
74198 intearated circuit
Tubular terminals

6-32 hex nut

1k-ohm, 1/2 watt resistor
22k-ohm, 1/2 watl resistor
2.2k-chm, 1/2 watt resistor
4 Tk-ohm, 1/4 watt rezistor
470-0hm, 1/4 watt resistor
6-32 X 1" machine serew
14-pin DIF socket

16-pin DIP socket

24-pin DIP socket

SPST slide switch, black
Push button switch, black
SPDT slide switch, white
SPOT alide switeh, red
2N L34 transistor
2N5138 transistor

30 fr 722 yellow wire

()

Price

Each

1.00
LDO
1.00
1.00
3.50
1.00

375
1.75
2,00
1.00
1.00
1.50
7.80
12/.25
12/.15
15
15
15
25
25
12/.15
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23
87
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30
19
19
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Constructing the Memory
Printed Circuit Board

Before you can proceed with the first
three experiments in this kit, you will
need to construct the memory printed
circuit board. This is the large printed
circuit board labeled EC36 that you
received with this kit. Gather the fol-
lowing components in preparation for
constructing this circuit board.

1 M3 circuit board (EC36)

4 l4-pin integrated circuit soc-
kets (SO84)

4 01 mfd disc capacitors
(CN102)

4 Type 15844 integrated cir-
cuits (IG7)

1 100 mfd, 10-volt electrolytic
capacitor (CN112)

8 lk-ohm, 1/2 watt 10%
resistors (RE30)

28 Miniature tubular terminals

(LU9)

128 IN914 diodes (CR23)

128 Single-pole, single-throw PC
mounting slide switches
(SW68)

6-32 X 1" machine screws
5 6-32 nuts
Hookup wire
Solder

The assembly of the circuit board is
relatively simple. Tt is just a matter of
installing the components in the proper
locations and soldering them in place.
The screening on the board designates the
location of each of the components. By
following the illustration, the board
screening, and the instructions to follow,
you should have no difficulty in con-
structing this board.

Install short wire jumpers in the JI

h

through J16 positions. A short piece of
hookup wire is used to connect the
copper pattern on the top of the board to
another copper pattern on the bottom of
the hoard at 16 different locations. This
is done by passing a short piece of bare
wire through the board and soldering it
on both the top and the bottom sides.
There are 16 individual positions. Simply
strip the insulation from two pieces of
hookup wire and push it through the hole
from the top side of the board. Next,
solder the wire to the conducter pad on
the top side of the board, then solder the
wire to the pad on the bottom side of the
board. Finally, trim off the leads on both
the top and bottom sides of the board.

Fig. 2 shows the proper procedure for
doing this. Be careful not to use too
much heat. Remember that the con-
nection is so short that when you apply
heat to sclder the top connection, this
will also melt the solder on the bottom
connection,
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Fig. 2. Installing a jumper wire on the M3
circuit board. {A) soldering the jumper, and
(B) the compleled connection,

Install the 28 miniature tubular ter-
minals in the peripheral holes provided on
the left and bottom sides of the EC36 PC
hoard. Insert the terminals from the top
and crimp each tightly on the bottom to
hold the terminal firmly in place. Solder
all terminals on both the top and the
bottom of the board.

Install a 100 mfd, 10-volt electrolytic
capacitor between terminals G1 and +5B.
Wrap the leads of the capacitor around
these tarminals neatly near the bottom,
trimming off the excess. Solder both
connections. Be sure to observe the po-
larity indicated by the screening on the
top of the board.

Install four .01 mfd disc capacitors in
the four locations designated to the right
of the IC sockst holes. Insert the capac-
itors from the top and mount them so
that they are flush with the board. Solder
both leads of each capacitor on the
bottomn of the board to hold them in
position. Also in those locations pro-
vided, solder the capacitor leads on top of
the board as well. As with the other
circuit boards, these capacitor leads are
used te carry power and ground con-
nections from the top to the bottom of
the board, making it very important for
these capacitor leads to be soldered on
both top and bottom. Double check your
work here before you go on and clip off
any excess lead lengths.

Install eight 1k-ohm, I/2-watt resistors
in the eight locations shown on the top of
the EC36 circuit board. Bend the resistor
leads at right angles as close to the body
as puossible. Insert each resistor from the
top and push it down so that it is
mounted flush with the PC board. Bend
the leads slightly on the back and solder
each of the leads. Cne lead of each
resistor must also be soldered on the top
of the board. Solder these connections

carefully, then clip off any esxcess leac
lengths.

Install four 14-pin DIP IC sockets ir
the locations designated by the screening
on the circuit board. Insert the sockets
from the top so that the notches are
pointing to the left as indicared. Be surs
that the sockets are flush with the top of
the board, then using the thin solder
supplied, solder the 14 pins on each
socket.

You are now ready to install 128
IN914 diedes. The diode symbols are
screened on top of the board with the
correct polarity; however, you will mount
the dicdes on the bottom of the printad
circuit board. As you mount each diode,
be absclutely certain that you install it
with the correct polarity. Remember that
the black band around the end of each
diode designates the cathode. In all cases,
the cathode should be toward the top of
the board.

Bend the leads of the dicde at right
angles very near to the body and insert
the diode from the bottom of the hoard
in the holes provided. These holes are
marked with the diode symbol on top of
the board. Bend the leads slightly on the
top of the board to hold the diode flush
with the board as vou solder it. Solder
each diode on both the bottom and the
top of the board, but do not use too
much heat because the diodes are very
sensitive. Apply just enough heat to make
a geod solder connection, using the thin
solder provided with this kit. Clip off the
excess lead lengths. Install each diode this
way. Once they are installed, scan all 128
diodes on the bottom of the board to be
sure that all of the cathode ends are in
the same direction, upward. Double check
to be sure that all the leads are soldered
on bath the top and the bottom. Now be
axtremely careful when vou lay the board



back down on your workbench, The
diodes are made of glass and can be
cracked. Therefore, from this point on
the memory should he treated carefully
so that no dicdes on the bottom of the
board will be damaged.

To prevent diode damage, install a
one-inch long 6-32 screw and nut in each
of the four corner holes of the PC board.
Also install a one-inch screw and nut in
the center hole. Insert the screw head
from the top and tighten the nut on the
bottom. This provides one-inch legs that
will hold the memory board off the
bench to prevent damage to the diodes.

Next install all of the 128 black slide
switches on the top side of the PC board,
beginning with the 16 switches across the
top of the circuit board. Be sure to install

them correctly so that the body of each
switch [its within the areas screzned on
the PC board. Solder all of the switch
terminals which protrude on ths bottom
side of the board. Since each switch has
two  terminals, a total of 256 solder
connections must be made on the bottom
side of the board. Be certain each switch
rests  squarzly on the board before
soldering.

Now install the four 15844 IO at
positions IC35, 1C36, IC37 and IC38. Be
sure that the IC and socket notches are
properly aligned. Notice that all of the
notches must point to the left.

The assembly of your M3 board is
complete. You may now proceed with
the first experiment in this kit to demon-
strate the operation of this board.

Performing Experiments

81 Through 83

EXPERIMENT 8!

Purpose: To demonsirate the operation
of a programmable switch-diode mairi:
read-only-memory.

Introductory Discussion: Most digital
computers today use magnetic core
memories. These memories are extremely
reliable. wversatile, and can achieve the
high speed necessary for fust com-
putations. However, their complexity and
high cost prevent us from demonstrating
such a memory here. For that reason, we
use a simpler, less expensive form of
memory to help you in demonstrating
memory concepts.

One of the simplest means of repra-
senting binary data is by using a switch.
The switch has two positions, oft and on,
which we can assign to the binary 0 and
binary | states. By providing a group of
switches, complete binary words can be
represented. This is exactly what we do in
the memory board vou have just con-
structed. This memory contains sixteen
8-bit words of binary data. A slide switch
is used for each bit of the data word.
There is a diode associated with each
switch. The diode and switches are con-
nected to form a large matrix. The diodes
in series with the switches prevent the
switches from interferring with one
another, These switches are connacted to
the integrated circuits in groups, that are
used to butfer the 8-bir parallel output
word. The separate drawing (insert sheet)
shows the detailed circuit of the M3
circuit board.

-]

[n this expenment you are going Lo
demonstrate the switch memory you have
just constructed. You will study its
theory of eoperation so that you will
thoroughly understand its use,

Experimental Procedure: The experi-
mental circuit ftor this experiment is
shown in Fig. 81-1. Befure you begin
wiring your circuit, you must partially
disassemble the ADC circuit that 1s wired
on your experimental chassis. First dis-
conpect the resistive summing network
frem the M1 board, but do not unsolder
the individual 100k-ohm and 200k-ohm
resistars in the network. Also remove the
wire going from this network to terminal
IC14 on the experimental chassis PC
board. Set the resistive network with its
attached wire aside for later use. Leave
the four yellow wires on terminals A, B,
C and D of the M1 board connected to
the lamp driver board. Disconnect the
jumper between JA and KA, and remove
the wire between KA and terminal
IC1-10. Also, remove the vellow lamp
driver lead from terminal IC1-10. leave
the other end connected to the lamp
driver hoard.

Next remove the 001 mfd capacitor
betwsen terminals Gl and CLR on the
M1 board. Then remove the 4.7k-ohm
resistor between the +3A and CLR ter-
minals: also remove the red push button
switch with its attached wires simply by
removing the vellow” and black switch
leads from the CLR and G1 terminals. Set
aside the switch with its attached leads
for luter use.



M1

apAl —a L3 LAMP DRIVER

ADAZ 412 NG 1

ADAL Iiu

ADPE T ]
. |
8 -
c
= EC 36 M3
WOF wer
WIE W1

EC30 w20 win
w3 W
wad waR
WSA UL ) L2
WES WS 51 L
WiE WTR 52 L2
wa wa? 53 &)
WG WYE 54 L4
was wWAS 55 LS
w4 wes 56 T]
wel wel 57 L7
wol wo2
WE1 WE1 LAMP ORIVER
WER WFR ND:R
CLE

[FRUM TEAM, 48
QN EXP. CH,

Fig. 81-1. Circuit for Experiment 81,

You will make one additional change
on the experimental chassis PC board.
Move the M1 clock wire from terminal 39
to terminal 46. This will apply the output
of the buffered latch circuit to the CLK
input on the M1 board.

Now vyou are ready to wire the experi-
mental circuit shown in Fig. 81-1. In
addition to the M1 board and lamp driver
board which are now connected to the
experimental chassis, you will need the
M3 circuit board and the other lamp
driver board. Wire them as shown in Fig.
81-1, using the yellow hookup wire.

You must provide power to the M3

board with an 18-inch piece of red
hookup wire and an 18-inch piece of
black hookup wire. Connect the red wire
hetween terminal +5A on the M3 board
and terminal 43 on the experimental
chassis. Connect the black wire between
terminal G2 on the M3 board and ter-
minal 40 on the experimental chassis.
Also connect the red and black power
leads coming from the second lamp driver
board to terminals 43 and 40 respectively
on the experimental chassis.

Check all of your wiring to be sure that
it is exactly as shown in Fig. 81-1. Also
make certain that a 7400 IC is not

installed at the IC8 position on the Ml
board. You are now ready to perform the
experiment.

Step 1: To demonstrate basic memory
operation.

The memory storage locations on the
printed circuit board are organized into
8-bit word locations. These are numbered
in hexadecimal, @ through 9 and A
through F down the center of the board,
with switches @ through 7 on the left and
switches 8 through F on the right, reading
from top to bottom. These designations
are the addresses or locations of each
memary word. Since there are a total of
sixteen words, we can address these with
a 4-bit address word. We feed a 4-bit
address word Lo the memory, then that
particular memory location is read out.

Turn on the experimental chassis.
Depress the black push button and step
the binary counter on the M1 circuit
board until lamps I3 through I on the
lamp drver board connected to lines A,
B, C and D read 0000. Lamps I7 through
I4 should be on at this time, but you can
disregard them since they are not used
here. You may disable these lamps if you
wish by grounding L4 though L7 or by
removing the bulbs. For the moment, you
can also disregard the light pattern on the
other lamp driver printed circuit board.
Switch all eight switches in memory word
{} to the down position, noting the state
of the lights on the light driver PC board
that is connected to the SQ through 57
output terminals. Then switch the eight
memory switches in word § to the up
position one at a time, making note of
the results on the indicator lamps as you
do so.

Connect the ground clip of your tvom
to one of the l-inch screw legs on the

memory PC board. This will permit yot
to pick up the common ground at
convenient location. Set the tvom fo
reading positive voltage en the +12 vol
scale. Now touch the probe to the sixteer
lines laheled WOQF through WFQ one at ¢
time. Mentaily note the voltage at each o
these sixteen pins.

Discussion of Step 1: Refer to the
separate logic diagram of the MI circuit
board. In this experiment you arz using
the 4-bit binary counter on the M! circuit
board to provide an address for the
switch memory. We take the 4.bit word
from the binary counter and feed it
directly to the memory address repister.
The' strobing of the 4-bit address (by
siznal T) into the memory address reg-
ister (7475) has been disabled because
IC8 on the MI circuit board has been
removed. This means that the 4-bit
address directly from the counter is
applied through the memory address reg-
ister flip-flops to the two 7447 decoders.
These two decoders lock at the 4-bit
address, decode it, and generate a signal
to enable one of the sixteen memory
words.

In the first part of the experiment
when you set the counter to the 0000
position, the decoder output selected
word § in the memory. This is identified
by the WQF line on the M3 circuit board.
The decoder enables only this word.

With all eight switches of memory
word 0 in the down position, the eight
lamps on the light driver board should
have been off, indicating binary 0%s. With
all of the switches in the up position all
of the lamps should have been on, in-
dicating binary 1's. .The lamps should
have turned on as you set the switches
from the down (0) to the up (1) position
one at a time. This indicates that on the



memory printed circuit beard a switch in
the down position is a binary O and a
switch in the up position is a binary 1.
The logical output signals {rom the
memory correspond to the switch indi-
cation as yvou observed on the lamp driver
lamps.

By switching the individual switches
off and on vou should have found that
the lamp corresponding to that bit posi-
tion in the word changed as you switched
between the binary 0 and binary 1
pusitions.

Next you used your tvom Lo measure
the voltage at the sixteen address lines
coming from the M! circuit board. You
should have found all of the lines at the
binary | voltage level (between +4 and +5
volts) except for one, the WQF line. The

Vee
14
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WQF line should ke in the binary O state
(near zero volts). The decoder on the Mi
circuit board selects one of the sixteen
words, the selected line being a binary 0
while all others are at the binary 1
indication. You can always determine
which word on the memory printed
circuit board has been enabled by looking
at the voltage on the address input lines.
The line that is in the binary O position is
enabled.

To understand how the switch memory
works, refer to the memory printed cir-
cuit board logic disgram on the separate
insert sheet. Notice the large diode-switch
matrix. Each bit position consists of a
switch and a diode connected in series to
one of the 128 points formed by the 8 by
16 matrix. Eight lines feed the input node

1.6k 850

A

2153

B850 §1.6 k

GND

Fig. 81-2. Circuit of 15844 (or 944) IC used in the memory.
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connections to the 15844 IC NAND gates
used. The circuitry in sach NAND gate is
shown in Fig. 81-2. This is a DTL NAND
gate. There are two 4-input gates with an
open collectar output in each IC. We are
using external lk-ohm load resistors for
these NAND the memory
printed circuit board, but we are not
using the input diodes on the NAND gate.
These are connected together and enabled
by a +5 volt line on the memory circuit
board. as you can see in the illustration.
However, we are using the node input,
which is pins 3 and 11 respectively. As
vou can see in Fig. 81-2, the diodes in the
matrix are connected to the gate node
and are used to enable the gates, de-
pending upon how the switches are set.

To fully understand how the memory
works, recall the method of operation of
the NAND pate. [f.any one of the diade
inputs to the NAND gate is brought to
ground {or made a binary 0), the autput
of the NAND gate goes high. If all of the
diode inputs to the NAND gate are open
or at the binary 1 level, the NAND gate
output will be a binary 0.

Now refer to the memoery board dia-
gram. When the WOF address input line
goes low, it will bring the cathode side of
the diodes connected ta it io ground,
forcing the output of the corresponding
NAND gate to be high if the switch in
series with the diode is closed. Consider
the NAND gate associaled with output 50
in the diagram. Notice the diode con-
nected to the switch attached to pin 11,
the node of the NAND gate. The cathode
of the diode is connected to the WQF
input. If this switch is closed and WQF is
grounded indicating that word 0@ is
addressed, the 5@ vutput will be a binarv
l. However, opening the switch will
simply leave the node open and the
NAND gate will have all of its normal

gates on

diode inputs enabled. This will cause th
5@ cutput to go low. As vou can see, wit
the switch closed the NAND gate outpy
is forced high and a binary 1 is producec
With the switch open, a binary 0 i
produced. This same action occurs o
gach of the eight bit positions for th
word @ in the memory.

As you refer to the memory log
diagram, keep in mind that all othe
address input lines at this time are at the
binary | level. For that reason none o
the other switches in the memory affec
the state of the output. If the switche
should be open they will have no effec
on the circuit. If the switch happens to be
closed, it will also have no effect since all
of the other address lines are at a binary |
level at this time. These conditions clearly
enable the NAND gates in such a way as
to permit only the diodes and switches in
the addressed word to control the state of
the output,

Step 2: To check the condition of all
bits in every memory word.

In this step you are going to verify the
operation of every memory word. You
will address each memory word in se-
quence and test all bit switches to be sure
that they are functivning properly. You
have alreadv tested memory location @ by
first setting the address to the 0000 state.
You stepped the counter by depressing
the black push button until the desired
address was obtained. You placed all
eight switches in the down position, then
in the up position, and observed the
outputs on the indicator lights. You will
now test the remaining fifteen words in
memaory this same way.

Depress the black push button once to
step the address counter to the 000!
position. You have addressed the memory



location number 1. Place all of the
memory word 1 switches in the down
positivn and observe the indicator lights.
Now put all of them in the binary 1
position one at a time, noting that they
should go on as they are switched to the
up position.

Using the black push button, step the
address to the 0010 position, repeating
this test on memory location 2. First put
all of the switches in the down position
and observe the lights. Then place them
in the up position and continue to watch
the lights. Repeat this for all of the
remaining memory word locations
through address 1111 or hex F.

Discussion of Step 2: You sequenced
through each of the memory locations
and repeatedly wrote all 0’ and all 1's
into all eight bit positions of the memory
location, You should have found that
with all the switches down, that all of the
eight indicator lamps are off. With the
eight switches in the up position, the
indicator lamps should be on. All
memory locations should have given you
exactly the same result. If you should
find a lamp that did not respond properly
to the memory switch in question, it is
possible that you have a defective switch
or diode.

If you should have trouble, follow this
procedure. First check your solder con-
nections for that particular switch and
diode, by simply touching the hot solder-
ing iron to the diode and switching
terminals one at a time to let the solder
remelt again and flow over the con-
nections. Then retest the switch. Some-
times the switches themselves will have
dirty contacts. This can often be cleared
up by turning the switch off and on
rapidly several times to clean off the dirt.
If you should find a defective or inter-

mittent switch, replace it with one of the
extras we supplied you in this kit. With
the cxperimental chassis power off, you
can use your fvom in the chmmeter mode
to test each diode with a forward and
reverse resistance test. Replace any de-
fective diodes or reverse any that may
have been installed backwards on the
board.

Step 3: To become familiar with the
memory switch positions and the method
for writing data into the memory
locations,

Step the counter to the 1011 position
with the black push button. Then go to
the appropriate memory location and set
the switches from left to right according
to the following pattern, 11001100.
Observe the indicator lights. Treating this
as a binary number, convert it into ifs
decimal equivalent. Write vour result in
the margin of the text.

While vou are observing the indicator
lamps, try switching any of the other
memory switches in locations other than
1011 and notice the effect on the indi-
cator lamps.

Discussion of Step 3: The purpose of
this particular step is to help you become
familiar with the locations of the various
memory word locations on the printed
circuit board and how they correspond to
the 4-bit input address. By setting the
counter to the 101l position, you
addressed memory location B. This is the
fourth group of eight switches down from
the top on the right-hand side of the
memory printed circuit board. You then
set the bit pattern 11001100 from left to
right at this memory location. The lamps
should display the same bit pattern as the
addressed switches. By interpreting this

bit pattern as a binary number with the
right-hand switch position and lamp @
representing  the LSB  position, you
should have been able to convert this
binary number into its decimal equivalent
of 204. In using the memory in the
future, vou will use this arrangement. The
right-hand bit position in a word is the
least significant bit while the left-most bit
is the most significant bit. [n some of the
experiments that follow, the left-most bit
will he the sign bit of a signed binary
number while bit 6 will he the most
significant bit of the number.

Instructions for Statement 81: For this
stalement you are going to demonstrate
what happens when two of the memory
words  are  addressed  simultaneously.
Solder a short piece of black hookup wire
betwezn terminals W78 and G2 on the
M3 board. Then step the black push
button so that you address memory
location 0000. By connecting the piece of
black hookup wire to ground, you have
also addressed word 7 in the memory.

In word location O set the following bit
pattern into the switches: 0011 0011, Set
the pattern 0101 0101 from left to right
in mermory location 7. Observe the eight
outputs on the lamp driver board and
record vour results in Fig. 81-3. Carefully
study the words stored in memory loca-
tions @ and 7 and the result obtained at
the output, then answer the statement
question.

MEM LOC @ 00110011
MEM LOC 7 p1D10101
MEM QUT

Fig. 81-3. Record }'Our. results for Statement
81 in this table.

After you answar the statement ques
tion, turn off the experimental chassi:
and remove the wire between terminai
W78 and GIZ on the memory board
However, leave the remaining circuite
connected as they are used for your next
experimenl.

Statement No. 81: The binary number
that 1 observed on the vutput lamps was:

(1) 11101110
(2} 01110111
(3] 1100 1100

which indicates that both memory words
are being read out simultaneously since
they have haen effactively:

(1) ANDed
{2) added

[3) subtracted
{4} ORed

to produce the result.

EXPERIMENT 82

Purpose: To  demonstrate e  read-
only-memory and to show several useful
applicarions.

Introductory Discussion: A read-
only-memory (ROM) is a special type of
memory for storing fixed binary data. In
other words, data is permanently written
into each storage location. Once this is
done, only read-out cperations can be
performed. Each word stored in the
memory can be addressed either ran-
domly or sequentially. As it is addressed,
the data is read out of the memory.

In this experiment you are going to
demonstrate several useful applications of



the ROM. The memory printed circuit
board that you constructed earlier in this
kit is a form of ROM. It is not a true
ROM in the sense that data is perma-
nenily stored in it; it can only perform
the read function. Data cannot be written
into the memory under logic control, but
the contents of the memory can be
programmed by setting the switches to
the desired bit pattern. For that reason
the memory is hest called a program-
mable read-only-memory. By being able
to program the contents of the memory,
we can illustrate many ROM applications.

Experimental Procedure: The test
setup that you used in the previous
experiment will be used in this experi-
ment also. However, vou will need to
make a few modifications to the circuit.

First, remove the wire coming from the
clock input on the MI circuit board from
terminal 46 on the experimental chassis.
Solder it to terminal 39. This will permit
the clock oscillator on the experimental
chassis to step the binary counter.

Now you must remove some of the
wiring on your experimental chassis. First
remove the IN914 diode and the 2N5134
transistor that are connected between
terminals 1C1<4 and [C1-10 on the experi-
mental chassis PC board. Also remove the
220k-ohm resistor between terminal
[C1-4 and terminal 16 on the lk-ohm
potentiometer, the wire between terminal
15 on the lk-chm potentiometer and
terminal 9, and the wire between terminal
17 on the lk-ohm potentiomenter and
terminal 14.

Connect a 100k-ohm resistor between
terminals IC1-4 and IC1-10. Then con-
nect the DAC resistive summing network
to terminals @, S1, 52 and 53 on the M3
circuit board, referring to Fig. 82-1 as
you make these connections. Connect the
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wire coming from the resistive network to
terminal IC1-4.

Check all of your wiring against Fig.
82-1. Notice that you have converted the
ADC circuit that was wired on the exper-
mental chassis into a DAC circuit, iden-
tical to the one you used in an ewlier
experiment. The 709 IC at pusition [Cl is
used in conjunction with the 100k-ohm
feedback resistor and the summing resis-
tors to form the DAC circuit. Although
not shown in Fig. 82-1, a wire should be
connected betwesn terminals 9 and IC1-6
and between terminals 13 and ICI-11.
Thaese two cennections provide power to
the IC. The rest of the experimental
circuit is identical to the circuit used in
vour last experiment.

Step 1: To demenstrate a hybrid func-
tion generator.

Fig. 82-2 is a table showing the con-
tents of each memory location for this
step. Using the table as a guide, set the
switches in all sixteen memory words to
those specified in the table. Place the
switches up for binary 1's and down for
binary O’s. In order to obtain the proper
results from this experiment, the memory
words should be exactly as shown in the
table. Therefore, it is a good idea to go
back once you have programmed the
memory to double check it. Notice that
the four left-hand or most significant bits
of each memory word are 0's for all
portions of the step.

Turn on the experimental chassis. Con-
nect the vertical input of your oscillo-
scope to terminal IC1-10, and connect
the ground clip of the oscilloscope to the
experimental chassis (ground). Adjust the
vertical and horizontal controls to display
at least one or preferably two cycles of
the DAC output waveform on the screen.
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Fig. 82-1. Circuit for Step 1, Experiment 82,

LAMP DRIVER
NG, 3

MEM. LOC. CONTENTS MEM. LOC. CONTENTS
0 00000111 8 00000111
1 00000100 9 00001010
2 00000010 A 00001100
3 00000001 B 06001101
4 00000000 c 00001110
5 ooccooo! D occo1101
6 Ccooooo10 E - 0oco1100
7 cooooioo F 00CG101G

Fig. 82-2. Memory contents for Step 1.
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Adjust the controls to stabilize the wave-
form and then sketch the waveform ona
separate sheet of paper.

Next, solder a 100k-chm resistor be-
tween terminal 1C1-10 and terminal 42
on the 4-lug terminal strip on the experi-
mental chassis PC board. Solder a .1 mfd
capacitor between terminals 40 and 42.
Your circuit should appear as shown in
Fig.82-3. Leave the ground clip of your
oscilloscope on the experimental chassis,
but move the wertical input lead to
terminal 42, There is no need to turn off
the experimental chassis while adding
these components.

—NWj a2

i

IEN 1 mid
or “E

Fig. 82-3. Experimental circuit for addition in

Step 1.

Observe the waveform at terminal 42.
Readjust the vertical gain control and
other controls as necessary to stabilize
the waveform. Again note the waveform
shape and copy it on a separate sheet of
paper beneath the waveform you just
copied. Turn off the experimental chassis.

Discussion of Step 1: In this step you
are using the four least significant output
bits of the programmable read-only-
memory to drive the resistor summing
network of the digital-to-analog converter
that you constructed in previous kits. The
DAC will accept the words stored in
memory and generate an output voltage
proportional to the binary word value.
We are using the binary counter stepped
by the high speed clock circuit to sequen-
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tially uaddress all sixteen memory loca-
tions. As the counter steps through its
sixtesn states, 0000 through 1111, the
contents of each of the memory locations
in sequence will be [ed to the DAC, As
the clock pulses step the counter, the
counter will continually recycle from
1111 to 0000, repetitively transferring
the memory contents in sequsnce to the
DAC.

The output waveform produced by the
DAC will be a function of the contents of
aach memory location. Since the memory
is fully programmable, virtually any wavs-
form can be generated. Because the DAC
has only four input bits, we can use a
maximum of four bit memory words and
specify the magnitude in any sequence
we desire.

[n this experiment you stored a
sequence of binary words in the memory
like that shown in Fig. 82-2. This se-
quence of words closely approximates a
sine curve. Therefore, the output wave.
form that vou should have observed at
the DAC output at terminal ICI-10
should closely approximate a sine wave.
Naturally it is not smooth and perfect
because of the stepped or discrete level
nature of the DAC. However, for many
practical applications such a simulated
sine wave would produce a result just as
good as that of a pure sine wave.

Fig. 824 shows the waveform that you
should have observed. As you know, the
DAC output voltage swings from a mini-
mum of 0 volts to a maximum of —7.5
volts. The sine wave is set up to swing
between 0 volts and 7 volts. Therefore,
this is a peak-to-peak waveform of 7
volts. [tis equivalent to a sine wave riding
or superimposed upon a —3.5 volt dec
level. The sine wave swings above and
below this value.

[ you will notice the waveform of Fig.

167 &*

L 9 ] W
nFsECE

Fig. 82-4. Results for Step 1.

824, one cycle of the sine wave is split
into sixteen time increments. Since there
is a total of 360° for each sine wave
cycle, each increment represents 360/16
= 22.5°. To generate this waveform, we
program  the memory with sixteen
sequential words of data that are repre-
sentative of the value of the sine of the
angles 0° through 3607 in 22.5° steps.
Using these values of the sine, we scale
the value to match the capabilities of the
DAC circuil. As vou can see, the results
closely approximate the sine wave.

At the output of the DAC op amp you
next connected a resistor/capacitor com-
bination and observed the output voltage
across the capacitor. This R—C network
forms a low pass filter which will reject
all of the high frequency components in
the siep waveform appearing at the op
amp output. For thal reason the output

Fig. B2-3. Output of low pass filter on the DAC.
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of the low pass filter at terminal 47
should be very nearly equal to a smooth
sine wave. For those applications which
require a more nearly perfect sine wava,
filters such as this can be easily added.
The waveform that you should have
observed at terminal 42 is shown in Fig,
82.5.

Step 2: To show how an ROM can be
used to perform binary multiplication by
using table look-up techniques.

Remove the wires connecting terminals
A, B, Cand D to terminals ADRQ), ADRI,
ADR2, and ADR3 on the MI circuit
board. Next, connect the four least sig-
nificant bit positions of your switch
register to the ADRY through ADRS3
lines. Connect the right-hand or LSB
switch to the ADRQ terrminal, etc. This
will permit you to use these switches as
the input to the read-only-memory rather
than the binary counter on the M1 circuit
board. Don't forget to connect the black
and red wires from the switch register to
ground and +5 volts on the experimental
chassis before proceeding. Connect the
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HEX CONTENTS
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00
0o
oo
co
0o
01

02
03
0o
02
04
06
00
03
06
09

Fig. 82-6.

ROM contents for Step 2 in

hexadecimal form.

red lead to terminal 33 and the black lead
to terminal 30.

In this step you are going to demon-
strate the multiplication of binary num-
bers. You will use two 2-hit numbers,
both of which will be representad by the
four switches in the switch register that
you just connected. The two right-most
switches will represent the multiplicand
and the two switches to the left will
represent the multiplier. With 2-bit num-
bers there will be a total of four decimal
numbers that can be represented, 0, 1, 2
and 3. For this step you will multiply
these numbers by themselves in all pos-
sible combinations. To do this yvou will
need to set the switch register switches to
the various combinations of input num-
bers. You will then record the output on
the lamp driver.

To begin the experiment, set

MULTIPLIER MULTIPLICAND PRODUCT
0o ao
0o 0
0o 10
00 11
01 0o
01 0
01 10
o1 11
10 0o
10 01
10 10
10 11
1 oo
1 01
1" 10
11 11

Fig. 82-7. Table for Step 2.
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mermory switches as shown in the table of Once

Fig. 82-6, which shows

memory dare expressed in

the memory
location or address in hexadecimal nota-
tion. Notice also that the contents of the
hexadecimal
format. All of the programming of the
memory that vou will do from now on
will he presented to you in hexadecimal
form to simplify the programming. Since
each word in the memory contains eight
hits, it can hold two hexadecimal digits.
As vou recall, hexadecimal digits are
those sixteen states represented by all
possible combinations of a 4-bit number.
For each hex digit in the table of Fig.
82-6, you will store in memory the binary
equivalent in each 4-bit section of the

word. For example, for memory location

A the contents in hex is 04; therefore,
vou will store the following binary word

in memory: 0000 0100,

have
memaory according to Fig. 82-6, turn on

the experimental chassis. Refer to the
table in Fig. 82-7. This table shows you
all possible combinations of the multi-
plier and multiplicand inputs that can
nccur with two 2-bit binary numbers. Set
the switch register switches io the posi-
tions indicated for the multiplier and
multiplicand. Record the 4-bit product in
the space provided. You will monitor the
product on the four right-hand lamps on
the lamp driver No. 2 board. Unce you
have filled in the table, convert all of
vour binary numbers into their decimal
equivalent. Then tum off the experi-
mental chassis.

Discussion of Step 2: Figs. 82-8 and
829 show the results you should have
obtained in this step. If you entered the

MULTIPLIER MULTIPLICAND PRODUCT
0o 0o 0000
oo 01 0000
oo 10 000
0o 1 0oo0
01 00 0000
01 01 0001
01 10 0010
01 1 0011
10 0o 0000
10 01 0010
10 10 0100
10 1 0110
1 00 0000
11 01 0o
1 10 0110
1 1 1001

Fig. 82-3. Correct results for Step 2.
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programmed




MULTIPLIER MULTIFLICAND FRODUCT
0 0 0
a 1 0
0 2 0
0 3 0
1 0 Q
1 1 1
1 2 2
1 3 3
2 Q 0
2 1 2
2 2 4
2 3 6
3 0 0
3 1 3
d 2 6
K| 3 g

Fig. 82-9. Correct results for Step 2,

multiplier and multiplicand properly in
the switch register and programmed the
memory correctly, then for each of the
two input numbers you should have
obtained a product output displayed on
the lamp driver.

The key to the operation of this
multiplier is in how the memory has been
programmed. If you will look carefully at
Fig. 82-8 yoiu will see that the 2-bit
multiplier and multiplicand numbers,
when combined, form a 4-bit binary
number. These binary numbers are used
to address a particular word in memory.
The addressed memory location contains
the product of the two numbers that
constitute the address.

Instructions for Statement 82: For this
statement you will need Lo make a few
changes in your experimental setup. First,
completely disconnect the switch register

from the circuit and set it aside for later
use. Reconnect the four wiras between
lines A, B, C and D and ADR@ through
ADR3 on the M! board as shown in Fig.
82-1. The lamp driver No. | lines should
still be connected. In addition, move the
wire from the CLK input on the Ml
circuit board from terminal 39 back to
terminal 46. This will permit you to step
the counter with the black push button
swilch as you have done previously.

For this statement you are going to
apply the decimal numbers O through 15
in binary form to the read-only-memory.
These numbers, of course, will come from
the binary counter on the M1 circuit
board. Turn on the experimental chassis
and step the counter with the black push
button until the lamp driver reads 0000.

Now program the ROM according to
the table in Fig. 82-10. Again the
memory location or address and the

o
Q
9]

CONTENTS (HEX)

Q0
40
5A
BE
8a
8F
aC
Ag
BS
co
CA
D4
DD
ES
EE
F7

M MQOgQOnomdWom=~dh U &td D o

Fig. 82-1n. ROM program for Statemenl 82.

contents are given in hexadecimal nota
tion. Be very careful in programming the
memory to be sure that the switches are
positively set to the up or down position
as required by the program.

Next step the binary counter, using the
black push button switch for each of the
numbers O through 13, and record the
output displayed by lamp driver No. 2 in
the second column of Fig. 82-1 1.

To interpret the output data that you
obtain from the ROM, you will assume
that the 8-bit number stored in these
memory locations consists of two whole
number bits and six fractional bhits. In
other words, the binary peint for the
number will be placed between the
second and third bit positions from the
left. By referring to Fig. 82-11, you can
see that the output you should record for
a zero input is a string of zero’s. However,
note the position of the hinary point. Tha

INPUT

OUTPUT (BINARY)

QUTPUT (DECIMAL)

—
CWom MO WM = o

S
M & k=

0o0g.0co0DO0OD0O0

0

Fig. 82-11. Table for Statement 52,



numbers that you will record in here will
have both integer and fractional parts.

After you have recorded all sixteen
8-bit output states, use you knowledge of
the conversion of binary numbers to their
decimal form and fill in the column
provided in Fig. 82-11 with the decimal
equivalent. When you have done this,
study the decimal output equivalents and
compare them to the decimal input num-
ber. By observing both the input and
output numbers, you should be able to
determine the relationship between them.

After you answer the statement ques-
tion, turn off the experimental chassis.
However, leave you wiring as it is since
the same circuit will be used in your next
experiment.

Statement No. 82: By carefully
examining the output numbers obtained
from the ROM in this statement, I find
that the output number has the following
mathematical relationship to the input

number.

(1) The number obtained by dividing
the input number by 3.

2) Square of the input number.

(3] Square root af the input number.

{4) Common logarithm of the input
number,

EXPERIMENT 83

Purpose;: To demonstrate several addi-
tional applications of read-only-
memaortes.

Introductory Discussion: In the pre-
vious experiment you saw how the ROM
could be used for function generation
and arithmetic processing. The ROM is
capablz of many additional operations.
In this experiment you are going to

demonstrate the application of an ROM
performing basic logic operations, such
as code conversion.

Experimental Procedure: At this point
you do not need to make any further
changes to your experimental circuit,
However, you will be reguired to
modify the program stored in  the
memory. Complete instructions are given
to you as to how to do this for each
step.

Step L: To show how a read-only-
memory can be used to perform basic
logic functions and to implement
Baolean techniques.

Program your memory according to
the chart in Fig. 83-1. As before, the
chart designates each memory location
and the contents of that location in
hexadecimal notation.

LOC HEX CONTENTS

01
02
04
08
10
20
40
80
00
00
00
00
00
00
00
co

MTMOO®EPEO-~OOEWLUN = O

Fig. 83-1. Program for Step 1.

After you have programmed the
memory according to the table, turn on
the experimental chassis. Step the black
push button untl the counter is in the
0000 state, then step the counter
through each of the sixteen states, 0000
through 1111, and record the memory
output for each condition in the table
of Fig. 83-2. Exomine your results and
try to determine the function that the
ROM is performing. It is a common
digital logic function that you have
studied before, so make every effort to
recognize it and write the result in the
margin of the text. Refer to yvour earlier
lessons or kit manuals if vou should
need to do so.

INPUT OUTPUT

00Gca
0001
0c10
o011
0100
a1m
0110
o111
1000
1001
1010
1011
1100
1101
1110
1111

Fig. 83-2. Table for Step 1.

Discussion of Step 1: The correct
results for Step 1 are shown in Fig.
83-3. The ROM is performing the func-
ticn of an octal or one-of-eight decoder.
An output is generated for only the first

INPUT CuUTPUT
anoo 0c0Ccooo1
0001 ooooco1o
co1o 000C0100
oo11 00001000
0100 00010000
0101 00100CC0o
0110 01000CCo
o1 10000000
1000 00GC0000
1001 00C00000
1010 00000000
1011 00Co000a
110C 0G00o0ca
1101 0000CC00
1110 00000000
1111 00000000

Fig. 83-3. Results for Step 1.

eight states of the input. Since the
left-most bit of this 4-bit input is a
binary 0, we can consider the input
word to be an octal number. The ROM
looks at the input number, performing
the function of a decoder by enabling
one of the eight cutputs. For example,
with a 000 input the I@ lamp is on,
indicating that the zero state has been
decoded. With an input of 001, the I]
lamp is on, indicating that the 1 state
has been decoded. When the I7 lamp is
on, the 111 state is decoded. The other
eight states (1000 through 1111) are not
octal numbers; therefore, the memory
has been programmed not to respond to
them. The output for these eight states
should be all zeros.

This decoder application of the ROM
is a simple but frequently used one. It
also clearly illustrates that the ROM can
be programmed to implsment any



Boolean algebra function. When a num-
ber of logic sienals that are a function
of a certain number of logical input
signals are to be generated, an ROM can
be used to implement all of the signals
that are functions of these inputs. In
other words, virtually any combinational
logic function can be implemented with
the ROM.

Step 2: To show how the ROM can be
used to perform code conversion.

Program the memory according to the
table in Fig. 834. By now you should be
familiar with the hexadecimal pro-
gramming scheme we are using, and the
programming process should be simpler
and quicker.

When you have programmed the
memory, step the counter with the black
push butten through its sixteen states,

l_
o
O

HEX CONTENTS

0o
01
02
03
04
05
06
o7
08
09
10
1
12
13
14
15

TMOO@DPp OB~ EWN-=O

Fig. 83-4. Program for first part of Step 2.
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INPUT QUTPUT

oooo
goo1
0010
0011
0100
o101
0110
o111
1000
1001
1010
1011
1100
11m
1110
(AR

Fig. 835. Table for First part of Step 2.

0000 through 1111, and record the 8-bit
output word for each step in Fig. 83-5.

Next, reprogram the memory accord-
ing to the chart in Fig. 83-6. Step the
counter through its sixteen states and
record the 8-bit output of the memory in
the table provided in Fig. 83-7. Turn off
the experimental chassis.

Now examine the results recorded in
Figs. 83-5 and 83-7 and identify the
output by comparing it with the binary
input. Note your decisions in the margin
of the text.

Discussion of Step 2: This step shows
how the ROM can be used to perform
code conversion. By carefully studying
the results that you recorded in Fig. 83-3,
vou should have found that the &-bit
output of the ROM should be interpreted
as two 4-bit BCD digits. In other words,
the binary input applied to the ROM

'HEX CONTENTS

-
Q
O

Q3
a4
05
06
a7

08
09
0A
0B
e
oD
0E
OF
10
11

MTMOOmED>O0 SO0 ERWN—=O

12

Fig. 83-6. Program for second part of Step 2.

INPUT OUTPUT

Q000
Q001
o010
aon
o100
0101
0110
am
1000
1001
1010
1011
1100
1101
1110
1111

Fig. 83-7. Table for second part of Step 2.
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from the counter on the M1 circuit boar
causes the equivalent BCD number to b
reproduced at the 8-bit memory outpus

In the next program you should hav
found thar the ROM is converting 1 4-hi
binarv number into its eguivalent X5
code. Remember, to find the X353 valuw
of a number, take the decimal equivalen
of the binary number, add three to it
then convert it back to binary.

As you can see, il is very easy L
convert one code mto another with ar
ROM. The input code is simply applied k
the addressing lines of the ROM. The
input code then addresses some particula;
memory location where the desired out
put code for that input is stored. With
such an arrangement, virtually any formr
of code conversion can be handled with
an ROM, which further proves that virtu-
ally any combinational logic network can
be implemented with an ROM.

Instructions for Statement 83: I this
statement you are going to show how the
ROM can be used as a special decoder for
driving a seven-segment decimal display.
Fig. 83-8 shows a typical sevensegment
decimal display. There are seven lighted
segments labeled A through G. When we
wish to display one of the 10 decimal
numbers 0 through 9, we simply turn on

m

Fig. 83-8. Seven-segment decimal display.



BCOD
DECIMAL

INPUT

SEGMENTS
ABCDETFA®G

ooao
0001
ao10
ao11
0100
0101
0110
0111
1000
1001

=]
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Fig. 83-9. Table for Statement 83.

the appropriate segments of the display.
For example, to display the number | we
would turn on segments C and F. To
display the number 6, we would tum on
segments A, B, D, E, F and G. There
would be a light driver and lamp asso-
ciated with each of the segments. Our
purpose here is to convert the 4-bit 8421
BCD input code into seven signals that
can be used to operate the light drivers
for each of the segments in the display.

To do this, simply consider the seven
segment display in Fig. 83-8 and deter-
mine which segments should be on for
each of the decimal numbers O through 9.
Record your results in the table in Fig.
83.9. Place a binary 1 under the lettered
column corresponding to the lamp seg-
ment that should be on for the specified
decimal digit. All other segments will be
off, so record a binary 0 in those
columns. Once you have established the
sequence in Fig. 83-9, you will readily see
that you can use the ROM as a decoder to
operate such a display.

For this statement question fill in the
table in Fig. B3-10 giving in hexadecimal
notation the contents of each of the

desired memory locations for this appli-
cation. Assume that the left or most
significant bit of vour memory output
always remains at 0, and that only ten of
the sixteen memory locations will be
used.

After you complete the statement
question you may proceed to the next
experiment. Do not change any of your
wiring until you are instructed to do so in
your next experiment.

HEX CONTENTS

,_
]
0

DD~ U s WK =0

Fig. 83-10. Record your answer [or Statement
83 here.

Statement No. B3: The table representing the BCD to seven-segment conversion

program is shown in Fig.

(1) 8311,
(2) 83-12.

LOC HEX CONTENTS
0 7 7
1 2 1
2 5 D
3 G B
4 4 A
5 F 6
6 2 5
7 3 7
B F A
9 1 2

Fig. 83-11.

LoOC HEX CONTENTS
0 7 Fi
1 1 2
2 D 5
3 B 6
4 A 4
5 6 F
6 5 2
7 7 F
8 A F
9 2 1

Fig. 83-13.

(3) 83-13.
(4} 83-14

LOC HEX CONTENTS
0 7 7
1 1 2
2 5 D
3 5 B
4 3 A
5 6 B
6 6 F
7 5 2
8 7 F
) 7 B

Fig, 83-12.

LOC HEX CONTENTS
0 i 7
1 s 1
2 6 B
3 5 D
4 4 A
5 2 5
8 F 6
7 F 7
8 F A
9 2 1

Fig. 83-14.
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Assembling the A1 and A2
Circuit Boards

Before vou can proceed with the re-
maining experiments in this kit, you will
need Lo assemble the Al and A2 printed
circuit boards. These boards contain the
arithmetic circuitry for the digital com-
puter that you will build in the final kit,
but you will use the logic circuitry and
registers on these boards in the exper-
ments prior Lo this.

ASSEMBLING THE A1 BOARD

To assemble this board you will need
the following parts:

I Printed circuit board (EC34)
1 100 mfd, 10-volt capacitor
(CN112)
44 Terminal lugs (LU9)
14-pin IC sockets (SO84)
16-pin IC socket (SO86)
01 mfd disc capacitors (CN102)
300 pf disc capacitor
470-ohm, 1/4 watt resistor
(RE167)
7420 IC (1G6)
7400 IC (1G5)
7404 IC (IG12)
7451 IC (1G9)
7476 IC (IG18)
7495 1C's (IG16)
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ASSEMBLY PROCEDURE

Insert the 44 terminal lugs in the
labeled peripheral holes from the top of
the EC34 board. Press the terminals into
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the board so that they are seated pro-
perly, and then use your longnose
pliers to crimp the terminal on the
bottom of the board to hold it in place.
Solder each of the terminals on the
bottom of the board. Also solder the
terminuls on the top of the board where a
copper pad appears.

Install a short jumper wire, designated
J1. on the top of the board directly to
the left of [C41. Bend 2 short piece of
bare hookup wire to fit neatly into the
holes, flush with the board. Solder both
connections and clip off the excess lead
length.

Install seven .01 mfd disc capacitors in
the locations designated on the circuit
board. These are installed adjacent to
[C39, 1C40, IC41, 1C42, [C44, 1C45 and
[C46. Push the capacitor into the board
from the top so that about 1/16" of the
lead is exposed abowve the board, then
sclder the connections. Be sure Lo solder
the leads on both the top and the bottom
of the board since these leads carry the
power and ground connection from one
side of the board to the other. Clip off
the excess lead length.

Install the 470-ohm resistor and 500 pf
disc capacitor in the locations designated
below [C41. Bend the leads of the resistor
close to the body and mount the resistor
so that it is flush with the board. Solder
both the resistor and capaciter con-
nections, then clip off the excess lead
length.

Install a 100 mfd capacitor between

termuinals Gl and +35D. The positive ter-
minal of the capacitor should go (o the
+5D terminal. Simply wrap the capacitor
lead around the approprizte terminal and
clip off the excess length after you solder
it.

Install seven l4-pin IC scckets in the
locations designated 1C39, IC40, IC41,
IC42, [C44, 1C45, and [C36. Be sure that
the notch in the end of the socket is
aligned properly with the notch on the
screening an the top of the board. Check
to see that the socket is pressed into the
holes firmly and that it is set flush with
the board. Solder the 1C socket terminals
using the thin solder supplied with this
kit.

Tnstall a l6-pin IC socket in location
IC43. Again double check to be sure that
the notch in the end of the socket is
pointing in the correct direction. With the
socket mounted flush against the board,
solder all 16 terminals with the thin
solder.

Install the integratzd circuits (except
the 7480, 1C48) as designated on the top
of the board in the sockers. The two
7495 [C's are left over from Kit 7K. Be
sure that each IC is aligned properly with
respect to the socket and that it is pressed
firmly into place to seat all pins.

As a final step it is 1 good idea to look
over the board carefully once you com-
plete it. Make sure that all of the com-
ponents are in place, the sockets are
aligned properly, the IC’s are set in their
sockets correctly and all connections have
been soldered. It is particularly important
to make a check of the solder con-
nections. Check to see that the sockets
are soldered and that there are no solder
bridges between pins. Inspect the ter-
minal lugs to be sure they arz soldered on
top of the board in those places where
copper pads are provided.

ASSEMBLING THE A2 BOARD

To construct this hoard, you will nesd
the following components:

1 Circuit Board (EC35)
1 100 mfd, 10 volt
{CN112)
50 Terminal lugs (LU9)
01 mfd disc capacitors (CN102]
470-0hm, 1/4 wait resistor
(RE167)
.l mfd disc capacitor (CN104)
4.7k-ohm, 1/4 watt resistor
(RE166)
14-pin IC sockets (SO&4)
16-pin IC socket (S086)
24-pin IC socket (SO87)
7400 IC's (1GS)
7404 IC (IG12)
7420 IC (1G6)
T423 IC(1G21)
T433 IC (1G19)
15844 IC’s (IG7)
7460 IC (1G20)
74198 IC (1G25)

capacito
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ASSEMBLY PROCEDURE

Install the 50 terminal lues in the
marked holes on the top of the circuit
board. Press the terminals into place to be
sure that they are flush with the top of
the board. Ceimp each terminal with your
longnose pliers on the bottom of the
board to hold it firmly in place. Solder all
terminals on both the top and the bottom
of the board.

Install a short wire in the J1, 12 and J2
positions as designated on the top of the
board in the block labeled accumulator.
Cut short pieces of bare hookup wire the
proper lenoth and install them in the Ji
and J3 positions. Use a short piece of
insulated hockup wire at the J2 position.



This will prevent the jumper from acci-
dentally shorting the +5 volt line to
ground. Bend the leads neatly so that the
jumper drops into the holes provided and
rests flush with the board. Solder all
connections and clip off excess lead
length.

Install the 470-ohm resistor and .1 mfd
disc capacitor at the locations designated
in the block labeled accumulator. This is
directly to the left of 1C56. Bend the
resistor leads close to the body of the
resistor so that the resistor drops into the
holes provided and fits flush with the
board. Install the capacitor so that about
1/16" of lead is exposed above the board.
Solder the resistor and capacitor leads
and clip off any excess lead length. Be
sure to solder the capacitor lead on top of
the board where a foil pad is provided.

Install a 4.7k-ohm resistor in the holes
provided directly to the right of position
[C51. Again bend the resistor leads close
to the body so that the resistor will drop
into the holes and lay directly on the
board. Solder the resistor leads and clip
off the excess lead length. Solder the
resistor at the pad provided on top of the
board.

Install the seven .01 mfd disc capac-
itors in the locations designated. These
are the positions directly to the right of
1C47, IC48, 1C49, IC50, IC52, 1C53, and
[C54. Drop the capacitor into the holes
provided so that about 1/16” of the
capacitor lead is exposed on top of the
board. Solder the capacitor leads on both
the top and the bottom of the board,
then clip off any excess lead length.

Install the 100 mfd electrolytic capac-
itor between terminals +5C and G1. Wrap
the leads around the terminals and solder
them into place, then clip off the excess
lead length. The positive terminal of the
capacitor should connect to the +5C.

[nstall the eight 14-pin IC sockets in
positions 1C47 through 1C53 and IC36,
The notches on the sockets should be
aligned with the notches on the screening
on top of the board. As before, be sure
that the socket is mounted firmly in
place, flush with the beard before yvou
solder the pins on the bottom. Use the
thin solder and the small tip, low wattage
soldering iron to make the solder con-
nections. Be extremely careful not to
cause solder bridges between adjacent
terminals, but use enough heat and solder
to thoroughly cover the connection.

Install a 16-pin IC socket in location
IC55. Be sure that the notch is aligned
properly with the screened designation.
Be sure that the socket is flush with the
top of the board, then solder all 16 pins
with the thin solder.

Install a 24-pin IC socket in location
[C54. This socket cannot be used exactly
a5 it is supplied. The two sections con-
taining the pins must be broken apart
from one another. You can use your side
cutters to cut through the soft plastic
holding the two strips together. Trim the
excess plastic from each strip. Fig. 3
shows the hefore and after versions. Next,
install the two 12-pin strips in the 1C54

Fig. 3. Preparing the 24-pin I1C socket.

position. Solder all 24 pins with the thin
solder.

Install the designated [C’s in the appro-
priate sockets. Note the alignment of the
notch in the socket and the IC so that
they correspond. Press each IC firmly
into its socket so that it makes good
connection. When installing the 24-pin
IC, align pin 1 of the IC with the number
| screened on the board.

Dauble check all of the connections on
the circuit hoard. Be sure that you have
soldered all terminal lugs on both the top
and bottom where designated. Also check
all of the solder connections on the IC
sockeats to be sure that there are no solder
bridges between adjacent pins. When you
have thoroughly examined this board,
you are ready to continue the exper-
ments in this kit.




Performing Experiments

84 Through 88

EXPERIMENT 84

Purpuse: To demonstrate the principles
of binary addition and examine several
methods of accomplishing this function.

Introductory Discussion: Binary addi-
tion is the basic function performed
within the arithmetic section of any
digital computer. Other arithmetic func-
tions such as subtraction, multiplication,
and division are often performed by
adding complemeants, using successive
additions, ar by using successive additions
and subtractions. Since binary addition is
so0 fundamental to all digital compu-
tations, it is extremely important [or you
to understand exactly how it is per-
formed.

[n this experiment you will demon-
strate single-bit half adder and full adder
circuits. You will actually wire a half
adder circuit using NAND gates and
demonstrate its operation. However, the
full adder circuit that you will demon-
strate will be coptained within a single IC
and will not require extensive wiring. You
will also demonstrate how two binary
words can be added serially.

Experimental Procedure: Before vou
can begin this experiment, you must
partially disassemble the circuit that was
used in your last experiment. First dis-
connect the resistive summing network
from terminals 5@ through 53 on the M3
circuit board. Also remove the wire
coming from this network from terminal
IC14 of the experimental chassis. Next,

disconnect all ol the wires on the M3
board including the red and black power
and ground leads, which will also be
disconnected from the experimental
chassis. Set the M3 board aside for use in
the next kit.

Now remove all of the wires on the M1
circuit board, except the red and black
power and ground leads, which should be
disconnected at the experimental chassis.
Set the M1 board with its attached power
and ground leads aside for later use. Next,
disconnect lamp driver No. 2. Simply
disconnect the power and ground leads
associated with the board from the ex-
perimental chassis. Set the lamp driver
board with its attached power and ground
leads aside for later use. The power and
ground leads associated with the lamp
driver No. 1 should remain connected to
the experimental chassis. The yellow
wires coming from this board should hang
free at this time.

Remove the loose wire from terminal
46 of the experimental chassis. Then
unsolder the 100k-vhm resistor between
terminals IC14 and IC1-10, the |.5k-chm
resistor and 005 mfd capacitor between
IC1-3 and ICL-12, the 200 pf capacitor
between IC1-9 and IC1-10, the 100k-ohm
resistor between terminals 42 and 1C1-10,
and the .1 mfd capacitor between ter-
minals 42 and 40. Remove the wire from
terminals 9 and ICI-6. Next remove the
red wire from terminals 13 and IC1-11,
immediately reconnecting this same wire
between terminals 33 and IC1-14. Also,
move the ground wire from terminal
IC1-5 to terminal [C1-7.
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Fig. 84-1. Circuil for Step 1.

You can also remove the 709 1C from
the IC1 socket and set it aside for later
use. However, the 7420 IC should remain
in the IC2 position.

Wire the circuit shown in Fig. 84-1.
Using short pieces of black hookup wire,
connect the terminals of [Cl exactly as
shown. Connect terminals 1 and 12, 2
and 5,3 and 4, 3 and 13, 9 and 11, and
also 6 and 10 of the IC. Then connect
terminals 9, 10, 12 and 13 of IC2 using
short pieces of black hookup wire. Con-
nect terminals 1C1-3 and 1C2-10, then
connect your switch register as shown.
Connect the yellow lead, coming from
the extreme right switch (designated 50)
to terminal IC1-5. Connect the switch
next to the right-most switch (designated
S1) to terminal IC1-12. Also be sure to
connect the power and ground leads
coming from the swikch register to ter-
minals 53 and 50 on the experimental
chassis. Now complete your wiring by
connecting the L input lead on the lamp
driver board to terminal [C1-8 and the L1
input lead to terminal IC2-8. The re-
maining input leads on the lamp driver
board and the remaining leads on the
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switch register will not be used. As a last
step, insert a 7400 IC into the IC] socket.
Be sure that the IC and socket notches
are properly aligned.

The experimental cireuit is now pro-
perly wired and you are ready to proceed.

Step 1: To demonstrate the operation
of a half adder.

Turn on the experimental chassis and
set switches S1 and S9 to the down or
binary O position. This will apply a binary
0 to the A and B inputs of the expen-
mental circuit. Observe the indication of
lamps I§ and I1. Lamp IQ is being used to
monitor the 5 output of the circuit and
lamp Il is used to monitor the C output.
Keeping this fact in mind, record the
binary output states of the 5 and C
outputs in the spaces provided in Fig.
842,

Use the switch regster to apply the
remaining input combinations as shown
in Fig. 84-2 and record the resulting §
and C output levels as indicated by the
lamps. When you have completed this
chart, turn off the expenimental chassis.



INPUTS CUTPUTS
Al B ] C
o] o
1 a
a 1
1 1

Fig. 84-2. Chart for Step L.

Discussion of Step 1: The circuit that
you wired is referred to as a hall adder,
capable of adding two binary bits (A and
B) to produce a sum, S, and also a carry,
C, when applicable. Basically the circuit is
nothing more than an exclusive OR gate
and a separate inverter. All four of the
gates in the 7400 IC are used to perform
the exclusive OR function and one of the
gates in the 7420 IC is used as the
inverter. The exclusive OR produces an
output that is equal to the sum, §, of the
two binary inputs, A and B. The output
of the exclusive OR may be expressed as
S = AB + AB. The inverter provides the
carry output, C. The carry output may be
represented by the expression C = AB.

The truth table that you completed lor
this step should confirm the fact that the
circuit does indeed add two binary bits
and produce a carry when necessary.
Notice that the sum output, §, will be a
binary 0 when both inputs are at a binary
0. When one input is a binary 0 and the
other a binary 1, the sum output will be a
binary 1. However, when both inputs are
at a binary 1, the sum output will be a
binary O and a binary | will appear at the
carry output, C. Notice that a hinary |
appears at the carry output only when
both inputs are at a binary 1. These
conditions satisfy all of the requirements
for binary addition.

Although the circuit shown in Fig.
84-1 is capable of providing binary addi-
tion, its application is limited to situa-
tions where only two 2-bit binary num-
bers must be added. In other words only
two inputs, A and B, are provided. This
means that the circuit cannot be used to
add multiple-bit binary numbers because
there is no way of handling the carries
which may occur from each pair of bits
that are added. Since the circuit has this
limited capability, it is usually referred to
as a half adder.

SWITCH REGISTER

7ago Gt
Jt s
FULL AGDER |
4
+ T0
LANP
L _J & > ORIVER
e —JaTn ey BOARD
- |
£ 2 0
52 9 5 ‘:{ L/ I

5 |

Fig. 84-1. Circuit for Step 2.
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Step 2: To demonstrate the operation
of a full adder.

Construct  the experimental circuit
shown in Fig. 843, First remove all of
the wires on the terminals of the ICl
socket except the +5 wvolt and ground
leads on terminals IC1-14 and [C1.7.
Connect the yellow wires coming from
switches S0, Sl and 82, as shown.
Remember that switch 5@ is the right-
most switch in the register. You will again
be using one of the NAND gates in the
7420 1C. This gate is already wired in the
[C2 position; however, you must connect
the wire coming from the terminal IC2-10
to terminal IC14 as shown. Also vou
must reconnect the L} input lead from
the lamp driver board to terminal [CI-5.
This will allow vou to use lamps @ and 11
to monitor the outputs from the experi-
mental circuit. Finally, you must remove
the 7400 1C from position IC1 and in its
place install a 7480 IC.

h=3
w
O
n
[
(=]

S R T = B
—_ O 0 - -0 0
L TR TP s T |

Fig. 84-4. Table for Step 2.

Notice that vour experimental circuit
has three inputs labeled A. B and C;, and
two outputs labeled § and C,. For this
step you will apply the various input
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binary combinations shown in Fig. 844
to the experimental circuit. You will use
switches S2, 51, and S§ in the switch
register to apply inputs to the A, Band C,
inputs of the experimental circuit, You
will monitor the § and C, outputs cn
lamps [} and I1 on the lamp driver board.

Now turn on the experimental chassis
and apply the various input combinations
shown in Fig. 844, Notice the indications
of lamps 1@ and 11 with each input
combination and record your results in
Fig. 844. Remember than an on lamp
indicates a binary 1 and an off lamp
indicates a binary 0. After you complets
the chart shown in Fig. 844, turn off the
experimental chassis.

Discussion of Step 2: In this st2p you
demonstrated the operation of a full
adder, capable of adding two 1-bit num-
bers, A and B, plus a carry input, ;. The
circuit produces 2 sum output, S, and also
a carry output, C,.

The 7480 1C that you used in this step
contains the full adder circuit; however,
the carry output from this integrated
circuit is inverted and is, therefore, repre-
sented by the symbhol ?_'_D in Fig. B4-3,
The NAND gate in the 7420 IC is wired
as an inverter, used to invert the carry
output to its normal condition which is
represented by the symbol C,. The sum,
S, and the normal carry output, C_, were
monitored by lamps I@and 11 respec.
tively, while switches 8@, S! and 82 were
used to apply the various input com-
binations to the A, B, and C, inputs. The
symbols C; and €, should not be con-
fused. They are used to distinguish
between the carry input applied to the
full adder and the carry output produced
by the circuit.
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Fig. 84-5. Circuit for Step 3.

Step 3: To show how serial addition of
multiple-bit numbers is performed.

To pertform this step you must con-
struct the circuit shown in Fig. 84.5.
However, before you can assemble this
circuit, you must partially disassemble
the experimental circuit that you used in
the previous step. First remove the switch
register input leads that are connected to
the terminals on the experimental chassis
PC board. This will allow all of the switch
register input leads to hang free. Remove
the LY and L1 input leads from terminals
IC1-5 and [C2-8. All of the input leads to
the lamp driver board should hang free at
this time. The wiring associated with
positions I[Cl and IC2 should not be
changed. The [Cl and IC2 positions will
not be used again until you start the next
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experiment, at which time you will make
the necessary changes. Remove the 7480
IC from position IC1 and install it in
socket 1C46 on the Al circuit board.

Wire the circuit shown in Fie. 84.3.
Study this figure carefully and wire the
circuit exactly as shown. Notice that you
will need both the Al and A2 circuit
boards. You will also need the switch
register, both of your lamp driver boards,
a red push button switch, an alligator
clip, and some yellow and black hookup
wire. You will have to connect red and
black leads for the +5 volt and ground
leads for both the circuit boards. The +3
volts is available at terminals 53, 43, and
33 while terminals 50, 40, and 30 are
connected to ground,

Notice that some of the terminals on
the Al board must be connected together

and then grounded to the G2 (ground)
terminal on that board. The same is also
true on the A2 hoard. When vou muke
these connecticns, use short pieces of
hlack hookup wire. When you connect
the red push button switch, use a 12-inch
piece of vellow hookup wire Lo connect
to terminal A of the switch. Connect
terminal C of the swiich with a 12-inch
piece of black hookup wire. The alligator
clip may be connectsd with 2 124nch
piece ol black hockup wire. Also, you
should use a short piece of the black
hookup wire to connect the MDA and
BEQ terminals on the Al circuit board.
Black hookup wire is also used to connect
the three CLK terminals together and to
connect these terminals to terminal 46 on
the experimental chassis PC board. Ter-
minal 46 is the output of the buffered
latch circuit. You will use the buffered
latch and its associated push buiton
switch to provide clock pulses to the
experimental circuit. Be sure to connect
the two CLK terminals together betwesn
terminals ASD and RQA on the Al hoard.
Check your circuit again to be sure that it
is properly connected. Check each wire in
the circuit against Fig. 84-5.

You may wish to refer to the two logic
diagrams (insert sheet) of the Al and A2
circuit boards to verify your wiring and
to see exactly what the circuit consists of.

Refar to these diagrams as vou run the
experiment and read the relate
discussion.

Now, turn on the expeamenial chassis
Set all of the switches in the switct
register to the down or binary 0 position
Next, depress the red panallel load pust
button (connects to terminal MLA
momentarily. This operation will allow
vou to parallel load binary 05 into the
accumulator on the A2 board. All of the
lumps that are connected to terminals Al
through A7 on the A2 board should b
off at this time, indicating that the
accumulator has been cleared.

Insert the first of two numbers to be
added (the augend) into the switch
register. Set the switches as shown for the
augend in Fig. 84-6. Notice that the
augend has a decimal value of 25, Push
and release the parallel load push button,
which will load the augend into the
accumulator. The augend should now
appear on the lamp driver board that is
connected to the A2 board. Check to be
sure that the number indicated by the
lammps is identical to the number vou set
inte your switch register. Disregard the
number displayed by the lamps con-
nected to the Al board.

Next momemitarily depress and release
the black clock push button eight times.
his operation will shift the contents of

BINARY CODE DEC.
MSE L5B VALUE
AUGEND 0 DO1T 1001 25
ADDEND ¢c 0DO0O1100 12
SUM

Fig. 84-6. Chart for Step 3.
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Fig. 84-7. Block diagram of circuit used in Step 3.

the accumulator (the augend) into the B
shift register on the Al board. At the
same time the random number already in
the B register will be added to the
number you are shifting out of the
accumulator. This sum will be recir-
culated into the aceumulator, so disregard
the display of the lamps connected to the
A2 board at this time. The augend should
now appear on the lamp driver board that
is connected to the Al board. Check to
be sure that the number indicated by the
lamps on this board is correct.

Set up the second number (the
addend) with the switch register. Set the
switches as shown for the addend in Fig.
84-6. Notice that the addend has a
decimal value of 12. Push and release the
parallel load push button, loading the
addend into the accumulator. The addend
should now appear on the lamp driver
board that is connected to the A2 board.
Check to be sure that the number indi-
cated is correct.

38

Momentarily touch the carry storage
flip-flop reset control alligator clip (on
terminal ASD) to terminal G2 of the Al
circuit board. By momentarily grounding
this alligator clip, you will clear the carry
storage flip-flop.

Now apply eight clock pulses to the
circuit by depressing and releasing the
black push button eight times. This
operation will cause both the augend and
the addend to be applied to the full adder
and the resulting sum will be returned to
the accumulator. Observe the binary
number that is displayed on the lamp
driver board connected to the A2 board.
This number represents the sum of the
augend and addend. Record this binary
number in the space provided in Fig.
84-6. Be sure to keep track of the MSB
and LSB positions in this number. Deter-
mine the decimal value of the number,
recording this value in the appropriate
column of Fig. 84-6. Turn off the exped-
mental chassis.

Discussion of Step 3: A block diagram
af the circuit that you constructed in this
step is shown in Fig. 84-7. Except for the
buffered latch circuit which supplies the
clock puises, the entire 2xperimental cir-
cuit is contained on the Al and A2
circuit boeards. Notica that the switch
register is connected to the accumulator
50 that the input data may be loaded in
parallel form. The lamp driver hoard
connected to the accumulator monitors
each binary bit that is stored. The B shift
register is also used in the circuit and each
bit that is stored in this register is
monitored by the other lamp driver
board. The serdal outputs from the
accumulator and the B register are con-
nectad to the inputs of a full adder. The
sum output of the full adder is connected
to the serial input of the accumulator. A
carry storage flip-flop is connected be-
tween the C, (inverted carry output) and
the C. (carry input) of the full adder.
When a carry occurs, this flip-flop will
store the carry temporarily and add it to
the next pair of bits to be addad.

Notice in Fig. 84.7 that the sum is
returned to the accumulator input. In
other words, the output (sum) of the full
adder is shifted back into the accum-
ulator in serial form one bit at a time. As
the addend is shifted out of the accum-
ulator, the sum is shifted in. After the last

clock pulse was applied, the accumulator
should have contained the sum of the
augend and addend, as indicated by the
lamps on the lamp driver board that was
connected Lo the accumulator outpuls.

Check to be sure that vou obtained the
correct sum. Since the augend had a
decimal value of 25 and the addend had a
decimal walue of 12, the sum must ke
equal tu 37.

Instructions for Statement 84: For this
statement you will add two binary num-
bers using rthe circuit thar you wired in
the last step. You will follow the same
procedure that you used before.

First turn on the experimental chassis,
then add the augend and addend that are
shown in Fig. 84-8, following the same
procedure that was outlined in vour last
step. Record the resulting sum in the
space provided in Fig. 84.8. Determine
the decimal value of the augend, the
addend, and the sum and record them in
Fig. 84-8. Now turn off the experimental
chassis and answer the statement ques-
tion.

After you answer the statement
question, proceed to your next experi-
ment. Do not change any of the wiring
associated with your experimental circuit
until you are instructed to do so in the
next experiment.

BINARY CODE DEC.
M58 Lsg VALUE
AUGEMND o 10 011
ADDEND 0 01 100
sum -

Fig. 84-8. Chart for Stalement B4,



Statement No. 84: When [ added the
two numbers specified, [ found that the
augend had a decimal value of

(1) 65
(2] 75
9] 58

and the addend had a decimal value of

(1) 78.
f2) 70.
{3} 60.

The resulting sum had a binary value of

(1) 10001000
f2) 10000111
(3} 10000000
f4) 1000111

and a decimal value of

(1) 143,
(2) 136.
(3) 135.
(4) 128.

EXPERIMENT 85

Purpose: To demonsirate the principles
of binary subtraction and examine several
methods of accomplishing this function.

Introductory Discussion: In the pre-
vious experiment you saw how binary
addition was performed. You will now
construct several experimental circuits
which may be used to perform binary
subtraction. First, you will build a half
subtractor circuit using NAND gates and
demonstrate its operation. Finally, you
will use the Al and A2 boards to demon-
strate the principles of serial subtraction.

You may wish to refer to your regular
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NRI lessuns as you perform these experi-
ments, particularly lesson K212, Take
your time to perform each step according
te the instructions given, This subtraction
experiment and the previous experiment
on addition are extremely important
ones. You must understand the tech-
niques used to add and subtract binary
numbers before you can consider the
more complex operations of multi-
plication and division.

Experimental Procedure: Before vou
begin this experiment, you must partially
disassemble the circuit that is now wired
on your experimental chassis. First
remove the wire connected between
IC14 and [C2-10. Remove the wire be-
tween [C2-12 and [3. Leave the +3 volts
and ground connections on both IC
sockets, and the lead connected between
[C2-9 and 10. Remaove the 7470 IC from
the experimental chassis and install a
7400 IC at each position. Now wire the
circuit shown in Fig. 85-1. You will also
find it necessary to disconnect the two
switch register leads and two of the lamp
drver leads from the A2 circuit board
and reconnect them as shown in Fig.
85-1. Do not change any of the remaining
wiring associated with the Al and A2
boards, since they will be used later in
this experiment and the necessary wiring
changes will be made at that time.

Step 1: To demonstrate the operation
of a half subtractor.

Turn on the experimental chassis. Sat
switches SO and S1 to the down or binary
0 position. This will apply a binary 0 to
the A and C inputs of the experimental
circuit. Observe the indication of lamps
19 and Il. Lamp Il is being used to
monitor the D output of the exper-

-4
a5
=3
g= 1 7Y
&
w4 I _'
O Lame
— e e DAVER
o e L e e a0aan
I_ =
s . i
' &
i § ) a LI_J
2 4 10 |
e e |

Fig. 85-1. Circuit used for Step L.

mental circuit and lamp 1@ is being used
to monitor the B output. Keeping this
fact in mind, record the binary output
states of the D and B outputs in the
spaces pravided in Fig. 83-2. Use the
switch register to apply the remaining
input combinations as shown in Fig. 85-2,
and record the resulting D and B output
states as indicated by lamps Il and 10.
After you complete the table, turn off
the experimental chassis.

INPUTS OUTPUTS
A C D B
0]o

0|1

1|0

11

Fig. 85-2. Chart for Step 1.

Discussion of Step 1: The circuit that
vou wired in this step is referred to as a
half subtractor. This eircuit is capable of

4]

subtracting a binary bit. C, from another
binary bit, A, and producing a difference,
D, as well as a borrow output, B, when
applicable. Basically, the circuit consists
of an exclusive OR gate with an addi-
tional inverter and an AND gate. The
exclusive OR gate is formed by the four
NAND gates in IC1. One of the NAND
gates in IC2 is used as an inverter while
two of the NAND gates in this IC are
connected as an AND gate. The remaining
NAND gate in IC2 is not used at all.

The output of the exclusive OR gate
may be expressed in Boolean terms as D=
AC + AC. Since an exclusive OR gate is
also used in a half adder circuit to
produce a sum (S) output, the sum (S)
output of the half adder circuit will be
identical to the D output in the half
subtractor circuit. The letter D, however,
represents the difference between the two
binary input bits rather than the sum. In
other words. for various input combi-
nations the D or diffarence output of the
half subtractor used in this step will be
identical to the 5 or sum output of the
half adder circuit that you wired in the
previous experiment.



EXCLUSIVE QR

[

—L_ ”

A C Bi D Bao
0 1] a 0 a
0 0 1 1 1
0 1 0 1 1
0] 1 1 0 1
1 0 1] 1 0
1 4] 1 a 1]
1 1 0 0 0
1 1 1 1 1

The B or borrow output of the half
subtractor is taken from an AND gate
which is formed by two of the NAND
gates in 1C2. The C input is appiied
directly to this AND gate; however, the A
input is inverted by another NAND gate
before being applied to the AND pate.
The B or borrow output may be ex-
pressed in Boolean terms as B = AC.

In this step you applied various input
combinations to the inputs of the exper-
mental hall subtractor circuit using the
switch register and observed the outputs
on the lamp driver board.

A full subtractor circuit and its asso-
ciated truth table is shown in Fig. 85-3.
Notice that this circuit uses a borrow
input (B,) along with the minuend (A)
and subtrahend (C) to generate the dif-
ference (D) and borrow (B,) outputs.
Unlike the half subtractor you just con-
structed, a number of these circuils can
be connected together to form a
multiple-bit subtractor.
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Fig. 83-3. Full Subtractor.

You will not construci and demon-
strate the operation of this circuit since it
is not often used in a computer. Sub-
traction is usually performed by comple-
menting the subtrahend and adding.

7.

Step To demonstrate subtraction
using 2’s complement addition.

You will be using the Al and A2
circuit boards in this experiment. Dis-
connect the SO and S1 switch leads from
the experimental chassis and reconnect
them to the Al and All terminals on the
A2 circuit board. Next, remove the LQ
and L1 lamp leads from the experimental
chassis and reconnect them to the Al and
Al terminals on the A2 circuit board. [t
will not be necessary to disconnect the
remaining wires from the ICl and IC2
terminals at this time. Wire your Al and
A2 circuit boards as shown in Fig. 85-4.

Cnly a few wiring changes will be
required since the Al and A2 boards are



GROUP OF
8 CLK PULSES A7 AB AL A4 A3 A2 A1 AD B7 B6 B5 B4 B3 B2 B1 B0
START 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 Q0
1 0 0 0 0 0 0 0 0 0 0 0 §] 0 0 1 1
2 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 1
3 0 0 0 0 1] 1 0 1 0 1 0 0 a 0 0 0
4 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0
b 0 o 0 0 0 0 0 1 0 1 0 i 0 0 0 0
6 0 0 0 0 0 0 0 a 1 0 1 0 1 0 0 W]
7 0 0 a 0 0 0 0 0 ] 1 0 1 ] 1 0 0
8 0 0 0 0 0 0 0 0 o 0 1 0 1 0 1 0
Fig. 86-3. Results for Step 1. Contents of the A and B registers after each group of eight clock
pulses.
GROUP OF
B CLK PULSES A7 A6 ASE A4 A3 A2 A1 AD B7 BG6 BS B4 B3 B2 B1 B
START 0 0 a 0 ] 0 0 o 1] 0] v} 0 o 1 1 0
1
2
3
4
5
6
7
8

Fig. 86-2. Table for Step 1. Contents of the A and B registers afler each group ol eight clock
pulses.
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Fig. 85-4. Circuit for Step 2.

still connected as they were for Experi-
ment 84. Changes will be made on the Al
circuit board only. Disconnect the wire
between terminals BE® and MDA at
terminal BEQ. Connect the end of this
lead to termuinal SUB. Disconnect the
alligator clip lead from terminal ASD.
Tack-solder the end of this lead to the
end of the 470-o0hm resistor nearest [C41].
Use another piece of hookup wire to

connect terminal BQ to terminal DCA
Check your connections against Fig. 854
to he sure they are correct.

Turn on the experimental chassis
Enter the subtrahend into the switch
register as shown in Fig. 85-5. Push the
parallel load push button momentarily te
transfer the contents of the switch
register to the accumulator. Check the
display on the accumulator lamp driver

BINARY CODE DEC.

MSB LS8 VALUE
MINUEND g 0110110 54
SUBTRAHEND 0 00101140 .22
DIFFERENCE 32

Fig. 85-5. Chart for Step 2.
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board to be sure that the number has
been entered correctlyv. Now press the
clock push button eight times. Notice
that the number in the accumulator has
been transferred to the B register. Check
the B register display to be sure that the
number is still correct.

Enter the minuend into the switch
register. Push the parallel load push
button momentarily. Check the accu-
mulator display to be sure the minuend
has been correctly entered. Notice that
the minuend is stored in the accumulator
and the subtrahend is stored in the shift
register.

Momentarily touch the alligator clip
lead (attached to one end of the 470-0hm
resistor} to +5C. This will set the carry
flip-lop. Again press the clock push
button eight times. Examine the number
stored in the accumulator. Write this
number in the space provided in Fig.
85-5. After you have entered the result,
turn off the experimental chassis.

Discussion of Step 2: The circuit you
wired for this experiment performs sub-

traction by adding the 2% complement of
the subtrahend to the minuend. Let’s see
how this is accomplished.

A block diagram of the circuit is shown
in Fig. 85-6. Refer to this diagram as you
study the circuit operation. In performing
this experiment the subtrahend is entered
into the switch register, then transferred
to the accumulator. By appling eight
clock pulses to the accumulator and shift
register while holding the shift right push
button down, the number is transferred
to the B register. Next, the minuend is
entered into the switch register and
loaded into the accumulator. The
minuend and subtrahend are stored in the
accurmnulator and B register respectively.

The next application of eight clock
pulses will cause these numbers to be ap-
plied serially to the full adder circuit.
The difference will be stored in the
accumulator,

Notice how the 2's complement of the
subtrahend is generated. The output of
the B register is applied through an
inverter to the input of the full adder.

LAMP DAIVEA BOARD

SUBTAAHEND

DIFFEREMCE
SET
CTONTROL

MINUEND

FULL

*l ACCUMULATOR ‘—u

PUSH

[ ADDER o [

|—.. STORAGE

FLIPELOR

FQOR
PamaLLEL

LOAD q

SWITCH REGISTER

LAMP DRIVER BOARD

11

"B SHIFT AEGISTER

f

cLocK

Fig. 85-6. Block diagram of circuit used in Step 2.
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BINARY CODRE DEC.
MsB Lsg VALUE
MINUEND 0 1060100
SUBTRAHEND 1 0010011
DIFFERENCE

Fig. 85-7. Chart for Statement B3,

This will automatically form the 1's
complement of the number. By iniually
setting the carry storage flip-flop, a
binary one is applied to the carry input of
the full adder. This must be done at the
beginning of the subtract operation.
Adding a binary one to the LSB of I's
complement of a number will produce 2's
complement of the number. Thus, the
final shifting operation is actually causing
the minuend and 2 complement of the
subtrahend to be applied to the full
adder, resulting in the correct difference
being stored in the accumulator.

Instructions for Statement 85: For this
statement you will be subtracting a large
number from a smaller number. Be sure
to carefully consider the result before
answering.

No wiring changes will he required.
Enter the minuend and subtrahend as
shown in Fig. 85-7 then perform the
subtraction using the procedures just pul-
lined. Record the result in the space
provided. Turm the experimental chassis
off and answer the statement questions.

Statement No. 85: The binary number
stored in the accumulator after the sub-
traction was:

f1)01001111,
(2) 10110001

(3} 01001110
14) 10110000,

The decimal equivalent of the dif-
ference is:

(1} {77
f2) -79.
{3) 215
{4) -177.

EXPERIMENT 86

Purpose: To bulld and demonstrate a
binary multiplier.

Introductory Discussion: Binary multi-
plication can be accomplished in two
basic ways. By using the standard adder
circuit, multiplication can be accom-
plished by repeated additions. The multi-
plicand is simply added to itself a number
of times indicated by the multiplier. The
result is the correct product. Another
way of producing multiplication of
binary numbers is to use an add and shift
technique. In this scheme, we essentially
duplicate the pencil and paper method of
multiplying binary numbers that you
studied in an earlier lesson. Partial pro-
ducts of each of the bits in the multiplier
are obtained and shifted with respect to
vne another, then added. The result is the

correct product.



While adder and subtractor circuits ara
relatively simple, the circuits for binary
multiplication are of necessity much
more complex. You will find this to be
true in this experiment as you construct a
binary multiplier using the add and shift
technique. With the circuitry that you
will assemble, you will be able to mul-
tiply two 8-bit numbers and produce a
16-bit praduct. You will use much of the
circuitry that you have already used
before. Since there will be quite a bit of
wiring in this experiment, you should
take care in wiring the circuit. It takes
only one wiring mistake to cause the
cireuit to malfunction. Be extremely care-
ful in your wiring: follow the directions
explicitly. To avoid confusion and to
minimize errors, keep your circuitry neat.
Place the printed circuit boards as close
to one another as possible and keep the
wiring neat and straight. This will not
only aid in the wiring process but will
also permit you to easily locate all of the
pertinent points in the circuit.

Experimental Procedure: The circuit
that you will use in this experiment is
shown in Fig. 856-1. You will use the M2,
Al, and A2 boards. You will also neesd
the experimental chassis and the two
lamp driver boards.

Make the following changes on the Al
board: Remove the ground wire from
terminal MDA. Move the lead from ter-
minal DCA to terminal MDA, and remove
the clip lead from the 470-chm resistor.

Make these changes on the A2 board:
Connect a length of hookup wire from
terminal ASD to terminal T7. Connect a
short length of hookup wire from ter-
minal HLT to terminal G2.

Take the M2 board and connect the
red and black power and ground leads to
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terminals 53 and 50 respectively of the
experimental chassis.

Solder a length of hookup wire from
terminal CLK of M2 to terminal PAUS on
the A2 board.

Solder a length of hookup wire from
terminal EQ of M2 to terminal ADD on
the Al board.

Solder a length of hookup wire from
terminal APN of M2 to terminal AD on
the A2 board.

Solder a length of hookup wire from
terminal T7 of A2 to terminal ASD on
the Al board.

Take the other red push button switch
and solder a length of hookup wire equal
in length to the two leads already in
place to terminal B of the switch. Salder
the A, B, and C leads of this switch to
terminals G2, +5A, and SMC respectively
on the M2 board.

Remove all the leads connected to IC1
on the experimental chassis with the
exception of ground and +5 volts at
terminals [C1-7 and ICL-14 respectively.
Using short lengths of hookup wire,
connect the following terminals:

IC1-1 to IC1-6
IC1-3 10 IC1-4.

Take the black push button you re-
ceived with this kit and connect 10"
lengths of hookup wire to terminals A, B,
and C of the switch. Solder the A lead to
terminal 1C1-2. Solder the B lead to
terminal IC1-5 and the Clead to terminal
ICL-7.

Connect a length of hookup wire [rom
terminal IC1-6 to terminal ASD on the
Al board. Connect a length of hookup
wire from terminal [C1-3 to terminal
ROA on the Al board. Finally, make sure
a 7400 integrated circuit is installed in
the ICI socket.
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Fig. 86-1. Binary Multiplier.

Carefully check over all the wiring

before you begin Step 1.

Step 1: To demonstrate a serial binary
multiplier.

The circuit that you have just wired is
a serial binary multiplier that uses the
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add-shift technique. The circuit consists
of three 8-bit shift registers and the serial
adder on the Al circuit board, The three
registers involved are the accumulator
register on the A2 board, the B register
on the Al board and the E register on the
M2 board. The E register on the M2
board will be loaded with the muli-



plicand. The multiplier will be initially
loaded into the B register on the Al
board. At the beginning of the compu-
tations, the accumulator register will bhe
clear. Once the numbers have been
loaded, you will apply clock pulses to the
circuit and generate the product,

The product, which can be twice as
long as either the multiplier or the multi-
plicand, will be stored in the B register
and A register. The least signficant part of
the product will be stored in the B
register, while the most significant part
will be stored in the accumulitor. The
multiplier, formerly in the B resister, is
replaced with the least significant part of
the product.

The first step is to load the registers
with the appropriate numbers. To load
the various repisters, you will use the
switch register and the accumulator as the
basic number source. You will parallel
load the accumulator with the switch
register and transfer the number in the
accumnulator to either the E or B register.

Turn on the experimental chassis and
set your switch register with the binary
number 7 or 0000 0111. Depress Lhe red
push button connected to the MLA ter-
minal of the A2 circuit board. This will
transfer the contents of the switch
register into the accumulator. The lamp
driver connected to the accumulator
should now display the number 7. To
shift this number into the E register, first
press and hold in the red push button
connected to the M2 board. Now use the
black push button connected to the
discrete component latch on the experd-
mental chassis to generate the clock
pulses. Depress the black push button
eight times, then release the red push
button. This will cause the number stored
in the accumulator to be transferred a bit
at a time into the E register. This is the
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multiplicand to be used in the problem.

Since there is no light driver circuitry
cannected to the E register, you have no
convenient means of monitoring the num-
ber contained there. However, vou can
use your tvom to check the dc voltage
levels at terminals E@ through E7 on the
M2 board.

You will next load the multipiier into
the B register on the Al board. Set the
switch register to the multiplier value,
which in this case will be the decimal
number 6. Ser the switches from left to
right to 0000 0110. Momentarily depress
the red push button connected to the
MLA terminal on the A2 circuit board.
This will load the accumulator register
with the switch register contents. Observe
the lamp driver to see that the number &
has been loaded. Next, depress and hold
the black push button connected to 1C1
on the experimental chassis and again
operate the clock push button eight
times. This will shift the number in the
accumulator into the B register on the Al
circuit board. Release the [C1 (shift) push
button. At this time the lamp driver
should read the 8-bit number representing
the decimal number 6.

You are now ready to perform the
experiment in which vou multiply the
numbers 7 and 6. Before you begin the
computation, check to be sure that all of
the lamps in the accumulator register are
out, indicating that the register is clear. If
any of the lamps are on, it will be
necessary  ta set QOO00OD0 into the
switch register and press the parallel load
push button ance maore,

To perform the compulation you will
need to depress the clock push button 72
times. Since each number is a maximum
of eight bits in length and we need to
examine each bit in the multiplier one at
a time, there will be a total of eight clock

pulses cccurring for each of the eight
multiplizr bits, plus an additional clock
pulse for the shift. This makes a total of
72 clock pulses to complete the mull-
plication. This will ensure that all bits of
both the multiplicand and the multiplier
will he used in the multiplication process.
Of course, here you are using only three
bits for each number, but in order to
complete the multiplication and have the
product stored in the proper register
locations you will need to perform the
entire operation.

Depress the black clock push button
eight times. After you have applied the
eight clock pulses, press and hold the
black shift push button connected to IC1
and apply one more clock pulse. Release
the shift push button. Stop and observe
the contents of both the B and accu-
mulator registers. Record the results in
Fig. 86-2 (centerfoid).

Again depress the clock push button
eight times plus one more with the shift
push button held in. After this second
group of nine clock pulses, again examine
the contents of the A and B registers and
record the results in Fig. 86-2. Repeat
these 8-bit groups of clock pulses and one
shift clock pulse for a total of eight times.
After you have applied the 72nd clock
pulse, the multiplication is complete and
you should record the contents of the A
and B repisters in the final position noted.
This is your product.

Discussion of Step 1: In this step you
multiplied the two numbers 7 and 6 and
as a result should have obtained the
product of 42. In binary form this is
101010. This number should be stored in
the B register after the multiplication.

Fig. 86-3 (centerfold) shows the re-
sults that vou should have obtained for
this step. At the starting position the ac-
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cumulator is reset, while the B registe
contains the multiplier, 6. The E register
of course, contains the multiplicand, 7,
which we are nol monitoring with lamp:
at this time. The contents of both the A
and B registers after the [irst zight clock
pulses and one shift pulse are illustrated
in tow 1 of Fig. 86-3. The contents of
each of these registers are shown for each
group of eight clock pulses and one shift
pulse. After the final group of eight clock
pulses and one shift pulse, the product as
shown will be contained in the B register.
Check the results you recorded in Fig.
86-2 with the correct results in Fig. 86-3.
It necessary, go back and reload the regis-
ters and repeat this step to be sure that
you obtain the correct result.

Fig. 864 is a simplified block diagram
of the serial multiplier circuit that you
constructed. By referring back to Fig.
86-1, you can compare the two circuits
and see that they are alike. However, by
using the simplified diagram in Fig. 864,
we can more easily explain the operation
of the circuit.

The multiplicand is Initialiy stored in
the E register and the multiplier is ini-
tially stored in the B register. Before the
multiplication begins, the accumulator is
cleared. When the clock pulses are
applied, the adder will produce the sum
of the two numbers. One of the numbers
is stored in the accumulator while the
other is obtained from either the E
register or from a source of binary zeros,
AND gate 1 looks at the least significant
bit position of the B register. [T this bit is
a binary 0, then the AND gate will be
inhibited. As clock pulses are applied, the
multiplicand stored in the E register will
be shifted out one bit at a time and
applied to gute 1. [t will also be recir-
culated and restored in the E register. At
the same time, the contents of the accu-
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Fig. 86-4. Simplified block diagram of the
Serial Multiplier.

mulator will be shifted into the adder.
Since AND gate | is inhibited, naturally
the contents of the E register will not
appear at the upper input to the adder.
As a result, binary 0's will be added to
the contents of the accumulator,

AND pates 2 and 3 direct the clock
pulses to the B register or the E register,
depending on whether we are multiplying
or shifting. During multiplication, gate 3
is enabled and pate 2 is disabled, pre-
venting the B register from being shifted.
During the shift operation, gate 3 is
disabled and gate 2 is enabled, allowing
the B register to be shifted and not the E
register. The accumulator receives clock
pulses at all times.

In the first step of our experiment the
accumulator is initially zero, so zeros are
lpaded back into the accumulator from
the adder. We see this condition existing
in row A of Fig. 86-3. As soon as the first
eight clock pulses are completed, the

application of the shift pulse causes the
contents of the accumulator and the B
registers to be shifted one position to the
right. The least significant bit in the
accumulator s shifted into the most
significant bit position of the B register.
At the same time, the least siznificant bit
of the B register is shifted to the right
and lost

A hinary 1 now appears at the lower
input to AND gate | in Fig. 86-4,
meaning that the gate will be enabled.
Therefore, for the next eight clock pulses
that oceur, the contents of the accu-
mulator will be added to the contents of
the E register with the sum stored back in
the accumulator. Since the number 7 is
stored in the E register, it will be added
to the O contents of the accumulztor. The
accumulator will contain the number 7 at
the end of the eight clock pulses. How-
ever, the shift pulse shifts the contents of
the accumulator and the B registers one
hit to the rght. This resulis in the
number shown in row 2 of Fig. 86-3.

Again you can see the feast significant
bit (B) of the B register is a binary 1.
This permits the contents of the E reg-
ister to be added to the accumulator, The
result appears back in the accumulator,
with the resulting sum again shifted to
the right one bit position by the shift
pulse. The resulting number appears in
row 3 of Fig. 86-3. All of the remaining
bits of the multiplier are binary 0's from
here on. For that reason, AND gate [ will
be inhibited and no further sums will be
created in the accumulator. Instead, after
each eight clock pulses the contents of
the accumulator and B repisters will
simply be shifted to the right. After a
total of 72 clock pulses has occurred,
the product appears in the correct posi-
tion in the B register and the
accumulator. The least significant part

will be in the B reoister, while the most
significant part will be in the accu-
mulator. For example, if the product is
520 {1000001000) then QOCO1000 will
he in the B register while 0G00CC10 will
he in the accumulator.

Instructions for Statement S6: You do
not need to make any further changes in
your experimental circuit to perform this
statement. At this time the experimental
chassis should still be on and the product
properly displayed on the B regster
lamps.

Using the precedure used in the experi-
ment, multiply the number in the B
register by the number in the E register.
Simply generate eight clock pulses, press
the shift push bution and generate
another clock pulse. Repeat this process
seven more times and record the contents
of both the accumulator and B registers
in the margin of the text. Convert the
resulting binary number into its decimal
equivalent. Now you can answer the
staternent question.

Now remove all the circuit wiring made
for this experiment to the Al, A2 and M2
circuit boards. Leave the power and
oround leads connected to the three
circuit boards and also leave the power
and ground leads and the vellow leads
connected to the two lamp driver boards
and the switch register. Remove all wiring
from the IC1 and [C2 sockets on the
experimental chassis, except the power
and ground connections to ICL-14,
1C2-14, IC1-7 and IC2-7.

Statement No. 86: When I performed
the multiplication indicated by this state-
ment, | found the product to be:

(1) 42
f2) 49

a1

[3] 252
(4) 294

which is the number thar results when
multiplied the numbers:

Jli6and 7.
{2) 7and 7.
{3) & and 42.

(4] Tand 42.
EXPERIMENT 87

Purpose: To demonstrate the operatio,
of ¢ Binary rate multiplier.

Introductory Discussion: A binary rat
multiplier is a circuit that multiplies Lw:
digital input numbers and penerates a
output equal to their product. One of th
digital input numbers is a unitary puls
train while the other is a paralle]l binar
input word. The output is a unitary puls
train. Fig. 87-1 is a simplified blecl
diggram of a binary rate multiplier.

UMITARY & 5E
TRAIN iNPLT

TN e

MULTIPLIER

UNITARY PULS
TARAIN QUTPUT

- TLILN

F| G| H
1oa

FOURBITagalLEL
FRACTIONAL INPUT

E

Fig. 87-1. A Binary Rate Multiplier.

A unitary pulse train is simply a serie:
of off-on pulses that represents some
decimal quantity. For example, to repre.
sent the decimal number 15, we would
generate a sequence of 15 pulses. Tc
represent the decimal number 733, :
unitary pulse train would be a sequence
of 735 individual pulses,



The other input to the rate multiplier
i5 a binary number whose magnitude is
always between zero and one. That is, it
always has a fractional value, For this
reason the number of output pulses in the
output train will always be less than the
number of input pulses. The number of
pulses in the output will be equal to the
number of pulses in the input multiplied
by the parallel binary fractional input.

For example, if we apply 80 input
pulses to the binary rate multiplier and
the parallel binary input word is .1001,
(.5625,,), the output will contain 45
pulses (80 X .5625).

Keep in mind two important facts
about the rate multiplier. First, multi-
plying a number by a fraction is equiv-
alent to dividing that number by a whole
number, Therefore, the binary rate multi-
plier can also be considered as a divider.

SWITCH AECISTER

i LSaI 59 51 52

TO TERM 46

53

Secondly, since the output pulse train has
fewer pulses than the input, the binary
rate multiplier could also be considered a
frequency divider. The parallel binary
input word permits the binary rate multi-
plier to perform as a programmable fra.
quency divider in many applications.
In this experiment you are going to
emonstrate a basic 4-bit binary rate
multiplier circuit. You will demonstrate
its hasic characteristics and several modes
of operation. By demonstrating the basic
operation of the circuit, you will become

familiar with this important compu-
tational unit.
Experimental Procedure: Fig. 87-2

shows the circuit for this experiment,
You will need the Ml and C2 circuit
boards and a lamp driver circuit board as
well as the switch register and the experi-

LAaMP
DRIVER
BOARD
Liw
{55 |
Lr
[y
[ = Ll il
L? L LW
o Gé CLK
CLEAR
RED

Fig. 87-2. Binary Rate Multiplier used in Step 1.
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mental chassis. Connect the +35 volt and
ground leads of the MI, C2 and lamp
driver boards to the appropriate +3 volt
und ground terminals on the experimental
chassis. Also connect the ground and +5
volt connections of the switch register.

Next, wire the four right-most or least
significant  bit outputs of the switch
register to terminals [C1-2, IC1-5, [C1-10
and [C1-13. The right-most or LSB of the
switch register is connected to terminal
IC1-2 as you can see in Fig. 87-2.

Connect four lengths of hookup wire
from the A, B. C and D outputs on the
ML circuit board to terminals IC1-12,
IC1-10, IC1-4 and IC1-1 as shown in Fig.
87-2. The CLK input to the binary
countar on the MI circuit board will, as
usual, be wired to terminal 46 on the
experimental chassis. This will permit you
to set the counter from the black push
button buifered by the discrete com-
ponent latch.

Solder .00l mfd capacitors between
the following terminals:

IC1-3 to IC2:2
IC1-6to IC24
IC1-B to IC2-5
IC1-11 to [C2-1

Solder 22k-ohm resistars between the
following terminals:

1C2-1 to IC1-14
IC2-2to ICT-14
IC24 to IC2-14
1C2-5 to IC2-14

Connect a length of hookup wire from
terminal [C2-6 to the CLK terminal on
the C2 circuit board. Connect the L§
through 14 leads from the lamp driver
beard to terminals 1O through L4 on the
C2 circuit board. You may remove lamps
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L3, L6, and L7 if you wish, or you ca
disable them by grounding the LS, Lt
and L7 leads.

Connect the C lead of one of the re
push buttons to terminal G4 on the C
circuit board. Connect the B lead
terminal CLR on C2 and connect the :
lead to terminul CLR cn the M1 circui
board. Finally, connect a piece of hookuy;
wire from terminal 3% to terminal 40 or
the experimental chassis. Carefully chect
your wiring against Fig. §7-2, then in
stall a 7400 IC in the IC] position and ;
7420 IC in the IC2 position. Remove
the 7400 IC from socket 125 on the C2
circuit board.

The binary rate multiplier that you
have just constructed consists of circuitny
on the ML circuit board and that wirec
on the experimental chassis. In othe
words, the birary rate multiplier consists
of a 4-bit binary counter connected to a
group of NAND gates whose outputs are
differentiated and then ORed together in
the 7420 gate. The switch register pro-
vides a 4-hit fractional binary number
that is used Lo enable the various gates on
the experimental chassis. This will deter
mine which of the counter flip-flop out-
puts will be passed through the gates,
differentiated, then ORed together. The
unitary pulse train is applied to the
binary rate multiplier by way of the black
push button into the CLK input of the
binary counter. The rate multiplier out.
put is the output of the NOR gate at
terminal IC2-6.

[n order to help you conveniently keep
track of the number of output pulses
that occur without counting them in-
dividually, you have wired the program
counter or 5-hit binary counter on the C2
circuit board to accumulate these pulses
and display the count on the lamp driver
PC board. Each time an output pulse



occurs from the binary rate multiplier,
the counter on the C2 circuit board will
be incremented. The contents of the
counter are displayed on the lamp drivers.
The red push button is used to clear or
reset the counter when necessary.

Step 1: To show how the binary rate
multiplier is used to multiply a unitary
pulse train by a fractional binary input.

The four right-most switches in your
switch register represent a 4-bit fractional
binary number when the right-most
switch is the LSB position. Set the
switches so that they read 1100 from left
to right (SP and 51 down, S2 and S3 up).

Turn on the experimental chassis.
Some of the lamps on the lamp driver
board may light due to the state of the
program counter on the C2 circuit board.
Reset this counter by presing the red
push button.

As you depress the clock push button
16 times, the binary rate multiplier cir-
cuitry will go into action and generate a
unitary pulse train output. The number
of output pulses will he counted by the
program counter on the C2 circuit board.
The total number of pulses occurring at
the output will appear as a binary number
on the lamp drver, where L@ is the LSB
position. The number of pulses is deter-
mined by the product of the number of
input pulses, in this case 16, and the
binary number set in on the switch
register. Determine the fractional binary
number on the switch register, multiply
by 16, the total number of input pulses,
and compare it to the binary number
displayed on the lamp driver board.

Now set your switch register switches
to the number 0110. Reset the program
counter on the C2 circuit board and
depress the clock push button 40 times.
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Determine the decimal equivalent of the
binary number in the switch register and
multiply it by 40 to determine if it equals
the number in the program counter,

Discussion of Step 1: This step should
clearly show that the outpur of the
binary rate multiplier is a number of
pulses equal to the product of the num-
ber of input pulses multiplied by the
fractional binary number. With your
switch register set to the number .0110,
the binary input fraction becomes 373,

When you applied 40 input pulses, the
rate multiplier produced the number of
output pulses equal to 40 times 375 or
15 output pulses. The program counter
on the C2 circuit board should have
counted these 15 pulses and the lamp
driver display should have read 01111.

Setting the switch register to the num-
ber .1100 produces an input fraction of
.75. Multiplying this by a total of 16
input pulses should have produced an
output of 12 (1100) on the counter
display lights.

Step 2: To show how the rate multi-
plier can be used as a programmable
frequency divider.

For this step you will drive the rate
multiplier from the clock oscillator on
the experimental chassis. To do this you
will move the wire coming from the CLK
terminal on the M| circuit board from
terminal 46 on the experimental chassis
and solder it to terminal 39. This will
permit the clock to step the rate multi-
plier. Place all of the four right-most
switch register switches in the down
position. To enable the clock oscillator,
remove the ground wire you connected to
terminal 38.

Turn on the experimentul chassis. Con-
nect the vertical input lead of your
oscilloscope to terminal 39 on the experi-
mental chassis and the ground lead 10 the
chassis. This will let you monitor the
clock output. Adjust the wvertical gain
control to display the clock output, then
adjust the horizontal sweep controls to
display eight positive pulses. Use the sync
and horizental sweep controls to stabilize
the waveform on the screen.

Next, move the vertical lead of vour
oscilloscope to terminal [C2-6. Switch S0
to the up position with §1, 82, and 83
down. With this switch in the up position,
count the number of output pulses that
occur. Do not change the horizontal
sweep frequency control but use the syne
control to stabilize the waveform il neces-
sary. Record the number of pulses in the
margin of the text.

Set SO to zero and S1 to the up
position, again monitoring the output,
Count the number of pulses that occur
but do not change the horizontal sweep
frequency setting.

Turn off the S1 and switch S2 to the
up position and monitor the number of
pulses that occur. Repeat this for 83.
Record all your numbers in the margin of
the text.

Set the switches in your switch register
to the binary number .1100 that you
used in the previous step. While moni-
toring the output of the binary rate
multiplier, study the output waveform
carefully. Make note of the special
periodic nature of the output pulses and
study particularly the spacing between
adjacent pulses. Adjust the horizontal
sweep  frequency contrel to  display
twelve pulses on the scope screen. Stahi-
lize the waveform with the sync control if
necessary. Copy the waveform that you
see.

Discussion of Step 2: In this step vo
demonstrated how the rate multiplier ca
be used as a programmable frequenc
divider. When you turned on the mos
significant bit switch (5Q) in your 4-bi
switch register, you allowed pulses fron
the least sienificant bir ip-flop of the
counter on the Ml circuit board te pas:
through gate G4 into the differentiato
and, thersfore, appear ut the output o
the NOR gate. The frequency of thes:
pulses is one-half that of the clock pulse
rate. Therefaora, with eight clock pulses
initially displayed on the scope screen
you should have seen half this number of
pulses at the output.

With the next most significant bit
switch on and all others off, you are
permitting output pulses from the B
flip-flop in the binary counter to pass
through the ocutput. These pulses uare
occurring at a frequency one-fourth that
of the clock freugency; therefore, you
should have counted only two pulses on
the output scope screen. In other words,
for eight input pulses applied only two
oceur, indicating a frequency division of
4.

For the other two switch positions vou
should have noted frequency decreasing
by a factor of 2 in each case. Hers you
show how these switches can be set to
provide division ratios of 2, 4, 8 and 16.
Of course, anv normal binary counter can
provide such binary weighted frequency
division output without the need for the
additional circuitry that we used in the
rate multiplier. However, by setting the
switches to other combinations, the fre-
quency division ratio over a wide range
can be obtained. For example, when you
set the switch register to 1100 wou
actually multiplied the input frequency
by .73 as you demonstrated in Siep 1.
This is equivalent to dividing the input



[requency by 1/.75 ar 1.353. Recall that
we said multiplying an input pulse train
by a fracrional binary number is the same
as dividing it by a whole number equal to
the reciprocal of that fraction. This
means that if the input clock frequency is
2000 Hez, the output of the binary rate
multiplier when the input is set to 1100
will be 2000/1.333 = 1500 Hz. As you
can sec, the frequency division ratio is
programmable over a fairdy wide range by
simply setting the switch register to the
appropriate value.

If you looked at the waveform care-
fully you should see that the pulses
appear to be occurring in periodic groups
of three. The spacing between each three
pulses is equal, but it is less than the
spacing between the three pulse group.
While we can legitimately call this a
periodic waveform, it is an irregular
periodic  waveform. For many appli-
cations this irregular output pulse
sequenice is of no consequence, partic-
ularly il vou are going to simply count
the pulses of the binary counter and
display the result as a parallel binary
word. However, in frequency division
applications where the output frequency
must be perfectly regular this could be a
disadvantage. In any case it is an impor-
tant characteristic of the binary rate
multiplier that you should understand.

The inpul and output of the rate
multiplier when used as a programmable
frequency divider is indicated by the
simple formula F, =n F|.

Instructions for Statement 87: Turn
off the experimental chassis and remove
the wire connecting the CLK input to the
M1 circuit board from terminal 39 and
reconnect it to terminal 46. Reconnect
the ground lead to terminal 38 to disable
the clock oscillator. This will again permit

you to step the counter with the black
push button. Disconnect your oscillo-
scope.

Next, set your switch register so that
the binary number is .1010 (51 and 83
on, S8 and 54 off). Turn on the exper-
mental chassis and press the red push
button momentarily to reset the binary
counter on the C2 circuit board.

Depress the clock push button a total
of 30 times. This is quite a few pulses so
be sure that yvou count accurately. Once
you have applied the 30th pulse, stop and
note the binary number displayed on the
lamp drivers. Record the decimal value of
this binary number in the margin of the
text and convert the fractional binary
number in the switch register, .1010, into
its decimal equivalent. Using this infor-
mation, consider the computational
accuracy of the rate multiplier. With this
data you can answer the stalement
question.

Statement No. 87: In this problem |
am multiplying the input number 30 by a
fractional value of

(1) .375
(2) .625
(3) .75

which gives an answer of

(1) 22.5.
(2) 10.25.
(3) 18.75.

The number stored in the binary counter
at the end of my computation was

(1) 10
(2) 22
{3} I8
[4) 19

which indicates that the rate multiplier

(1) did
(2) did not

produce perfectly accurate computation
for this problem.

EXPERIMENT 88

Purpose: To build and demonstrate a
BCD adder circuit,

Introductory Discussion: Most of the
arithmetic operations that vou will
encounter in digital equipment will be
performed with pure binary numbers.
The pure binary number system is more
efficient and arithmetic circuitry to
handle it is much easier to implement.
However, you will find numerous appli-
cations where special arithmetic circuitry
is used, such as those requiring the
processing of BCD numbers. Some digital
computers process BCD numbers as well
as binary numbers. This is particularly
true of business data processing
computers.

One of the most popular, widely used
applications for BCD arithmetic circuitry
is in electronic desk calculators. Millions
of these calculators have been sold and
are is use today. All of them use BCD
calculating circuitry.

The most popular form of BCD arith-
meltic circuilry is one that processes the
decimal numbers a digit at a time. In
other words, the individual decimal digits
in a2 number are processed serally from
the least significant digit to the most
significant. The BCD numbers themsalves,

T

however, are processed in parallel. |
other words, two BCD numbers to t
added together are added in parallel.
4-bit adder is required for this operatior
We call such an arrangement bit-parall
digitserial BCD arithmetic. In desk cales
lators, however, the arithmetic process
often completely serial. The reason f
this is that shift register memories ar
used to store the number in the calel
lator. Each BCD digit is stored as a serie
of four bits in the memory in seriz
fashion. To process these digits as the
are shifted out of their serial memories, .
completely serial arithmetic circuit 1
required. In this experiment you are goin
to demonstrate one type of serial BCI
adder.

There are numerous means of accom
plishing BCD addition in serdal form
Some of the techniques are quite com
plex, but the one we have chosen here i:
relatively easy to implement with the
circuitry available on your computer cir.
cuit boards. We will discuss the addition
of BCD numbers in both the 8421 and
excess 3 word format.

Experimental Procedure: Fig. 88.]
shows the wiring for this experiment.
You will be using the experimental
chassis, the switch register, a lamp driver
printed circuit board, and computer
boards M1, M2, and A1,

On the experimental chassis you will
wire two 4-bit shift registers using 7493
intzgrated circuits. These registers will
hold two BCD numbers that will be used
in the arithmetic process. You will load
these registers in parallel from the switch
register. The outputs of these registers
will be monitored with the lamps on the
lamp driver board.
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Fig. 88-1. Serial BCD Adder.

The adder circuit is already wired for
you on the Al circuit board. You will
feed the outputs of the two shift registers
into the adder to produce the sum which
will appear back in one of the registers.
The adder and its carry flip-flop circuit
are all on the Al board.

The M1 board will be used for Liming
and control purposes. The hinary counter
15 connected so that it doves the two
decoaders on this board; the output of one
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of the decoders is used for timing signals.
The MA4 latch flip-flop is used for
control purposes.

The binary counter on the MI circuit
board also drives an 8-bit multiplexer on
the M2 circuit board. This multiplexer is
connected as a parallel-to-serial converter,
which is used as a pattern generator. The
two free gates available on this board are
interconnected to form a logic network
to detect when the contents of one of the

regisiers on the experimental chassis is
greater than 9.

Begin the assembly of the serial BCD
adder by removing the switch register
leads from terminals 1C1-2, [C1-5, IC1-10
and IC1-13. Leave the power and grounds
leads connected to the switch register.
Next remove the four .001 mfd capacit-
ors and the four 22k-ohm resistors from
the IC1 and IC2 terminals. Disconnect
the A, B, C, and D leads from terminals
IC1-12, IC1-9, 1C1-4, and IC1-1.

Remove the lead from terminal D of
the M1 circuit board, but leave the leads
connected to terminals A, B, C, CLK and
CLR as well as the paower and ground
leads. Remove all connections from the

C2 circuit board. Leave the eight vellow
wires connactad to the lamp driver board
as well as the power and ground leads.

Fig. 88-1 shows the wiring needed for
this experiment. The three circuit boards,
lamp driver, switch register and experi-
mental chassis are shown in roughly the
proper physical relationship to  one
another. To simplify the wirng, you
will first wire up the experimental chassis,
lamp driver, and switch register. Then
you will make interconnections on the
Ml circuit board and the M2 circuit
board. You will then interconnect the
threg circuit boards and the experimental
chassis. Now make the following con-
nections:

EXPERIMENTAL CHASSIS, LAMP DRIVER, AND SWITCH REGISTER
FROM TO FROM TO FROM TO
S7 1C1-2
IC1-1 1C1-7 Switch S0 1C2.5 Lamp L@ 1C2-10
IC2-6 IC1-6 51 1C2-4 L1 IC2-11
1C2-9 IC1-9 52 1C2-3 L2 1C2-12
1C2-9 46 53 1C2-2 L3 IC213
red push button {C) 1C2-6 5S4 IC1-5 Ls 30
red push button (B} 30 S5 IC14 L6 30
red push button [A] 33 S6  I1C1-3 L7 30
M1 CIRCUIT BOARD

FROM TO

A MAD

B MA1

C MA2

MAZ GROUND

T@ W4B
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M2 CIRCUIT BOARD

The two free gates are labeled ! and 2
in Fig. 88-1. You will make connections
to these gates in the following steps.
First, however, connect a 4.7k-ohm resis-
tor from terminal STE to the right-hand
terminal of the .0l mfd capacitor as
shuwn. This is +5 volts. Now make the
following connections:

FROM TO

STE
Input of Gate 2

Output of Gate 1
Input of Gate 1

EXEC Same Input of Gate 2
Other lnput of
Gate 2 MA4
Output of Gate 2 M2
s7 54
54 GROUND

[nterconnections. You will complete
the wiring by making interconnections
between the various circuit boards and
the experimental chassis. First connect
the power and ground leads of the M2
and Al circuit boards to power and
ground on the experimental chassis. Com-
plete the wiring of the red (clear) push
button by connecting the C lead to a con-
venient ground point. Solder a length of
hookup wire with an alligator clip on one
end to terminal MA4 of the MI circuit
board. Now make the following con-
neclions:
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FROM TO

Lamp driver L4 OVFL (A1)
SUB (A1) GROUND
Ad (A1) IC2-10
MDA (A1) MDA (M2}
SUM (A1) IC21
CVFC {AT) W78 (M1)
CLR (A1) ASD (A1)
CLR (A1) CLR {M1)
CLK (A1) 45

A [M1) A (M2)

B (M1} BiM2)
Ci{m1) C (M2
ADR4 (M) STE (M2)
MA4 (M1) MA4 (M2}
STA (M2} iC2-12
EXEC (M2) 1IC2-13
Input of Gate 1 1cz2-11

This completes the wiring for this
experiment. Carefully check over your
work to make sure all connections are
securely made and that you have made
the power and ground connections to all
circuit boards and the switch register.

Now remove the [C’s from the IC] and
IC2 sockets. In their places insert two
7495 IC’s (which you must obtain from
the Al circuit board). Temporarily re-
move the 7475 (IC4} and the 7442 (IC7)
from the M1 circuit board. Also remove
the 7420 (IC12) from the M2 circuit
board. In its place install a 15844 IC. You
can use a 15844 from either the Cl or C2
circuit board.

Step L: To demonstrate the addition of
the 8421 BCD numbers,

The two numbers that are to be added
are loaded into the two 4-bit registers by

the switch register. The outputs of these
two registers are then fed to the adder,
which adds each bit of the two BCD num-
hers as they are shifted into the adder.
The sum is led back and shifted into the
4-bit register in the IC2 position. The
number initially stored there is lost. The
number stored in the register in the IC]
position is replaced with zeros.

The switch register switches should be
numbered SO through 57 from nght to
left. Switches S@. S1. 82, and 53 will be
used to enter BCD numbers that will be
loaded into the register in the [C2 posi-
tion. Switches 54, S5, 86, and 57 are used
to load the other BCD number into the
shift register in the ICl position. The red
push button (LOAD) will transfer the
contents of the switch register into the
two BCD registers. You will be using the
clock push button and its associated
buffer latch as a clock signal to shift the
numbers out of the registers.

First let's demonstrate how the BCD
adder can add the decimal numbers 4 and
5. Set the BCD equivalent of the decimal
number 4 into switches S@, S1, 52 and 53
of the switch register. Switch 50 is the
LSB position. Set the number 5 in BCD
8421 code in switches S4 through 57
where bit 4 is the LSB position. Turn on
the experimental chassis. Press the red
LOAD push button. You should immedi-
ately notice that the number 4 is loaded
into one register as indicated by lights 19
through I3.

Press the red CLEAR push button and
also momentarily touch the alligator clip
(MA4) to ground to clear all circuits.
Then press the clock push button eight
times and observe the BCD numbers dis-
played by the lamps. 10 through I3
should show a BCD 9 while 14 through 17
should show g BCD zern.

Leave switches 54 through 57 set to
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the BCD number 5, and change switche
50 through $3 to represent the BCD num
ber 7. Press the red LOAD push butio
and then the CLEAR push button. Agais
depress the clock push button eigh
times, then record the states of lamps It
through [7 and note the two BCD num-
bers stored in the two registers.

Discussion of Step 1: The operation o
the BCD adder circuit that you just dem-
onstrated is best explained by referring tc
1 simplified block diagram of the circuil
(Fig. 88-2). The switch register is used tc
load two BCD numbers into 4-bit reg
isters. Both of these registers contain the
numbers that will be added in the adder
circuit. The 4-bit accumulator register
feeds the adder directly. The other 4-bit
storage register feeds the adder through
the select logic when the select logic per-
mits it. The sum appearing at the output
of the adder is shifted back into the 4-bit
accumulator, replacing the number that
was there initially. The number originally
stored in the other 4-bit register is shifted
out.

PATTERAN
GEMERATOR

‘ SWITCH REGISTER

nmooe

38T |
ACCUMULATOA |

i L |
ggtect | |

' SUM |
1 3

Fig. #8-2. Smplified block diagram of an 8421
BCD Serial Adder.



As you can recall from yvour study of
BCD arithmetic, when two BCD numbers
are added and their sum is greater than 9,
then a carry is called for to the next digit
position. In order to avoid the ambiguity
preduced by the six invalid binary num-
bers, 1010 through 1111, it is necessary
to add a correction factor of 6 to the sum
obtained.

In the first part of this experiment you
demonstrated the addition of two num-
bers, 4 and 5. When these numbers are
added one bit at a time, their sum 9
(1001) should appear in the accumulator.
It replaces the number 4 stored there
imitially.

In the next step you added the num-
bers 5 and 7. The binary adder will, of
course, produce the sum of 12 (1100} in
the accumnulator. This number is an in-
valid number for 8421 BCD code. The
““detect-greater-than9” circuit moni-
toring the 4-bit accumulator register will
indicate that the sum in the accumulator
is greater than 9. This conditions the
select logic circuit to disable the contents
of the 4-bit register containing the num-
ber 5 and enable a pattem generator cir-

cuit. The pattern generator generates the
serial binary number 6 (0110), which is
added to the contents of the accumulatar
as a correction factor to produce the cor
rect BCD sum in the accumulator.

In the second part of this experiment
when you added 5 and 7, the detect
greater-than-9 logic recognized the 12 and
enabled the seiect logic, causing the num-
ber 6 to be added to the contents of the
accumulator. This leaves the number 2
{0010) in the accumulator. At the same
time this causes a carry flip-flop to be set,
indicating a binary 1 carry to the next
digit position which was displayed by
lamp 14, the least signficant bit of the
tens BCD display. This carry, in effect,
represents a binary 1 in the tens position
while the 2 in the accumulator represents
the units position, thereby producing the
appropriate BCD sum 12.

Fig. 88-3 shows how the correction cir-
cuits operaie. The latch is set for the first
four clock pulses. This condition disables
the pattern generator and allows the num-
ber stored in the ICl register to pass
through the multiplexer to the adder. If
the resulting sum shifted into the accu-
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Fig. 88-3. Select Logic ('peration.

mulator is greater than nine, the two wire
ORed NAND gates (detectr-over-9) ourput
will go low. This condition will be stored
in the latch, which will enable the pattern
generator and change the input of the
2-bit multiplexer from the ICI register to
the pattern generator.

During the next four clock pulses, the
binary number appearing at the 54-57 in-
puts of the pattern generator will be
added to the number in the accumulator.
The four inputs (S4, S5, 56 and S7) are
set to 0110, so a decimal six will be
added as a correction durng the second
group of four clock pulses.

If, after the first four clock pulses the
number in the accumulator is nine or less,
the output of the wire ORed NAND gutes
will be high, keeping the latch set. With
the latch in the set state, there will be no
change in either the 2-bit multiplexer or
the pattern penerator. That is, the multi-
plexer will continue to send the numbers
from register IC1 to the adder. The pat-
tern generator will be disabled. Notice,
however, that during the first four clock
pulses as the number was being shifted
out of ICI into the adder, the grounded
input caused binary 0's to be shifted into
IC1. After the fourth clock pulse, then,
IC] contains all zeros. During the nzxt
four clock pulses the zeros in IC1 will be
added to the number in the accumulator,
IC2. What this means is simply that the
number in the accumulator (the correct
answer) will be shifted out of the register,
into the adder, and back into the register
since no correction js needed.

Preparing for Step 2. To demonstrate
the addition of excess 3 BCD numbers
vou will nesd to make several minor
changes in your experimental circuit.
First, remove the wire connecting termi-
nal IC2-13 to the EXEC line on the M2
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circuit board. Also remove the win
connecting [C2-12 to the STA termina
on the M2 circuit board. Remove the wire
from terminal [C2-11 to one of the input:
on the four-input free gate. Also remowve
the wire between the other input of the
four-input free gate and EXEC. Move the
output of the fourinput free gate from
terminal STE to terminal EXEC. Remove
the 4.7k-ohm resistor between terminal
STE and +5 volts on the M2 circuit
board. Removing these wires disassembles
the detect-greater-than9 state used in the
8421 BCD adder. You will not need to
detect this condition in the excess 3
adder. Remove the 15844 IC from the
IC12 paosition on the M2 circuit board
and reinstall the 7420 [C thers as it was
previously,

Onece you have removed the wiring
indicated, you can proceed with the addi-
tions to make your circuit perform excess
3 BCD addition. Connect OVFL on the
Al circuit board to ADE4 on the M|
board.

Remove the wiring connecting MA4 on
the MI circuit board to MA4 on the M2
circuit board, and connect a piece of
hookup wire between MA4 on M2 and
STE. Then connect the W4 B, W3 A, Wag,
and W78 lines from the MI circuit board
to the four inputs of the free gate on tha
M2 circuit board.

Remove the jumper wires from ter-
minals 54, 85, 56 and §7 on the M2 cir-
cuit board. Connect terminals 5S4, 86, and
57 together. Connect the S5 line to the
MA4 line on the MI circuit board, then
solder a short length of hookup wire
between terminal S4 and the MAZ line on
the M1 circuit board. Remove the lead
from W78 (MI1) te OVFC (A1) and con-
nect OVEC to W3C on MI1. Connect ter-
mina W3C (M1) to terminal T@ (M1).
Finally, move the L& lamp driver lead



! w7
,___4 alE
1
|
|
-
" P |
G CHODORIN | > don 1
fravioarmmg VRIEIZ M o i
n [ =
Fo# JA et Fe 2d4%y
b i 0 5 s 0
| . a L . | ] 2
a oo = | _i
Z mu F | |
o
i T T HETY |
S || Al l i
| i e T |
| PER SRR R
| -o y t
] — = 1] SWITOH MESJSTL
| [[SR0} J
|
| A 1
| 4 B C SUH MIA
LLK Le
LR T #=— ag LM
ADHG UL e
| — M1 Al
4 WAL UL —
—I AL CLA
|
—-—"’_.t_;_ AN ——
P LK
| ———% ma0 | LR l
|
! MAL i | A
was |
o WMAd (%} ? o & om
T Z g g =
| J
. i ¢
1 i
| |
e s ¢ R
— e 2
= == iCLEAR)

Fig. 83-4. Excess 3 BCD Serial Adder.

from ground to terminal MA4 on the M1
circuit board and ground lamp driver lead
L4 after removing it from terminal OVFL
of the Al circuit board. Double check all
of your wiring connections according to
Fig. 88-4 to be sure that they are correct.

Step 2, Part I: To demonstrate the
addition of two excess 3 BCD numbers.
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Set your switch register to enter the
decimal numbers 2 and 5 in excess 3
code. Set switches SQ. 51, 82, and 83 to
the binary number equivalent to the
excess 3 code for 5 (1000). Set switches
54, 85, S6, and S7 o the excess 3 code
for the decimal number 2 (0101).

Turn on the experimental chassis. Press
the red (clear) push button to clear the

counter and then load the two numbers
into the shilt regsters by pressing the red
{load) push button.

Next, depress the clock push button
four times, making note of the contents
of the register in the IC2 position on the
experimental chassis by monitoring lamps
I3 through I@. Make note of the number
stored there in the margn of the text.
Depress the black push button an addi-
tional four times to complete the addi-
tion, recording the contents of the accu-
mulator register by monitorng lamps 13
through 10 and the number stored in the
tens BCD position by monitoring lamps
14 through [7.

Step 2, Part 2: To change the setting of
the switch register so that you can add
the decimal numbers 8 and 9 in excess 3
code.

Set switches S0, S1, 82, and 83 to the
excess 3 number for the decimal number
9 (1100). Set switches 54, 85, 86, and §7
to the excess 3 code for the decimal num-
ber 8 (1011). Press the red (LOAD) push
button to load the two numbers into the
registers. Depress the other red push but-
ton momentarily to reset the counter.
Then press the clock push button four
times. Record the contents of the accu-
mulator register by monitoring lamps I3
through [}, Press the clock push button
an additional four times, again noting the
contents of the accumulator register on
the 1Q through I3 lamps. Also record the
contents of the tens BCD position by
monitorng 17 through 14 after four clock
pulses and eight clock pulses.

Discussion of Step 2: In this step you
muoedified the basic BCD adder circuit to
handle excess 3 numbers. The modifi-
cations that yvou made to the circuit were
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hasically thaose involving the removal of
the greater-than9 detsction circuit you
used in the 8421 BCD adder, and the
changing of the numbers produced by the
paltern generator circuit. The remainder
of the circuit is essentially the same.

In the first part of this step you added
the numbers 2 and 5. You entered them
in excess 3 form into the two registers of
the adder by first setting the switch reg-
ister. By depressing the cleck push button
eight times you caused the adder to pro-
duce the correct excess 3 sum. The fol-
lowing sequence illustrates the operation
carried out by the adder.

2 0101
+5 1000
1101
t carrection
factar “I_I'\_i
7 1010

MNotice the decimal numbers 2 and 5
are expressed in their excess 3 form. The
first four clock pulses cause the two
excess 3 binary numbers to be added with
their sum appearing in the accumulator.
You should have recorded a 1101 number
after the first four clock pulses.

The number stored in the regster
(1101) is not the corrcct excess 3 value
for the number 7. It should be 1010. In
order to correct this condition we must
add the correction factor 13 (1101) to
the number in the accumulator register
after the first four clock pulses. This is
the purpose of the pattern generator.

Since there is no overflow output from
the adder after the fourth or most sig-
nificant bit of the two numbers is added,
then the D flip-flop (MA4) on the M| cir-
cuit board is not set. This causes the MA4



output to be high and supplies a high sig-
nal to the 84, 86 and 57 inputs of the
eight-input multiplexer that is used as our
pattzrn generator. The M A4 line output is
low at this time, keeping the 85 input to
the multiplexer low. By interpreting the
levels of 84 through 57 inputs as a binary
number, we see that they are high, low,
high and high. Using positive logic this
represents a binary number of 1101 or
the binary equivalent of the decimal num-
ber 13 in serial form, LSB first. During
the last four clock pulses, this parallel
numhber will be passed on to the mult-
plexer a bit at a time and will appearas a
serial number at the output that will be
added to the contents of the accu-
mulator. Notice that this unit does not
act like a shift register. The clock pulses
cause the level at 84 to appear at the out-
put first. Then the level at 85 appears at
the cutput on the next pulse. S6 and §7
follow in similar fashion. Thus the num-
ber is read out as 1101. After the 8th
clock pulse, then, you should have found
the accumulatar contents to be 1010.
The 1010 number is the appropriate
excess 3 number equivalent of the sum 7.
[n the next part of the experiment you
added the numbers 8 and 9 in excess 3
form. The proper addition is shown as:

g 1011
9 1100
10111

+correction
Jactor 0011
17 0100 1010

As you can see, whenever you add these
two numbers the sum is greater than 16.
This indicates that a different correction
factor must be added to the number to
produce the correct excess 3 sum. During
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the frst four clock pulses, the two num-
hers are added as shown and the number
in the accumulator should be 0111. The
overflow flip-flop should be set at this
time, causing the MA4 flip-flop on the
M1 circuit board to become set. When
this happens it causes the pattem gen-
erator to produce the number 0010, the
binary equivalent of the decimal number
2. The correction factor needed is a deci-
mal 3 however. The added correction (1)
is taken care of by the carry flip-flop in
the adder, which is also set at this time.
S5 is high because MA4 is set. MAS is low
at this time, holding 54, 56 and 87 low.
This produces a low, low, high, low
combination that becomes 0010 when
interpreted with positive logic. The num-
ber 3 (D010 plus the carry) is added to
the contents of the accumulator on the
last four clock pulses, producing the cor-
rect excess 3 suml in the output. The cor-
rect sum, of course, is 1 7 and the excess 3
representation of this is 0100 1010. The
1010 is the least significant digit (7) in
excess 3 form. The most significant 1 is
the carry out produced by the MA4
flip-flop and appears as 0100 in the tens
digit position.

Refer to Fig. 884, The W4B, W3A,
W69 and W78 outputs of the decoder on
the M1 circuit board are used to form
timing and control circuitry for the pat-
tern generator. During the last four clock
pulses these four decoder outputs will go
low sequentially. Gate 1 in Fig. 884 is
part of the 7420 (IC12) on the M2 circuit
board. This gate is used as an OR, which
means that during the last four clock
pulses one of the four decoder inputs will
hold the output of gate 1 high. The other
half of the 7420 is simply used as an in-
verter. It will hold the STE output and
MA4 line on the M2 circuit board low for
the last four clock pulses to enable the

pattern generator. At this time it also
inhibits the gate used to feed the number
from the register in the IC] position on
the experimental chassis (o the adder.
This means that durdng the first four
clock pulses, the number in the register is
added to the number in the accumulator
to obtain the initial sum of the two ex-
cess 3 numbers. During the second four
clock pulses, that number is inhibited and
the correction factor is added into the
number stored in the accumulator to pro-
duce the correct excess 3 sum. The state
of flip-flop MA4 on the MI circuit hoard
determines which corrzction factor num-
ber is to be added.

Instructions for Statement 88: For this
statement you do not need to make any
further hardware changes to your experi-
mental circuit. You will simply answer
the following question based upon your
Ltnowledge of the operation of the excess
4 adder circuit that you just demon-
strated.

After you have answered the state-
ment, disconnect atl of the wiring from
the Al, M1 and M2 boards. Remove all of
the wiring from the experimental chassis
at the IC1 and IC2 sockets, excepting +5
and ground at terminals 14 and 7.

Disconnect the switch register outpuls
from the experimental chassis, but leave
the +3 volts und zround leads connectad.
Disconnect the lamp driver inputs from
the experimental chassis, but do not re-
move the +3 volts and ground leads.

Reinstall the 7442 IC at IC7 and the
7475 IC at 1C4 on the M1 board. Also re-
install the two 7495 IC’s at [C39 and
[C40 on the Al circuit board,

Statement No. 83:. To produce the
appropriate excess 3 BCD sum, a cor
rection factor number is added to the
initial sum of the BCD numbers added. 1f
the initial sum is less than 16, a cor
rection factor of 13 is added. If the initiai
sum is greater than 16, a correction factor
of 3 is added to produce the comect ex-
cess 3 sum. In the experimental circuit,
which of the following circuits deter-
mines which correction factor is to be
added?

(1) decoder outpurs W48, W54, Wa9
and W78,

{2/ the overflow flip-flop.

(3) the pattern generator,

(4] the carry flip-flop.

AT



Constructinﬂr the C1 Circuit

Board and Performing
Experiment 89

Before you can begin the next experi-
ment, you will need to construct the Cl
(EC32) circuit board. Use the following
step-by-step insiructions for doing this.
You will need the following parts:

1 Printed circuoit board (EC32)
54 Tubular terminals (LU9)
14-pin IC sockets (SO84)
L6-pin IC sockets (S086)
100 mfd electrolytic capacitor
(CN!12)
01 mfd disc capacitor (CN102)
7400 IC (IGS5)
7404 IC (IG12)
7420 IC (1G6)
7442 1C (1G10)
74164 IC (1G14)

— bt O
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Install miniature tubular terminals in
all of the peripheral holes on the Cl cir-
cuit board that are designated by lettered
callouts. Press the terminals into the holes
from the top of the board firmly. Use
your longnose pliers to crimp cach ter-
minal flat on the bottom of the board,
ensuring a firm mechanical mount. Solder
all 54 terminal-to-pad connections on the
bottom side of the board. Then solder the
15 terminals to the connections on the
top side of the board.

Install .01 mfd, 50 volt disc ceramic
capacitors in the nine locations desig-
nated on the circuit board. On those
capacitors mounted near integrated cir-
cuit socket locations, be sure to solder
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the wire leads on both the top and the
bottom of the circuit board. When you
install those capacitors designated on the
periphery of the board, cut the leads
short and install them in the holes of the
tubular terminals. Solder all connections.

Install eight integrated circuit sockats
on the CI circuit board. Two of these,
IC21 and 1C23, are 16-pin sockets. The
remaining six are l4-pin sockets. Install
the sockets so that the notch in the end
edge aligns with the notch as shown on
the screening on top of the C1 circuit
board. Be careful to position the 14-pin
socket for IC18 exactly as shown by the
legend on the board. Press each socket
firmly into place so that it seats com-
pletely on the top of the board. Then,
using a low wattage, fine point soldering
iron and the extra thin solder supplied
with this kit, solder each of the terminals
carefully, being sure that adjacent ter-
minals do not short and that excess solder
does not appear on each connection.

Install the 100 mfd, 10 volt capacitor
between the +5C and G1 terminals of the
circuit board. Be sure to observe the
polarity of the markings indicated.

Install the [C’s in the sockets according
to the screened designations by each soc-
ket. Examine all of your soldering to be
sure all terminals, pins, and components
are soldered and that there are no solder
bridges to adjacent points. Make sure all
of the integrated circuits are in the cor-
rect sockets,

EXPERIMENT 89

Purpose: To demonstrate the circuitry
used for decoding instructions in g digital
computer and

To show a method of resting this cir-
cuitry to verify its proper operation.

[ntroductory Discussion: The instruc-
tion word in a digital computer defines
the operation to be performed by the
computer. The instructions making up a
program are stored in sequential memory
lecations. The computer ferches these
instructions one at a time, interprets
them, and then generates the necessary
signals to carry out the operation. The
circuitry for interpreting the instruction
is in the control section of the computer.
This circuitry is basically a set of de-
coders for recognizing the various hit pat-
terns in the insiruction word and gen-
erates the necessary control signals to
cause the specified operation to be car-
ried out, In this experiment you are going
to learn the instruction format of the
NRI digital computer and you will dem-
onstrate the logic circuitry used to mon-
itor and intarpret these instructions,

While learning the instruction decoding
circuitry, vou will also be demonstrating

the method for testing logic circuitry |
determine if it is operating properly. Th
can be done by first knowing how the ci
cuit operates. [ts operation can be simt
lated by upplying approprate input
determining il the outputs produced cor
respond to those inputs.

QF CODE  AD0RESS
e e —

Clelsfe[sfT o]

Instruction word format memor
reference instructions,

Fig. 89-1.

Fig. 89-1 shows the basic instructio
word format for the NRI Model 832 Di
gital Computer. This is the instructio
word format for memory  referenc
instructions. Notice that bits 5, 6 and ’
are used to specify the op code. This 3-bi
code defines which operation the com
puter will execute. Since there are thre:
bits in the op code, then there are 8 pos
sible instructions that can be performed
as specified in Table 1. Remember that al
of these instructions (except the last one
are memory reference instructiens, which
mezns that a word stored in some mem
ury location is used when this instructior
is executed. The address portion of the
instruction consists of bits @ through 4

MNEMONIC INSTRUCTION QPERATION
LDA Load accurnulator (A)
STA Store accumulator
ADD Addition
SUB Subtraction
JMP Unconditional jump
JOm Jump if accumulator minus
JOZ Jumnp if accumulator zero
QPR Operate functions

Table 1. Memory reference instructions.
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MMNEMOMIC FUNCTION OPERATION
RAB Rotate A and B registers
CMA Complement accumulator
AND AND contents of A and B

registers
RAE Rotate A and E registers
SHA Shift accumulator
SKC Skip on condition
DCA Decrement accumulator
HLT Halt

Table [1. Operate instruction functions.

and designates one of 32 pussible mem-
ory locations where the data to be
operated on is located.

In Table [ notice that the lasl instruc-
tion word is the operate instruction
(OPR). When the op code defining this
instruction appears in bits 5 through 7,
the bits # through 4 of the memory word
are not used to specify an address. Since
there is no word in memory referenced
by the OPR instruction, bits 0 through 4
can be used for other purposes.

Fig. 89-2 shows the word format when
the OPR instruction is indicated. Bits 5
through 7, of course, define the operation
instruction. Bits 0, 1 and 2 define a func-

OF CO0E FUNCTION
RIRN) CODE

0 SHIFT RIGHT
I SHIFT LEFT

Fig. 89-2. Operate (OPR) instruction word
format.

70

tion code which in reality specifies eight
additional functions that the computer
can perform. These are instructions that
do not need to reference a memory loca-
tion. Almost all of the instructions in-
volve operations on the accumulator and
other registers in the computer.

The operate instructions are defined in
Table II. The SHA instruction is a shift
accumulator operation that causes the
contents of the accumulator to be shifted
one bit at a time, to either the right or
left. The direction of the shift is desig-
nated by bit 4 in the operate instruction
format.

In this experiment, you are going to
demonstrate how the Cl circuit board
vou just constructed is used to decode
and recognize the warious Instruction
codes indicated here. You will apply in-
struction words to the inputs and moni-
tor the outputs to determine the func-
tioning of the circuit.

Experimental Procedure: With this kit
you receive an insert diagram showing the
logic circuitry on the Ci circuit board.
Find this drawing and keep it handy, as
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Fig. 89-3. Experimental circuit for Steps 1 and 2.

you will be using it in performing this
experiment. The C1 circuit board is desig-
nated by its part number EC32.

Looking at the logic diagram of the
Cl circuit board, you can see that it
consists of an 8-bit instruction register
designated. 1C24. The 74164 IC used
here contains an 8-bit shift-right shift
register that is loaded serially from the
MDA input. This register is designated
the instruction register (IR}, as it stores
the 8bit instruction word. The outputs
of this register are designated IR®
through [R7. These outputs feed two
instruction decoders designated [C21
and 1C23. IC2] is the decoder used to
interpret the memory reference instruc-

T

tions, while IC23 interprels the operate
instruction codes. The remainder of the
circuitry consists of inverters used to
obtain the proper logic levels at the out-
puts. Several other logic gates are used
for generating special signals that are re-
quired in the computer.

Fig. 89-3 is the wiring diagram for the
circuit that you will use in this experi-
ment. You will need your switch reg-
istar, the M1 and M2 circuit boards, the
C1 circuit board, and both lamp drivers.
Be sure that all of these units are pro-
perly connected to the 5-volt supply on
the experimental chassis, then wire the
circuit as shown in Fig. 89-3. Keep the
lead lengths short where possible and



arrange your boards neatly to provide
ready access to any part of the circuit.

For this experiment you are going to
load vanous 8-hit words into the instruc-
tion register and then monitor the re-
sults of the decoder outputs on the
l&-lamp driver lamps. To do this you
will set your switch register to the
approprate word vou wish to load into
the instruction register. By depressing
the rad push button, you will auto-
matically start the circuit which will
cause that number to be loaded into the
instruction register. This is done by the
circuitry on the MI and M2 circuit
boards. The 8.bit memory multiplexer
on the M2 circuit board is used to take
the B-bit parallel data from the switch
register and convert it into a serial pulse
train. The MDA output of the M2 board
is applied to the serial MDA input on
the Cl board. The counter on the MI
board is used to step the multiplexer on
the M2 board, and also is used along
with the FTCH signal to cause exactly
eight clock pulses to shift the 8-bit shift
register word into the instruction reg-
ister and stop automatically.

Step 1: To verify the operation of the
memory reference instruction decoding
circuitry.

In this step yvou will apply the eight
possible op codes to the circuit and note
the condition of the lamps at the out-
put. For this step you will determine
which instruction is being specified by
each of the op codes that you apply to
the circuit. You will do this by ob-
serving which lamp turns on for each
step. By noting which lamp is on you
can determine which of the Cl output
lines is a binary 1, as shown in Fig.
89.3.

Turn un the experimental chassis and
set the switch register so that the three
left-hand bits are set to 000. The other
bits in the switch register can also be set
to zero for this particular step. The five
right-hand bits in the instruction word
specify the address for this step. We will
not be concerned with the address. Once
the switch register is set, depress the red
push button, which should load the
instruction register automatically. At
this time you should observe all of the
lamps to determine which one is a
binary 1. Knowing which lamp is on
helps you to determine which CI output
line is a binary 1 by tracing the circuitry
back from the input to the lamp driver
that is on the back of the terminal on
the Cl circuit board. Record the
mnemonic designation on the board for
that terminal in the space adjacent to
the op code in Fig. 894.

OP CODE INSTRUCTION

000
001
o010
011
100
101
110
111

Fig. 89-4. Table for Step 1.

Set the switch register to the next op
code in the table of Fig. 894. Depress
the red push button to load the op
code and again observe the lamp that is
on and trace the circuitry to determine
which instruction is being decoded.
Record the mnemonic designation in

Fig. 89<. Do this for all 2ight op code
conditions shown in Fig. 89,

There are two special cases that you
will note in performing this step. Be-
cause the TMP output on the Cl circuit
board 15 a complementary cutput signal,
this will normally be on at all times
gxcept dunng the time which the JMP
instruction 15 decoded. For that reason,
simply disregard the JMP output line
and the condition of lamp 14, except to
note when that lamp goes out rather
than when il goes om.

Second, the 17 lamp on one of the
lamp driver boards will be monitoring
the ASD output. As you can tell from
Tables [ and II, this is not an instruc-
tion. Instead it is a special control signal
generated for a special purpose in the
computer. For each op code input you
are to note the status of this ASD line
and record in the margin of the text the
mnemonic of the instruction that is
enabled at the same time that the ASD
lamp is on. In other words, if the par-
ticular op code just loaded causes the 17
lamp to light, then you will know that
the add instruction has been designated.
If this add instruction op code also
causes the ASD line to be a binary I,
and the I7 lamp to light, make note of
this fact in the margin of the text. Do
this for all eight op code conditions.

Discussion of Step 1: Fig. 89-5 shows
the correct results that you should have
obtained in this step. The thing that you
should be most awarz of in this experi-
ment is that only one of the eight pos-
sible instruction output lines should be a
binary | at any given time. The reason
for this is simply that the decoder is
designed to recognize only one instruc-
tion and cause that single instruction to
be carned out. All of the others should
be disabled at this time.
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QP CODE INSTRUCTION
0ao LDA
oo STA
010 ADD i
on suB
100 JMe
101 JOM
110 JOZ
111 RAB 5pr)

Fig. 89-3. Correct results for Step 1.

There are two special cases in Fig.
89-5 that you should understand. First
of all, by referring to the separate logic
diagram (insert sheet) of the Cl circuit
board, you can see that the output for
the JMP instruction is a NOT signal.
This means that when that instruction is
decoded or selected, the output line will
be a binary O rather than a binary 1.
The decoders themselves, 7442 IC's,
have an active low output. This means
that the selected output line will be low
while all others will be high. Since we
generally require 2 binary | output on
the selected line, inverter packages using
the 7404 IC are used. During vour ex-
periment you should have found that
the JMP line, which is connected to the
lamp driver and displayed on lamp 14,
should be on, indicating a binary 1 for
all input conditions except for the op
cade 100.

Notice in Fig. 89-5 that the OPR
instruction is not indicated. The OPR
output of the instruction decoder, 1C2]
on the Cl beard, is used to control the
OPR function decoder which is 1C23.
When the OPR line goés low, il enables
the function decoder IC23 and permits
one of the eight possible operate instruc-
tions to be enabled. The exact operate



instruction is selected by setting the
three most significant bits of the instruc-
tion register, [RO, IRI, and IR2. If there
are all zeros in this portion of the
instruction word that you entered, the
RAB instruction is selected; therefore,
the light associated with that instruc-
tion, @, will be on when the operats
instruction code is in the instruction reg-
1ster.

Step 2: To determine the function
codes for the operate instructions.

For this step you will load the op
code portion of the instruction register
with the code 111, which designates the
operate instruction. You will then apply
the eight possible function codes and
determine which of the operate instruc-
tions are designated for each. You will
set the three right-most bits of your
switch register to the eight codes, 000
through 111, one at a time. Load each
one individually and enter it into the
instruction register by depressing the red
push button. After each operation, note
again which lights are on. By noting the
indicator lamps that are on, you can
trace their input back to the Cl circuit
board, and determine which operate
instruction is being specified by noting
the screening on the circuit board. Do
this for each of the eight codes and
record your results in Fig. 89-6. In addi-
Lion, continue to monitor the ASD out-
put on L7 as you did before. Note
which of the operate instructions, if
any, also cause the ASD output to be-
come a binary 1, as indicated by the 17
lamp being on. Make note of these in
the margin of the text along with your
notations regarding the ASD signal,
which was determined in the previous
step.
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FUNCTION

CODE INSTRUCTION

0ca
oot
010
o011
100
101
110
111

Fig. 89-6. Table for Step 2.

Discussion of Step 2: Fig. 89.7 shows
the correct results for Step 2. Here you
can see which of the 3-bit function codes
in bits 0, 1 and 2 of the instruction reg-
ister correspond to the operate instruc-
tion. Remamber that only one of the six-
teen possible instructions availabie should
be selected at any given time, as indicated
by the lights. Keep in mind that all during
this time the JTMP output will be high
since this instruction is not selectad. This
will keep lamp [4 turned on. However,
you should have remembered that this is
a complement output signal and will
cause this result.

FUNCTION
CODRE INSTRUCTION
0oo RAB
001 SHA
010 AND
o011 DCA
100 CMA
101 SKC
110 RAE
111 HLT

Fig. 89-7. Correct results for Step 2.

[nstructions for Statement 39: You
will not need to make any further tesis to
answer the statement guestion for this
expeniment. During Seeps | and 2 you
have accumulated the necessary infor-
mation to answer the statement guestion,
which is based upon the state of the ASD
putput signal. During Steps | and 2 you
were told to monitor ASD cutput line on
L7 and to indicate which instruction is
decoded when this lamp came on. Using
this information, vou will answer the
staternent guestion. You may wish to
rafer to the separate logic diagram (insert
sheet) of the CI circuit board to further
verify the uperation of the circuit con-
cerned with the ASD signal.

After vou have answered the statement
disassemble your experimental circuit.
Remove the M1, M2, and Cl circuit
boards and all of the various inter-
connections, including those to the
switch register. Remove the jumpers be-

tween JA, KA, and FTCH on the M|
board as well as the 4. 7%-ohm resistor and
switch on +3A, CLR and G1. Remove the
jumper betwesn MA4 and G2 on the M2
board. Unselder the power and ground
connections of M1, M2, and Cl at the
experimental chassis. Leave the power
and ground conrections for both lamp
driver boards and unsolder the lamp
driver inputs from the C1 board at the Cl
terminal.

Statement No. 89: Using the infor-
mation that I gathered in this experiment
and by observing the circuitry involved
with the ASD signal on the Cl circuit
board, I can see that it is possible to ex-
press the ASD output with a Boolean
expression. The proper Boolean expres-
sion for the ASD signal is:

{1) ASD =SUB + ADD + DCA
12) ASD=SUB + ADD + DCA
{3) ASD = (SUB)+{ADD)+(DCA).
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