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At this point you have thoroughly
studied most of the basic digital logic
circuits that are used in practical digital
systems. You have studied both sequential and co mbinational 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 you demon·
strated digital logic fundamentals at the
gate and functional circuit levels. It is
easier to learn how differen t 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 perform some useful functions, involving
arithmetic computations by digital techniques. These circuits will be more sophisticated than those you have worked with
in the past. As a result you will be
interconn ecting more circui try, using the
experimental chassis and as many as five
of the computer printed circuit boards at
a time . There will be numerous interconnections 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. [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 , tht!y are
typical of what you will en counter in
industry . As a technician , you will be
working with even more sophisticated
equipment. [n many cases the experi·
mental circuits that you wire here are

identical to typical breadboarding setups
that you will make as a development
technician.
The experimen ts in this ki t are designed 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 dem on·
strate read and write operations and use
the memory to perform a wide variety of
logic functi ons. The memory that you
will build is known as the re adonly-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 mem ory and demon·
strating it in the experiments, you will
test it thoroughly and use it as the main
mem ory element in the digital computer
that you will construct in the next kit.
Most of the remaining experiments
cover arithmetic circuitry - logic circuits
for performing addition, subtraction, and
multiplicati on by digital met hods. You
will review basic binary arithmetic and
construct circuits for performing these
arithmetic operations. In addition , you
will perform experimen ts covering BCD
and o ther special arithmetic circuits.
The experiments in this kit will conclude your detailed study of di git:!1 circuitry . [n the next kit you will construct
the digital computer and use it to learn
computer organiza tion: operati on, programm ing , and tr oubleshoo ting. [n this
kit as in the others , you will construd
sever:lI of the printed d rc uit boards to be

useu in the computer. You will use some
of these boards in performing the experimen ts. In each case , construct the PC
bl.lards carefully. Because of the large
amount l.lf ..:ircuitry involved in the digital
compu ter , pro blems c:m occur due to
poo r const ruction techniques. This means
paying particular attention to your
soldering.

Quan.

As with your previous kits, check the
contents against the photo in Fig. 1 and
the related par ts list. Be sure that you
have all of the componen ts so tha t you
can proceed with the experiments without interrupti on. [fyo u should be missing
a part or some impo rtant piece of your
kit, let the NRI Consultation Service
know immediately .
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Fig . 1. Some o[ the experimental parts for this training kit are shown above .
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Part
No.

Description

CN 102
CNI04
CN1l2
CN143
CN21B
CR23
EC32
£C34
EC35
EC36
£C37
HABO

.0 1 mid, 50 volt disc cap.
.1 mfd disc cap.
100 mfd, 10 volt electrolytic cap.
500 pf disc cap.
.001 mid disc cap.
IN914 silicon diode
C 1 prin ted circui t board
A 1 printed circuit board
A2 printed circuit board
i\l3 prin ted circui t board
C3 printed circuit board
10 ft. roll.032" so lder
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P:Jrt
No.

IG5
IG6
lG7
lG 9
lGIO
lG12
IGl3
lGl4
lG17
IGIB
lGI 9
lG20
IG21
lG25
LU9

NU l
RE30
RE33
RE5B
RE 166
RE167
SC5
S08 .J.
S086
5087
SW68
SW70
SW7 1

swn
TS21
TS22
WR 286

Description

7400 integrated circuit
integrated circuit
15B44 integrated circuit

7 ~20

7451 integrated circuit
7~42

integrated circuit
7404 integrated circuit
7440 integrated circuit
74164 integrated circuit
7480 integrated circuit
7476 integrated circuit
7453 integrated circuit
7460 integrated circuit
7423 integrated circuit
7419B integrated circuit
Tubular terminals
6-32 hex nut
1 k-ohm, 1/2 watt resistor
22k-ohm, 1/Z watt resistor
2.2k-ohm, 1/ 2 wat t resistor
4.7k-ohm, 1/ 4 watt re sistor
470-ohm, 114 watt resistor
6-32 X \ " ma chine screw
14-pin DIP socket
16-pin D£P socket
24-pin DIP socket
S PST slide switch, black
Pu sh button switch, black
SPOT slide switch , white
SPOT slide switch , red
2 N5 134 transistor
2N5138 transistor
30 i t. #22 yellow wire

Price
Each
.38
. 36
.45
.15
.15
040

4 .00
4.00
4.00
15.50
5.00
.75

.3

2

Price
Each

1.00
l.00
1.00
1.00
3.50
1.00
1.00
3.75

1.75
2.00
1.00
1.00
1.50
7.80
1:]/. 25
12/ . 15
.15
.15
.15
.25
.25
I :!/ . 15
.75
.75
1.00
.25

.8i
. 30
.30
. 19
.1 9
.12
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Constructing the Memory
Printed Circuit Board
th ro ugh J 16 posi tions. A short piece of
h ooku p wi re is used to connect the
co pper pattern on the top of the board to
another copper pat te rn on the bottom of
the board at 16 different locations. This
is done by passing a sho rt piece of bare
wire through the board and soldering it
on bo th the top and the bottom sides.
The re are 16 individual positi ons . Simply
s trip the insulatio n from two pieces of
h oo kup wire and push it through the hole
fr om the t op side of the board . Next,
solder the wire to the conduct or pad on
the to p 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 bo ttom sides of the board.
F ig. 2 shows the proper procedure for
d oing this . Be careful no t to use too
much heat. Remember that the connection is so short that when you apply
hea t to solde r the top co nnection , this
will also melt the solder on the bott om
co nnection.

Before you C:lO pr oceed wi th the fj rst
three experimenrs in this kit, you will
need to construct the mem o ry printed
circuit board. This is the large printed
circuit b oard label ed EC36 that you
received with this kit. Gather the following componen ts in preparation fo r
constructing this circ uit board .
I M3 circuit board (EC36)
4 14-pin integrated circuit sockets (S084)
4 . 0 I m f d disc capacitors
(eN 102)
4 Type 15844 integrated circuits (lG7)
100 mfd , lO-volt electrolytic
capacitor (CN 112)
8 lk-ohm, 1/2 watt 10%
resistors (RE30)
28 Miniature tubular terminals
(LU9)
128 I N9 14 diodes (CR23)
128 Single-pole, single-throw PC
mounting slide switches
(SW68)
5 6-32 X 1" machine screws
5 6-32 nuts
Hookup wire
Solder
The asse mbly o f the circuit boa rd is
relatively simple . It is just a matter of
installing the components in the pro per
locations and solde ring them in place .
The screening o n the board designates the
location o f each of the components. By
followi n g the illustration,
the board
screen ing, and the instru c ti ons to follow,
y ou sh ould have no difficulty in constructing this board.
Insta U shor t wire jumpers in the J I

BARE

SO LOER ~
HOOKUP.
WIR E
TOP
CON OUC TOR
PAD
BO TTOM
CONOUCTOR
P;\O

TRIM LE;\OS.%:~ SOLDE R
"
CON NECTI ONS

®
Fig. 2. Installing a j umper wire on the l\"I3
circuit board. (A) so ldering the jumper, and
(B) the completed connection.
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Install the 28 miniature tubular te rminals in the peripheral holes provided on
the left and botto m sides of the EC36 PC
boa rd. Insert the terminals fro m the to p
and crimp each ti ghtly on the b o ttom to
h old the terminal firmly in place. Solder
all terminals o n both the top and the
bottom of the board.
Install a 100 m fd, I D-volt electroly tic
capacito r between terminals G I and +5 B.
Wrap the leads of the capacitor around
these terminals ne atly near the bo tt o m,
trimming off the excess . Solder both
connections. Be sure to o bse rve the polarity indicated by the screening o n the
top of the board.
Install four .0 I mfd dis c capacitors in
the four locations designated to the ri ght
of the IC socket h oles. Insert the capacitors from the to p and mount the m so
that th ey are flush with the board. Solder
bo th leads o f each capacitor on the
bo ttom of the board to h old them in
posi ti o n. Also in th ose locations provided , so lder the capacitor leads o n to p of
the board as well. As wi th the o ther
circuit boards, these ca paci to r leads are
used to carry power and gro und connections fr o m the top to the bot tom of
the board, making it very important for
these capacitor leads to be soldered on
bo th top and bottom. Double check your
work here before you go on and clip o ff
any excess lead lengths.
Install eight I k-ohm, 1/2 -watt resistors
in the eigh t locations shown on the top o f
the EC36 circuit board . Bend the resist o r
leads a t right angles as close to the body
as possible. Insert each resistor from the
top and push it down so that it is
mounted flush with the PC board . Bend
the leads sli ghtly on .the back and solder
each of the leads . One leJd of each
resistor must also be soldered on the top
of the b oard. Solder these connections

cJrefull y, then clip off any excess leac
lengths .
Install fo ur 14-pin DIP IC sockets if
the loc:ltions designated by the s creenin~
o n the ci rcuit board. Insert the so cket5
from the top so th Jt the notches are
pointing to the le ft as indicJted. Be sure
that the sockets are flush with the top of
t he board, then using th e thin solder
supp lie d, solder the 14 pins on each
socke t.
You are now ready to install 128
I N9 14 di odes . The diode symbols are
sc reened on top of the board wit h the
correct pola rity; however, yo u will mount
the diodes on the bo tt om of the printed
circuit board . As you m ount each di ode ,
be absolutely certai n that you install it
with the correct p olarity. Remembe r that
the black band around the end o f each
diode design ates the cathode. In all cases,
the cathode should be toward the top of
the board .
Bend the leads of the dio de at ri ght
angles ve ry near to the body and insert
the di ode fro m the bottom of the b oard
in the h oles provided. These holes are
marked with the dio de symbol on to p of
the b oard. Bend the leads slightly on the
top of the board to hold the diode flush
with the board as y o u solder it. Solder
each diode on both the bo ttom and the
top of the b oa rd , but do not use too
much heat because the diodes are very
sensi tive . Apply just enough heat to make
a good solder connecti on , usin g the thin
solde r provided with this kit. Oi p 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
su re that all of t he cathode ends are in
the same direction , upwa rd. Double check
to be sure that all the leads are soldered
on both the top and the bo tto m. I ow be
extremely careful when yo u lay the board

•
bac k down on your workbench. The
diodes are made of glass and can be
cracked. Tnerefore, from this point on
the memory should be treate d carefully
so that no diodes ori the bottom of the
board will be damaged .
To prevent diode damage , install a
one ·i nch long 6-32 screw md nut in each
of the four co rner holes of the PC board.
Also install a one -inch screw and nut in
the center hole. Inse rt the screw head
from the top and tighten the nut on the
bottom. Thi s provides one-inch legs that
will hold the mem ory boa rd 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 ,
begin nin g with the 16 switches across the
top of the circuit boa rd . Be sure to install

them correctly so that the body of each
switch fits within the areas screened on
the PC board. Solder all of the switch
termin:lls which protrude on the bottom
side of the boa rd . Since each switc h has
two terminals , a total of 256 solder
connections must be made on the bottom
side of the board. Be certain each switch
rests square ly on the board before
soldering.
Now install the four 15844 IC's at
positions IC35 , IC36, IC37 an d IC38. Be
sure that the IC and socke t notches are
properly aligned. Notice that all of the
notches must pa in t to the left.
The assembly of yo ur M3 board is
complete . Yo u may now proceed with
the first experiment in this kit to demonstra te the operati on of this board.
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Performing Experiments

81 Through 83
EXPERIMENT 8 1

In this experiment you are goi ng to
demonstrate the switch memory you have
just construct\!d . You will study its
theo ry of ope ration so that you will
thoroughl y und<!rstan d its use .

Purpose: To demonstrate the operation
of a programmable switch-diode matrix
read~nly -memory .

Experimental Procedure : Thc experimental circuit for this experiment is
shown in Fig. 81-\' Before you begin
wiring yo ur circuit, you must partially
disassemble the ADC circuit that is wired
on your experimental chassis. First disconnect the resistive summing network
from the M1 board , but do not un solder
the individual lOOk-ohm and 200k-o hm
resistors in the netwo rk . 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 bter use. Leave
the four yell ow wire s on terminals A, B,
C and D of the M1 board connected to
the lamp driver board. Disconnect the
jumper between J A and KA, and remove
the wire be twee n KA and terminal
ICI -IO. Also, remove the yellow lamp
driver lead from terminal ICI-IO. Leave
the other end connected to the lamp
driver board.
Next rem ove the .00 1 mfd capacitor
between terminal s G I and CLR on the
M I board . TIlen remove the 4.7k-ohm
resistor between the +5A and CLR ter·
minals: also remove the red push button
switch with its attached wires simply by
rem oving the yellow- and black swit h
le3Js from the CLR and G I terminals. Se t
aside the switch with its attached leads
for later use.

Introductory Discussion : Most digital
computers today use magnetic core
memories. These memories are extremely
relia ble , versa tile, and can achieve the
high speed necessary for fast computations. However, thei r complexi ty and
high cost prevent us from demonstrating
such a memory here. For that reason, we
use a simp ler, less expensive form of
mem ory to help you in demonstrating
memory concepts.
One of the simplest means of representing binary data is by using a switch.
The sw itch has two positions, off and on,
which we can assign to the binary a and
bin ary 1 sta tes. By providing a gro up of
switches, complete binary words can be
represented. This is exactly what we do in
the memory board you have just constructed. This memory contains sixteen
8-bit words of bin ary data. A slide switch
is used for each bi t of the data word .
There is a diode associated with each
switch . The diode and switches are connected to form a large matrix. The diodes
in series with the switches prevent the
switches from inte rfe rring wi th one
ano ther. These sw itches are connected to
the integrated circuits in groups, that are
used to buffer the 8-bit parallel output
word. The separate drawing (insert sheet)
shows the detailed circui t of the M3
circuit board.
7

memory PC board. This will permit y ot
to pick up the common ground at :
convenient locatio n. Set the tvom fo
reading positive voltage on the +12 vol
scale. Now touch the probe to the sixteer
lines bbeled Wf,i)F through WFf/j one at :
time. MentJlly note the voltage :1 teach 01
these sixteen pins.

ins talled at the IC8 position on th e MI
board. You are now ready to perfo rm the
experimen t.
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Step 1: To demonstrate basic memory
operation.
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Fig. 81-1. Circuit for Experiment 81.

board with an IS-inch piece of red
hookup wire and an I8-inch piece of
black hookup wire. Connect the red wire
between 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 terminal 40 on the experimen tal 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

You will make one addi tional change
on the experimental chassis PC board.
Move the MI clock wire from terminal 39
to terminal 46. This will apply the output
of the buffered latch circuit to the CLK
input on the MI board.
Now you are ready to wire the experimental circuit shown in Fig. 81 - 1. In
additi o n to the M I board and lamp driver
b oard which are now connected to the
experimental chassis, you will need the
13 circuit board and the other lamp
driver board . Wire them as shown in Fig.
81-1 , using the yell o w hoo kup wire.
Yo u must provide power to the M3

8

The memory storage locations on the
printed circuit board are organized into
S-bit word locations . These are numbered
in hexadecimal, 0 through 9 and A
through F down the cen ter of the board,
with switches 0 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
memory word. Since there are a total of
sixteen words, we can address these with
a 4-bi t address word. We feed a 4-bit
address word to 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 MI circuit
board un til lamps 13 through 10 on the
lamp driver board connected to lines A,
B, C and Dread 0000. Lamps 17 through
14 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 li ght driver PC b oard
that is connected to the S0 through S7
output terminals. Then switch the eight
memory switches in word 0 to the up
position one at a time , making note of
the results on the indicator lamps as you
do so.

Discussion of Step I: Refer to the
separate logic diagram of the MI circuit
board. In this experiment you are using
the 4-bit binary counter on the MI 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 register.
The' strobing of the 4-bit address (by
signal T0) into the memory address re gister (7475) has been disabled because
ICB on the M1 circuit board has been
removed. This means that the 4-bit
address directly from the counter is
applied through the memory address register flip-flops to the two 744 2 decoders .
These two decoders look at the 4-bit
address, decode it , and generate a signal
to enable one of the sixteen memory
words.
[n the first part of the experiment
when you set the counter to the 0000
position, the decoder output selected
word 0 in the memory. This is identified
by the W0F 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 D's. With
all of the switches in the up positi on all
of the lamps should have been on , indicating binary I 's. _The lamps should
have turned o n as y ou set the swi tches
from the down (0) to tht: up (I) position
one at a time . Th is indicates tha t on the

o

Connect the ground clip of yo ur tvom
to one of the I -inch screw legs on the

9
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WQ F line should be in the bin ary 0 sta te
(near zero volts)_ The decoder on the ~'Il
circuit board selects one of the sixteen
words , the sele cted line being a binary 0
while all others are at the binary I
indication. You can always determi ne
which word on the memory printed
circuit board has been enabled by lo oking
a t the voltage on the address input lines.
The line tha t is in the binary 0 posi tion is
enabled .
To understand how the switch memory
works, refer to the memory printed circuit board logic diagram on the separate
insert sheet. Notice the large diode-switch
matrix. Each bit posit ion consists of a
switch and a diode connected in series to
one of the! 28 points formed by the 8 by
16 matrix. Eight lines feed the input node

mem ory prin te d circuit board a swi tch in
the down position is a binary 0 and a
switch in the up positi on is a binary I.
The logical output signals fr om the
memory correspond to the switch indi c:ltion as you observed on the lamp driver
lamps.
By switching the individual swi tches
off and on you should have found that
the lamp corresponding to that bit position in the word changed as you switche d
between the binary 0 and binary 1
positions .
Next you used yo ur tvom to measure
the voltage at the sixteen address lines
coming from the Ml circuit board. You
should have found all of the lines at the
bin ary I voltage level (be tween +4 and +5
volts) except for one, the W~F line. The
Vee
14

1.15 k

850

850

1.6 k

2 .15 k

2 . 15 k

2CH.......
30--'"
4

o--i.......
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7
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6

GND

Fig. 81 -2. Circuit or 15844 (or 944)

to

Ie used

in the memory.
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diode inpu ts enabled. This will cause th
SO output to go low. As you can see, wit
the switch cl ose d the NAND gate outpe
is forc ed high :Ind a binary I is produce c
With the switch open, a binary 0 i
produced. This same ac tion occurs 01
each of the eight bi t positions for thl
word 0 in the memory .
As you re fer to the memory logi.
diagram, keep in mind tha t all othe
address input lines at this time are at tht
bin:lry I level. For that reason none 0
the other switches in the memory affec!
the state of the output. If the switche~
should be open they will have no effect
on the circuit. If the switch happens to be
closed, it will also have no effect since all
of the othe r address lines are at a binary I
level at th is time . These conditions clearly
enable the NAND gates in such a way as
to permit only the diodes and swi tches in
the addressed word to control the st:lte of
the outpu t.

connec tions to the 15844 IC NA ND gates
used . The circuitry in each NAND g:lte is
shown in Fig. 8\ -2 . This is a DTL NAND
ga te. There :1fe tw o 4-in pu t ga tes wi th an
open collect or output in each IC. We are
usin g external 1k-ohm load re sistors for
these NAND gates on the memory
printed circuit board, but we are not
using the input diodes on the NAND gate .
These are connected toge ther 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 II respectively . As
you can see in Fig. 81 -2, the diodes in the
matrix are connected to the gate node
and are used to enable the gates, depending upon how the switches are set.
To fully understand how the memory
works , recall the method of operation of
the NAND gate. If.any one of the diode
inputs to the NAND gate is brought to
ground (or made a binary 0), the o utput
of the NAND gate goes high. If all of the
diode inputs to the NAND gate are ope n
or at the binary 1 level, the NAND gate
output will be a binary O.
Now refer to the memory board diagram . When the W0F address input line
goes low, it will bring the cathode side of
the diodes connected to it to ground ,
forcing the output of the corresponding
NAND gate to be high if the switch in
series with the diode is closed. Conside r
the NAND g:J.te associated with output S0
in the di:J.gram . Notice the diode connected to the switch attached to pin I I,
the node of the NAND gate. The cathode
of the diode is connected to the W~ F
input. If this switch is closed and W0F is
grounded indicating that word 0 is
addressed, the S~ output will be a bina ry
1. Howeve r, opening the swi tch will
simply le:lve the node open and the
NAND ga te will have all o f its normal

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 mem ory word in sequence and test all bit switches to be sure
that they are functionin g properly. You
have already tested mem ory 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 obta ined . You placed all
eight switche s in the down positi on, then
in the up positi on, and observed the
outpu ts on the indicator li ghts. You will
now test the remaining fi fteen words in
memory this same W:ly ~
Depress the black push button once to
step the address co un ter to the 000 I
posi tion. You h3ve addressed the memory
1\

mit tent switc h, replace it with one of the
extras we supplied you in this ki t. With
the experimental chJssis power off, you
can use you r tvom in the ohmmeter mode
to test each diode with a forward and
reverse resistan ce test. Re place any defective diodes or reverse any that may
have been installe d backwards on the
board.

location number I. Place all of the
memory word I switches in the down
posi tion and observe the indicat or ligh ts .
Now put all of them in the binary I
positi on one at a time , no ting that they
shoulu go on as they are switched to the
up position.
Using the black push button, step the
address to the 0010 posit ion, repeating
this test on mem ory 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 WJtch
the lights. RepeJt this for all of the
remaining memory word locati ons
through address IIII or hex F.

Step 3: To become familiar with the
memory switch positions and the method
for writing data into the memory
locations.
Step the cou nter to the 10 II position
with the black push button. Then go to
the appro priate mem ory locat ion and set
the switches fr om left to right according
to the following pattern , 1100 1100.
Observe the indicator li gh ts. Treating this
as a b inary numb er, convert it into its
decimal eqUivalent. Write your result in
the margin of the text.
While you are observing the indicator
lamps, try switching any of the other
memory switches in loca tions other than
lOll and notice the e ffect on the indicator lamps.

Discussion of Step 2: You sequenced
through each of the mem ory locati ons
and repeatedly wro te all O's and all I 's
into all eight bit positions of the memory
location. You should have found that
with all the switches down, that aU of the
eight indicator lamps are off. With the
eioh t switches in the up posi tion, the
indicator lamps shoul d be on. All
menlO ry locations should have given you
exactly the same result. If you should
find a lamp that did not respo nd properly
to the mem ory switch in questi on, it is
possible that you have a defective switch
or diode.
If you should have tr oubl e, follow this
proce dure. First check your solder connections fo r that pa rticular swi tch and
diode, by simply touching the hot soldering ir on to the diode and switching
termin als one a t a time to Ie t the solder
remelt aga!n and flow over the connections . The n retest the switc h. Sometimes the switches themselves will have
dirty contacts. This can often be cleared
up by turning the swikh off and on
rapidly se veral times to clean off the dirt.
If you should find a de fect ive or inter-

Discussion of Step 3: The purpose of
this parti cul ar step is to help you become
familiar with the loca tions of the various
memory wurd locatior.s on the printed
circ ui t board and how they correspond to
the 4-bit input address . By setting the
counter to the 1011 posi lion, you
addressed memory location B. This is the
fourth group of eigh t switches down from
the top on the right-hand side of the
memo ry printed ci rcuit boa rd . You then
set the bit pattern 110011 00 from left to
right a t this memory location. The lamps
should display the same bit pattern as the
ad dresse d switches. By interpreting this
12
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bit pattern as a binary number with the
ri ght-hand switch position and lamp IQ)
representing the LSB position, you
sho uld have been a ble to convert this
binary number int o its decimal equivalent
of 204. In using the memory in the
future, you will use th is arrangement. The
right-hand bit position in a word is the
least Significant bit while the left-m ost bit
is the mos t significan t bi t. In some of the
experiments that follow, the left-m ost bit
will be the sign bi t of a signed binary
number while bit 6 will be the most
significant bit of the number.

After you answer the statement ques
tion, turn off the experimental chassi:
and rem ove the wi re be tween ter minal:
W78 and G:2 on the memory board
Howe ver, leave the remaining circuit~
connected as they are used for yuur nex i
experiment.

Instructions for Statement 81 : Fo r this
statement you are going to demonstrate
what happens when two of the memory
words are addressed simultaneously.
Solder a short piece of black hookup wire
between terminals W78 and G2 on the
M3 board. Then step the black push
button so that you address memory
locati on 0000. By connecti ng the piece of
black hookup wire to grou nd , you have
also addressed word 7 in the memory .
In word locati o.n c; set the following bit
pattern in to the switches: 0011 0011. Set
the pattern 0101 OlOl from left to right
in mem ory loca tion 7. Observe the eight
outputs on the lam p dri ver board and
record your resul ts in Fig_ 81-3. Carefully
study the words stored in memory locations c; and 7 and th e result obtained at
the output , then answe r the statement
question.

which indicates that both memory words
are being read out simultaneously since
they have been effectively :

MEM LOC 0

00110011

MEM LOC 7

o1a 1

Statement No. 81 : The binary number
that I observed on the output lamps was:
(1 ) 11JO ll fO
(2) 0 111 a lII
(3) 1100 11 00

(1) ANDed
(2) added
(3) subtracted
( 4) OR ed

to produce the result.

EXPERL\1ENT 82
Purpose: To demonstrate a readonly-memory and to show several useful
applications.

In t roductory Discussion: A read only-memory (ROM) is a special type of
memory for storing fixed binary da tao In
other words, data is permanen tly written
in to each storage loca ti on. Once this is
done, only read-out ope rations can be
performed. Each word stored in the
memo ry can be addre_ ed either randomly or seque ntiall y. As it is addressed,
the data is re ad out of the mem ory.
In this expe riment you are going to
demonstrate several useful applications of

0 1 0 1

MEM OUT

Fig. 81 -3. Record your· results . for Sta tement
81 in this table.
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wire coming from the resistive network to
terminal IC 1-4.
Check all of your wiring against Fig.
82- 1. Notice that you have converted the
ADC circuit that was wired on the experimental chassis into a DAC ci rc uit, identical to the one you used in an earlier
experiment. The 709 IC at positi on ICI is
used in conjunction with the lOOk-ohm
feedback resistor and the summing resistors to fo rm the DAC circuit. Although
not shown in Fig. 82-1, a wire should be
connected between terminals 9 and 1CI.o
and between terminals 13 and IC I-II .
The se two connections provide power to
the Ie. The rest of the experimental
circuit is identical to the circuit used in
your last experiment.

the ROM . The memory printed circuit
board that you constructed earlier in this
kit is a form of ROM . It is no t a true
ROM in the sense that data is permanently stored in it; it c:m only perform
the read fun..:tion. Data cannot be written
into the memory under logi~ control, but
the contents of the memory can be
programmed by setting the switches to
the desired bit pattern. For that reason
the mem o ry is best called a programmable re3d-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 useu in this experiment also. Howeve r, you will ne ed to
make a few moditications 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 ste p the binary coun ter.
Now you must remove so me of the
wiring on your experimental ~hassis . First
remove the IN914 diode and the 2NSl34
transistor that are connected between
term inals [C14 and lCI-IO on the experi·
mental chassis PC board. Also remove the
220k-ohm resistor between terminal
IC 1-4 and terminal 16 on the 1k-ohm
potentiome ter, the wire between terminal
IS on the Ik-ohm potentiometer and
terminal 9, and the wire between terminal
17 on the Ik-ohm potentiomenter and
terminal 14.
Connect a lOOk-ohm resistor between
term inals IC 14 and IC I-I O. Then con·
nect the DAC resistive summing network
to terminals SIP, S I, S2 and S3 o n the M3
circuit board , referring to Fig. 82 -1 as
you make these connections. Connect the
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lOOK

Ml
AOA3
AOA2

LJ

LAM P DA I V ER

L2

NO . I

ADAI

L1

AOA0

L0

A
B

C

--1

0

EC30

if
l

-

-

EC36

W0F

Step 1: To demonstrate a hybrid function generator.
Fig. 82-2 is a table showing the contents of each memory locati on 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 l 's and down for
binary O's . In order to obtain the proper
results from this experiment, the memory
wo rds 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
o f each memory word are O's for all
portions of the step.
Turn o n the experimental chassis. Connect the vertical input of your oscilloscope to terminal IC 1-\ 0, and connect
the ground clip of the oscilloscope to the
experimentli 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.

EXPER I MENTAL

CHASSIS

15
~
+ 709

SJ

~

-=

~'"

'~"

OP A.MP
OCt)

~

~
OAC SUMMING
NETWORK

M3

W0F

WIE

WIE

W20

W20

WJC

W3C

W4B

W4B

W5A

W5A

SIl

W69

W69

51

L1

W1B

W7S

52

L2

we7

WB1

53

LJ

w96

W96

54

L4

WA5

WA5

55

we'

WB4

56

weJ

WC3

57

WD2

WD2

'NEl

WEI

WF0

WF0

L0

lU
L6

Li

LAMP DRIVeR
NO. 2

CLK

TON
FROM TERM . 39
Exp C H.
Fig. 82·1. Circuit for Step 1, Experiment 82.

MEM . LOC .

0
1
2
3

4

5
6
7

CONTENTS

MEM. LOC.

00000111
00000100
00000010
00000001
00000000
00000001
00000010
00000100

8
9
A
B
C
D
E

F

Fig. 82·2. Memory contents for Step 1.

1"

CO NTENTS

00000111
00001010
00001100
00001101
00001110
00001101
00001100
00001010

Adjust the controls to stabili ze the waveform and then sketch the waveform on a
separate sheet of paper.
Next , solder ;l lOOk-ohm resistor between terminal IC1-1O and terminal 42
on the 4 -lug terminal strip on the experimental 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 vertical input lead to
terminal 42. There is no need to turn off
the experimental chassis while adding
these components.

tiall y address all si xteen memory locati ons. As the counter steps thro ugh its
sixtee:l1 states , 0000 through 1111, the
contents o f each of the memory locati ons
in sequence will be fed to the: DAC. As
the cl ock pulses step the coun ter, the
counter will con tinually recycle from
1111 to 0000 , repetitively transferring
the memory contents in sequence to the
DAC.
The output waveform produced by the
DAC will be a function of the contents of
each memory location . Since the memory
is fully programmable, virtually any waveform 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 an y sequence
we desire.
In this experiment you stored a
sequence of binary words in the memory
like that shown in Fig. 82-2. This sequence of words closely approximates a
sine curve. Therefore, the output waveform that you should have observed at
the DAC output at terminal ICI-1O
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 minimum of a 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. It is equivalent to a sine wave riding
or superimposed upon a - 3.5 volt de
level. The sine WJve swings ab ove and
below this value .
If you will notice the waveform o f Fig.

lOOK

709

op

::T' .1 mfd
4~

AM P

Fig. 82-3. Experimental circuit for addition in
Step 1.

Observe the wave form 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 signifi cant output
bits of the programmable read-onlyme:m ory to drive the resistor summing
network of the digital-to-analog converter
th at you constructed in previous kits . The
DAC will accept the wo rds stored in
me mory and ge nera te an output voltage
proporti onal to the binary word value .
We are using the binary counter ste pped
by the high speed clock circuit to sequen16

(XX)()

-<l.S

000 1

1.0
1.5

0010
0011

2.0

0 100

2.5

0101

3.0
- 3.5

0110

4 .0

1000

4 .5

100 1

5 .0

1010

5 .5

1011

6.0

1100
1101

6.5
7 .0

1110

-7.5

1111

Fig. 8:!-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° fo r each sine wave
cycle , each increment represents 360/1 6
= 22 .5°. To generate this waveform, we
progra m the memory with sixteen
sequential words of data that are representative of the value of the sine of the
0
angles 0° th ro ugh 360 in 22.5° steps.
Using these values of the si ne, we scale
the value to match the capabilities of the
DAC circuit. As you can see, the results
cl osely approximate the sine wave.
At the output o f the DAC op amp you
next conne cted a resisto r/capacitor combination and observed the output voltage
across the capacitor. This R- C network
forms a low pass filter which will rej ect
all of the high frequency components in
the step waveform appearing at the op
amp output. For that reason the output

Fig. 82-5. Output of low pass filter on the DAC.
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of the low pass filter :It terminal 4'2
should be very nearly equal to a smooth
sine WJ Ye. For those applications which
require a more nearly per fect sine wave ,
filte rs such as this c:ln be easily added .
The waveform that you should ha ve
observe d at terminal 42 is sh own in Fig.
82-5.
Step 2 : To show how an ROM can be
used to perform binary multiplication by
using table look-up techniques.
Rem ove the wi res connecting terminals
A, B, C an d D to termin als AD R0 , ADR I,
ADR2, and ADR3 on the MI circuit
board. Next , connect the fo ur least sig·
nificant bit posi tions of you r swi tch
register to th e ADR0 through ADR3
lines . Connt!c t tht! ri ght-hand or LSB
swit ch to the ADR0 terminal , etc. This
wil l perm it you to use these switch es as
the inpu t to the read·onl y-me mory rather
than the bina ry countery n the M! circu it
hoard . Don' t fo rget to ~o n n e e t the bbc '
and rt! d wires fr om the switch register to
gro und and +5 vol ts on the ex peri men tal
chassis be fore proceeding. Connee t the

LOC

a

00
00
00
00
00
01
02
03
00
02
04
06
00
03
06
09

1
2
3
4
5

6
7
8
9
A
B
C
D
E
F
Fig. 82-6 .

red lea d 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-bit numbers,
b o th of which will be represented by thl!
fo ur 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 numbers there will be a total of four decimal
numbers that can be represented , 0, 1,2
and 3. For this stc:!p you will multiply
these numbers by themselves in all pas·
sible combinations. To do this you will
need to set the switch register switches to
the various combinations of input numbers . You will then record the output on
the lamp driver.
To begin the experiment, set the

HEX CONTENTS

ROM contents for Step 2 in
hexadecimal form.

MUL TIPLIER

00
00
00
00
01
01
01
01
10
10
10
10
11
11
11
11

MULTIPLICAND

00
01
10
11
00
01
10
11
00
01
10
11
00
01
10
11

Fig. 82-7. Table for Step 2.
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PRODUCT

Once you ha ve programmed th~
mem ory accordi ng to Fig. 82 -6 , turn on
the experimentJI chassis. Refer to the
table in Fig. 8'2·7. This table sh ows y ou
aU possible combinations o f the multi ·
plier and multiplicJnd inputs thJt CJn
occur with two 2-bi t binJry numbers. Se t
the switch re gis ter switches to the posi·
tions indicJ ted fo r the mul tiplier and
multiplicand . Record the 4-bit product in
the space provided. You will monitor the
product on the fo ur right·hJnd [amps on
the lamp driver No. 2 board. Once you
have filled in the table, convert all of
your binary numbers into their decimal
equivalen t. Then tum off the experi·
mental chassis.

memory switches as shown in the table of
Fig. 82·6, which shows the memory
location o r address in hexadecimal notJ·
tion. Notice also thJt the conten ts of the
mem ory are expressed in hexadecimal
fo rmat. All of the programming o f the
mem ory that you will do from now on
will be presented to you in hexadecimal
form to simplify the progrJmming. Since
each word in the memory contains ei gh t
bits, it can hold two hexadecimal cligi ts.
As you recall , hexadecimal digits are
those sixteen states represented by all
possible combinations o f 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 locati on
A the contents in hex is 04; therefore ,
you will store the following binary word
in memory : 00000100.

MULTIPLIER

00
00
00
00
01
01
01
01
10
10
10
10
11
11
11
11

Discussion of Step 2 : Figs. 82 -8 and
82-9 show the results you sho uld have
obtJined in this step . If you entered the

MU LTIPLICAND

00
01
10
11
00
01
10
11
00
01
10
11
00
01
10
11
Fig. 82-8. Correct results for Ste p 2.
1Q

PRODUCT

0000
0000
0000
0000
0000
0001
0010
0011
0000
0010
0100
0110
0000
0011
01]0
1001

»
MUL TIPLIER

MULTIPLIC AN D

PRODUCT

0
1
2
3
0
1
2
3
0
1
2
3
0

0
0
0
0
0
1
2
3
0
2
4
6
0
3
6
9

0
0
0
0
1
1
1
1
2
2
2
2
3
3
3
3

1

2
3

Fig. 82·9. Correct results for Step 2.

multiplier and multiplicand p ro perly in
the switch register and programmed the
memory correctly, then for each of the
two input numbers y ou 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 you 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.

from the circuit and set it aside for later
use . Reconnect the four wires between
lines A, B, C and D and ADR~ through
AD R3 o n the M1 board as shown in Fig.
82-1. The lamp driver No . 1 lines should
still be connected. In addition, move the
wire from the eLK 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
switch as you have done previously.
For this statement you are going to
apply the decimal numbers a through 15
in binary form to the read-only-memory .
These numbers , of course, will come from
the binary counter on the Ml circuit
b oard. Turn o n the experimental chassis
and step the counter with the black push
button until the lamp driver reads 0000.
Now program the ROM acco rding to
the table in Fig. 82-10. Again the
memory location or address and the

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

contents are given in hexadecimal nota·
tion. Be very care ful in programming the
memory to be sure that the swi tches are
posi tively sel to the up o r down position
as required by the progr:lm.
Nex t step the binary counter , using the
biack push button switch for each of the
numbers
through 15, and record the
output displayed by lamp driver No . 2 in
the second column of Fig. 82-11.
To interpret the output data that you
obtain from the ROM, you will assume
that the 8-bit number stored in these
memory locatio ns consists of two wh ole
number bits and six fracti onal bits. In
other words, the binary point for the
number will be placed be tween the
second and third bit positi ons from the
left. By referring to Fig. 82-11, yo u can
see that the output you should record for
a zero input is a string of zero's . However,
note the position of the binary point. The

CONTENTS (HEX)

a

00
40

1

5A
6E
80
8F
9C

2
3

4
5
6
7
8
9

a

A9
85
CO
CA

A
B
C
0
E
F

04
DO
E6

EE
F7

Fig. 82-10. ROM program for Statement 82.

INPUT

0
1
2
3
4
5
6

OUTPUT (BINARY)

OUTPUT (DECIMAL)

00.000000

7
8
9

10
11

12
13
14
15

Fig. 82-11. Table for Statement 8:!.
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0

u;
numb~rs

demonstrate the applicati on of an ROM
performing basic lo gic operations , such
as code conversion.

that y ou will record in here will
have both integer and fractional parts.
After you have recorded al l sixteen
8-bit outpu t states , use you knowledge of
th~ conversion of binary numb~rs to their
d~cimal fo rm and nil 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 number. By observing b oth the input and
output numbers , you should be able to
determine the relationship between them.
After you answer the statement question, turn off the experimental chassis .
However , le ave you wiring as it is since
the same circuit will be used in your next
experimen t.

Experimental Procedure: At this point
you do not need to make any further
changes to your experimental circuit.
However, you will be required to
modify the program stored in the
memory. Complete instructions are given
to you as to how to do this for each
step.
Step I: To show how a read-onlymemory can be used to perform basic
logic functions and to implement
Boolean 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 locatio n in
hexadecimal notation .

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 relationsh ip to the input
number.

LOC

(1) The number obtained by di viding
the input number by 3.
(2) Square of the input number.
(3) Square roo t of the input number.
(4 ) Common logarithm of the input
number.

0
1
2
3

4
5
6

EXPERIMENT 83

7

8

Purpose: To demonstrate several additio nal applicatio ns of read-onlymemories.

9
A
B
C

Introductory Discussion : In the previ ous experiment you saw how the ROM
could be used for functi on generation
and arithmetic processing. The ROM is
capab le of many additional operations .
In this experimen t you are going to

0
E
F

HEX CONTENTS

01
02
04
08
10
20
40
80
00
00
00
00
00
00
00
00
Fig. 83-1. Progr:lm fo r Step 1.
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After y ou have p rogrammed the
memory according to the table, turn on
the experimental chassis. Step the black
push but to n until the counter is in the
0000 s tate , th~n step the co unter
through each o f the sixteen states, 0000
through 1111, and record the memory
output for each condition in the table
of Fig. 83 -2. Examine your results and
try to determine the functio n that the
ROM is performing. [t is a commo n
digitll logic functio n that you have
studied befo re, so make every effort to
recognize it and wri te the resul t in the
margin of the text. Refer to yo ur earlie r
lessons or kit manuals if you should
need to do so .
INPUT

INPUT

OUTPUT

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

00000001
00000010
00000100
0000 1000
00010000
00100000
01000000
10000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

OUTPUT

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

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 numbe r. The ROM
looks at the input number, performing
the functi o n of a decoder by enabling
one of the eight outputs . For example,
with a 000 input the II{) lamp is on,
indicating that the zero state has been
decoded. With an input of 001 , the II
lamp is on, indicating that the 1 state
has been decoded. When the 17 lamp is
on , the III state is decoded . The other
eight states (1000 through 1111) are n ot
octal numbers ; therefore, the memory
has been programmed not to respond to
them. The output for the se eight states
should be all zeros.
T his decoder app li~ ati o n of the ROM
is a sim ple bu t frequen tly used one. It
als o clearly illustrates that the ROM ' an
be programmed to im pleme nt any

Fig. 83-2. Table fo r Step 1.

Disc ussion of Step 1: The correct
results fo r Step 1 are shown in Fig:
83-3. The ROM is perfo nning the func tion of an octal or one-of-eight decoder.
An output is generated for only the first
23

Bool~an

algebra function. When a numbu of logic signals that are a function
of a certJin number of 10gicJl input
signals are to be generJted, an ROM can
be used to implemen t all of the signals
that are functions of the se inputs. In
other words, virtually any combinational
logic function can be implemented with
the ROM.

INPUT

0000
0001
0010
0011
0100
0101
0110
0 111
1000
1001
1010
1011
1100
1101
1110
111 1

Step 2: To show how the ROM can be
used to perfonn code conversion.
Program the memory according to the
table in Fig. 83-4. By now you should be
familiar with the hexadecimal programming 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 button through its sixteen states,

LaC

0
1
2
3
4
5
6
7
8
9
A
B
C

0
E

F

OUTPUT

Fig. 83-5. 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 according 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 tJble 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.

HEX CONTENTS

00
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15

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. 83-5,
you should have found that the 8-bit
output of the ROM should be interpreted
as two 4-bit BCD digits. In other words,
the binJry input applied to the ROM

Fig. 83-4. Program for first part of Step 2.
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from the counter on the Ml circuit boa r
causes the equivaient BCD number to b
reproduced at the 8-bit memory oUtpU I
[n the next progrJm you should hJV
found thJt the ROM is converting J 4-bi
binary number into its equivalent XS:
code. Remember, to tInd the XS3 valu.
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, it is very easy t(
convert on~ code in to another with ar
ROM. The input code is simply JPplied tc
the addressing lines of the ROM. Th,
input code then addresses some particulaJ
memory location where the desired out·
put code for that input is st ored . With
such an arrangement, virt ually any form
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.

HEX CONTENTS

LaC

03
04
05
06
07
08
09

0
1
2
3
4

5
6

OA

7
8
9

DB

A

00

B

OE

C

OF

0

10
11
12

DC

E
F

Fig. 83-6. Program fo r second part of Step 2.

INPUT

Instructions for Statement 83: Ir. 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 seven-segment
decimJI 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

OUTPUT

0000
0001
0010
0011
0100
010 1
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

..................
A

c ····

o

.........

. ..; E

,
G_

F ig. 83-8. Seven-segment decinial display.

Fig. 83-7. Table for second part of Step 2.
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DECIMAL

a
1
2
3
4
5
6
7
8
9

BCD
INPUT

SEGMENTS
AB C D E F G

0000
0001
0010
0011
0100
0101
0110
011.1
1000
1001

Statement No. 83: The table representing the BCD to seven-segment conversion
program is shown in Fig.
(1) 8]-11.
(2) 83-12.

LOC

a
1
2

3

Fig. 83-9. Table for Statement 83.

the appropriate segments of the display.
For eXJmple, to display the number 1 we
would turn on segments C and F. To
display the number 6, we would turn on
segments A, B, D, E, F and C. There
would be a light driver and lamp associated with each of the segments. Our
purpose here is to convert the 4-bit 8421
BCD input code into seven signals thJt
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 determine which segments should be on for
each of the decimal numbers 0 through 9.
Record your results in the table in Fig.
83·9. Place a binary I under the lettered
column corresponding to the lamp segment 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 y ou can use the ROM as a decoder to
operate such a display .
For this statement question fill in the
table in Fig. 83-10 giving in hexadecimal
not atio n the contents of each of the

4
5

desired memory locations for this application . Assume that the left or most
significant bit of your memory output
always remains at 0, and that only ten of
the sixtee n 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
y our next experiment.

LOC

HEX CONTENTS

a
1

2
3
4
5
6
7

6
7

8
9

LOC

HEX CONTENTS

7
2
5
6
4
F

2
F
F
1

LOC

0

7

1

1
2

1
5

3
4
5
6
7
8
9

5
3
6

D
B
A

6
5
7
A
2

7

2
3
4
5
6
7
8

D
B
A

1

6
5
7

LOC

7
2
5

7

1

2
6

A

2
F
F

8

2

1

9

5
4
2
F
F
F
2

Fig. 83· 14.

Fig. 83-10. Record your answer for Statement

83 here.
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D
B
A
B

F
2
F
B

HEX CONTENTS

a
2
3
4
5
6
7

6
4
F

Fig. 83-13.

9

6

5
7
7

7
2

Fig. 83-12.

HEX CONTENTS

0
1

HEX CONTENTS

7

Fig. 83·11.

9

8

(3) 83-13.
(4j 83-14.
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7
1
B
D
A
5
6
7
A
1

•

Assembling the Al and A2
Circuit Boards
Bdo re you can proceed with the remaining experiments in this kit. you will
need to assemble the A I and A2 printed
circuit boards. These boards contain the
arithmetic circuitry for the digital computer that you will build in the final kit,
but y ou will use the logic circuitry and
registers on these boards in the experimen ts pri or to this .

the board so that they are sea ted proand then use your longnose
perly ,
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
terminals on the top of the board where a
copper pad appears.
Install a short jumper wire, designated
11 , on the top of the board directly to
the left of IC41. Bend a short piece of
bare hookup wire to fit neatly into the
h oles, flush with the board. Solder both
connections and clip off the excess lead
length.
Insta ll seven .0 I mfd disc capacitors in
the locations designated on the circuit
board. These are installed adjacent to
IC39 , IC40, IC41, IC42, IC44, IC45. and
IC4 6. Push the capacitor into the board
from the top so that about 1/ 16" of the
lead is exposed above the board, then
solder the connections. Be sure to 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. aip off
the excess lead length.
Install the 470-ohm resistor and 500 pf
disc capacitor in the locations designated
below IC41. Bend the leads o f the resistor
close to the body and mount the resistor
so that it is flu sh with the board. Solder
b ot h the resistor and capacitor connections , then clip off the excess lead
length.
Install a 100 mfd capacitor between

ASSEMBLING THE A 1 BOARD
To assemble this board you will need
the following parts :

44
7
7
I

Printed circuit board (EC34)
100 mfd, 10-volt capacitor
(CNlI2)
Terminal lugs (LU9)
14-pin IC sockets (S084)
16-pin IC socket (S086)
.0 I mfd disc capacitors (CN I 02)
500 pf disc capacitor
470-ohm, 1/4 watt resistor
(RE (67)

7420 IC (IG6)
7400 Ie (IG5)
7404 IC(1GI2)
7451 Ie (IG9)
7476 IC (IGI8)
2 7495 IC's (IGI6)
ASSEMBLY PROCEDURE
Insert the 44 terminal lugs in the
labeled peripheral holes from the top of
the ECJ4 board . Press the ter'minals in to

28

A~EMBUNGTHEA2BOARD

terminals Gland +5 D. The positive terminal of the capacitor should go to the
+5D terminal. Simply wrap the capacitor
lead around the appr opriate terminal :wd
clip off the excess length after you solder
it.
Install seven 14-pin IC sockets in the
loca tions designated IC39, IC40 , IC41,
IC42, IC44, IC45, and IC4 6. Be sure that
the notch in the end of the socket is
aligned properly with the notch on the
screening on the top of the board . Check
to see that the socket is presst!d into the
holes firmly and that it is set flush with
the board. Solder the IC socket terminals
using the thin solde r supplied with this
kit.
Inst all a 16-pin IC sockt!t in location
IC43. Again double check to be sure that
the notch in the end of the socket is
pain ting in the correct direction. With the
socket mounted !lush against the board,
solder all 16 terminals with the thin
solder.
Inst all the integrated circuits (excep t
the 74 80, IC46) as designated on the top
of the board in the sockets. The two
7495 IC'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 a good idea to look
over the board carefully once you complete it. Make sure that all of the components 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 connections. Check to see that the sockets
are soldered and that there are no solder
bridges between pins. Inspect the terminal lugs to be sure they are soldered on
top of the board in those places where
copper pads are pr ov1ded.

To construct this board , you will neec
the following components:

50
7
I

8

2

2
I

Circuit Board (EC35)
100 mfd, 10 volt capacitol
(CNI12)
Terminal lugs (LU9)
.01 mfd disc capacitors (CN102;
470-ohm, 1/4 watt resistor
(REI67)
.1 mfd disc capacitor (C NI04)
4.7k-o hm, 1/4 watt resistor
(REI66)
14-pin Ie sockets (S084)
16-pin IC socket (S086)
24-pin IC socket (S087)
7400 IC's (IGS)
7404 IC (IGI2)
7420 IC (IC6)
7423 IC (IC21)
7453 IC (IGI9)
15844 IC's (IG7)
7460 IC (IG20)
74198 Ie (IC25)

ASSEMBLY PROCEDURE
Install the 50 terminal Jugs 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. Crimp each terminal with your
longnose pliers on tht! 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 J! , 12 and 13
posi tio ns as de signa ted on the to p of the
board in the block l:lbeled accumulator.
Cut short pieces of bare hookup wire the
proper length and install them in the 1 1
and 13 positi o ns. Use a short piece of
insulated hookup wire at the L po ilion.
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Install the eight 14·pin IC sockets in
positions IC47 through IC 53 and IC56.
The n otches 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 board before you
solder the pins o n the bottom . Use the
thin solder and the small tip, low wattage
soldering iron to make the solder con·
nections . Be extremely careful n ot to
cause solde r bridges between adjacent
terminals, but use enough heat and solder
to thoroughly cover the connection.
Install a 16-pin IC socket in location
IC5 5. Be sure that the notch is aligned
properly with the screened designation .
Be sure that the socke t is flush with t he
to p of t he board, then solder all 16 pins
with the thin solder.
Install a 24-pin IC socket in location
IC54. This socket cannot be used exactly
as it is supplied. The two sections containing the pins must be broken apart
from one an other. You can use yo ur side
cutters to cut through the soft plastic
h olding the two strips together . Trim the
excess plastic from each strip. Fig. 3
shows the before and after versions. Next,
install the two 12-pin strips in the IC54

This wil l 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
connectio ns and clip off excess le ad
length.
Install the 4 70·o hm resistor and . 1 mfd
disc capaci to r at the locations designated
in the block Iab<!led accumulator. This is
directly to the left of [C5 6. Bend the
resistor leads close to the body of the
resist or so that the resist or drops into the
holes provided and fi ts flush with the
board. In stall the capacitor so that about
1/ 16" of lead is exposed above the boa rd .
Solder the resistor and capacitor leads
and clip off any excess lead length . Be
sure to so lde r the capacito r lead on top of
the board where a foil pad is provided.
Install a 4.7k·ohm resistor in the holes
provided directly to t he right of position
IC51. Again bend the resistor leads close
to the body so that the resistor will drop
int o 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 to p of the
board.
Install the seve n .0 I m fd disc capac ·
ito rs in the locations designated. These
are the positions directly to the ri ght of
IC47, IC48, IC49, IC50, IC52, IC53, and
IC54 . Drop the capacitor into the holes
provided so that about 1/ 16" of the
capacitor lead is exposed on top of the
b oard. Solder the capac itor leads on both
the to p and the bottom of the board,
then clip off any excess lead length.
Install the 100 mfd electrolytic capac·
itor between terminals +5C and G I . Wrap
the leads aro und the terminals and solder
them into place , then clip off the excess
lead length . The positive terminal of the
capacitor should connec t to the +5C .

®
Fig. 3. Preparing the 24-pin
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Ie socket.

posi tion. Solder all 24 pins with the th in
solder.
Install the designated Ie's in the appropriate sockets. Note the alignment of the
notch in the socket and the [C so that
they correspond. Press each IC firmly
into its socket so that it makes good
connection. When installing the 24-pin
[C , align pin I of the [C with the number
I sc reened o n the board.

Double check all of the connections on
the ·circuit b oard. Be sure that you have
soldered all terminal lugs on both the to p
and bottom where designated . Also check
all of the solder connections on the
sockets to be sure that there :ue no solder
bridges between adjacent pins. Whe n you
have tho roughly examined this board,
yo u are ready to con tinue the experi·
men ts in this kit.

Ie
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Performing Experiments
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84 Through 88
EXPERIMENT 84

disc onnect all of the wires on the M3
board including the red and black power
and ground le:lds, which will also be
disconnected from the experimental
chassis. Set the M3 board aside fo r use in
the next kit.
Now remove all of the wires on the Ml
circuit board, except the red and black
power and ground leads, which sho uld be
disconnected at the experimental chassis.
Set the Ml 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 drive r
board with its attached power and groun d
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.
Rem ove the loose wire from terminal
46 of the experimen·tal chassis. Then
unsolder the 100k·ohm resistor between
terminals IC14 and lC1·10, the 1.5k·ohm
resistor and .005 mfd capacitor between
lCl·3 and ICI · 12, the 200 pf capacitor
between ICl·9 and ICl · 10, the 100k-ohm
resistor between terminals 42 and [CI·I0,
and the .1 mfd capacitor b~t wee n ter·
minals 42 and 40. Remove the wire from
terminals 9 and ICI·6. Next rem ove the
red wire from terminals 13 and IC 1· 1 I,
immediately re conne cti ng this same wire
between terminals 33 and IC (·1 4. Also,
move the ground wire from terminal
ICl·5 to terminal ICI·7.

Purpuse: To dernonstrate the prin ciples
of binary addition and examine several
methods of accomplishing this function.
Introductory Discussion: Binary addi·
ti on is the basic function performed
within the arithmetic section of any
digital computer. Other arithmetic func·
tions such as subtraction, multiplicati on,
and division are oftw perfo rmed by
adding complements, using successive
additions, or by usin g successive additions
and subtracti ons. Since binary addition is
so fundamental to ali digital compu·
tations , it is extremely important for you
to understand exactly how it is per·
formed .
In this experiment you will demon·
stra te single·bit hal f adde r and full adder
circuits. You will actually wire a half
adder circuit using NAND gates and
demonstrate its operation. However, the
full adder circuit th at you will demon·
stra te will be contained within a single lC
and will not require extensive wiring. You
will also demonstrate how two binary
words can be added serially.
Experimental Procedure: Be fore y ou
can begi n this experiment , you must
par tially disassemble the circui t that was
used in y our last experiment. First dis·
con nect the re sistive summing network
fro m terminals Sf/J through S3 on the M3
circuit board . Also remove the wire
coming from this network from terminal
lCI4 of the expe rimental chassis. ext,
32

,;

I

_ __ _ _ _ _ -.J

51

TO LAM P
QRIVER
BOAR D

A

S0

:o--"t-- ----"C- - - - < . u

SW ITCH REGISTER

F ig. 84-1. Circuit for S tep 1.

You can also remove the 709 IC fr om
the ICI 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 blac k hookup wire ,
connect the terminals of IC I exactly as
shown. Conne ct terminals I and 12, 2
and 5,3 and4 , 3 and 13,9 and II, and
also 6 and IO of the Ie. Then connect
terminals 9, 10 , 12 and 13 of IC2 using
short pieces of black hookup wire. Con·
nect terminals ICl·3 and IC2·10 , then
connect your switch register as shown.
Connect the yellow lead , coming from
the extreme right switch (designa ted S~)
to terminal IC1·5. Connect the switch
next to the right·m ost switch (designated
SI) to terminal ICI·12. Also be sure to
connect the power and ground lea ds
coming from the switch regis ter to ter·
minals 53 and 50 on the experimental
chassis . Now complete your wiring by
connecting the 1.0 input lead on the lamp
driver board to terminal IC1·8 and the Ll
input lead to terminal IC2·8 . The reo
maining input leads on the lamp driver
board and the remaining leads on the

switch register 'Nil! not be useu. As a last
step, insert a 7400 Ie into the ICI socket.
, Be sure that the IC and socket notches
are properly aligned.
The expe rimen tal circuit is now pro·
perly wired and you are ready to procee d.
Step I : To demonstrate the operation
of a half adder.
Turn on the experimental chassis and
set switches S I and S0 to the down or
binary a position. This wi ll apply a binary
a to the A and B inputs of the experi·
mental circuit. Observe the indication of
lamps 10 and II . Lamp 10 is being used to
monitor the S output of the circuit and
lamp II is used to monitor the C output.
Keeping this fact in mind, record t he
binary output states of the S and C
outputs in the spaces provi ded in Fig.
84·2.
Use the switch register to apply the
remaining input combinations as sho\ n
in Fig. 84·2 and rec ord the result ing S
and C output levels as indicated by the
lamps . When you have complded this
chart, turn off the experimental hassis.
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INPUTS
A
B

0
1
0
1

The truth table that you completed for
this step sho uld confirm the fact that the
circuit does indeed add two binary bits
and produce a carry when nece ssary.
Notice that the sum output, S, will be a
binary 0 when both inputs are at a binary
O. \Vhen one input is a binary 0 and the
other a binary I , the sum output will be a
binary I. However , when both inputs are
at a binary I, the sum output will be a
binary 0 and a binary I will appear at the
carry output, C. Notice that a binary I
appears at the carry output only when
both inputs are at a binary I . These
conditions satisfy all of the requirements
for binary addition .
Although the circuit shown in Fig.
84- 1 is capable of providing binary addition, its application is limited to situations where only two 2-bit binary numbers must be added. In other words only
two in puts, A and 6, 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.

OUTPUTS
S
C

0
0
1
1

Fig. 84-2. Chart for Step 1.

Discussion of Step I : The circ uit that
you wired is referred to as a half adder,
capable of addi ng 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 7~ 20 IC is used as the
inverter. The exclusive OR produces an
output that is equal to the sum, S, of the
two binary inputs, A and B. The output
of the exclusive 0 R 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.

A B C.I

0
0
1
1
0
0
1
1 1

I ~_-=-=---.I
L0

12
F U LL ADDER

C;

binary combinations shown in Fig. 84-4
to the experimental circuit. You will use
switches S2. Sl, and SQ) in the switch
register to apply inputs to the A, Band Cj
inputs of the experimental circuit. You
will monitor the S and Co outputs on
lamps [Q) and [l on the lamp driver board.
Now turn on the experimental chassis
and apply the various input combinati ons
shown in Fig. 844. Notice the indications
of lamps 10 and I I with each input
combination and record your results in
Fig. 844. Remember than an on lamp
indicates a binJry I and an off lamp
indicates a binary O. After you complete
the chart shown in Fig. 84-4, turn off the
experimental chassis.

Construct the experimen tal circuit
shown in Fig. 84 -3. First remove all of
the wires on the terminals of the IC 1
socket except the +5 volt and ground
leads on terminals ICI -14 and ICI-7.
Connect the yellow wires coming from
switches S0 , SI and S2, as shown.
Remember that switch S0 is the rightmost switch in the register. You will again
be using one of the NAND gates in the
7420 IC. This g:He is already wired in the
IC2 position; however . you must connect
the wire coming from the terminal IC2-10
to termi nal ICI4 as shown. Also you
must reconnect the L~ input lead from
the lamp driver board to terminal ICI-5.
This will allow you to use lamps 10 and II
to monitor the outputs from the experimental circuit. Finally. you must remove
the 7400 IC from position IC 1 and in its
place install a 7480 Ie.

0
0
0
0
1
1
1

7480 IC I

A

Step 2: To demonstra te the operation
of a full adder.

S

Discussion of S tep 2: In this step you
demonstrated the ope ration of a full
adder, capable of adding two I-bit numbers, A and B. plus a carry input . Ci . The!
circuit produces a sum output. S. and also
a carry output, Co.
The 7480 IC that you used in this step
con tains the full adder circuit; however,
the carry output fr om this integrated
circuit is inverted and is, therefore, represented by the symbol Co in Fig. 84-3.
The NAND gate in the 7420 IC is wired
as an inverter, used to invert the carry
output to its n ormal condition which is
represen ted by the symbol Co. The sum,
S, and the normal carry output , Co . were
monitored by lamps 10 and II respectively, while switches 50 . SI and S2 were
used to apply the various input combinations to the A, B, and Ci inputs . The
symbols Cj and Co should not be confu sed. They are used to distinguish
between the carry inpu t applied to the
full adder and the carry output produced
by the circuit.

Co

0
1
0
1
0
1
0
1

TO
LAMP
ORIVE~

80ARD

52

51

Co

50

Fig. 84·4. Table [or Strp 2.

LI

SWITCH REG ISTER

Fig. 84-3. Circuit [or Step 2.
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Notice that your experimental circuit
has three inputs labeled A. Band Ci , and
two outputs labeled 5 and Co. For this
step you will apply the various input
35
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F:g. 84-5 . Circuit for Step 3.

Step 3: To show how se rial addition of
multip le·bit numbers is performed.

experiment, at which time you will make
the necessary changes. Remove the 7480
IC from position IC I and install it in
socket (C46 on the Al circuit board.
Wire the circuit shown in Fig. 84-S.
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 ye llow and black hookup
wire. You will have to connect red and
black leads for the +S volt and ground
leads for both the circuit boards. The +S
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

To perform this step you must con·
struct the circuit shown in Fig. 84-S.
Howeve r, before you can assemble this
circuit, you must partially disassemble
the experimental circ uit that you used in
the previous step. First remove the swit ch
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 l0 and L1 input leads from terminals
(Cl-S and (C2-8 . All of the input leads to
the lamp driver board should hang free at
this time. The wiring associated with
positions (C I and (C2 should not be
changed. The ICI and (C2 positions will
not be used again un til you start the ne xt
36

Refer to these di:.lgr3ms as you run th,
experiment and read the reLtel
discussion.
Now, turn on the experiment:.ll chassis
Set all of the swi tches in the swi ter
registe r to the down or bin:.lry 0 positi on
Next, depress the red parallel load pusr
button (connects to terminal MLA:
momen tarily. This operation will allo\\
you to parallel load binary D's into tht
accumulator on the A2 board. All of the
lamps that are connected to terminals M
through A7 on the A2 board should be
off at this time , indi";3ting that the
accumulator has been cleared.
Inse rt 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 2S. 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 boar d that is
connected to the A2 board. Check to be
sure that the nu mber indicated by the
lamps is identical to the number you set
into your switch re gister. Disregard the
number displayed by the lamps connected to the A 1 board.
Next momemtarily depress and release
the black cl ock push button eight times.
This operation will shift the contents of

and then grounded to the G:2 (ground)
terminal on that board. The same is ;llso
true on the A2 board. \Vhen you make
these connections, use sho rt pieces of
black hookup wire. When you connect
the red push bu tton switch, use a t:~-inch
piece of yell ow h ookup wire to connec t
to term inal A of the switch. Connect
terminal C of the switch with a 12-inch
piece of black hookup wire. The alligator
clip may be connected with a 12-inch
piece of black hookup wire. Also , you
should use a short piece of the black
hookup wire to connect the MDA and
BEO terminals on the Al circuit board.
Black hookup wire is also used to connect
the three ClK te rminals together and to
connect these terminals to terminal 46 on
the experimental chassis PC board. Termin al 46 is the output of the buffered
latch circuit. You will use the buffered
latch and its associated push button
switch to provide cloc k pulses to the
experimen tal circuit. Be sure to connect
the two ClK terminals together between
terminals ASD and R0A on the A 1 board.
Check your circuit again to be sure that it
is properly connected. Check each wire in
the circui t against Fig. 84-S.
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.

BINAR Y CO DE
MSB
AUGEND
A DDEND
SUM

0

L SB

0 0 1 1 0 0 1
0
0 1 1 0 0

° °

Fig. 84-6. Chart for Step 3.
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DEC.
VALUE
25
12

SUM
ADO·
END

FUL L ADOER

FOR
PARALLEL
LOAD

CA RR Y
STOR"'GE
FL IPFLOP

RESET
CON TROL

CLOCK
PULSES _ - - - - - - - - - - - - - - - - < > - - - - - - - - - - . J

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 regis ter will be added to the
number yo u are shifting out of the
accumulator. This sum will be recirculated into the accumulato r, 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 AI board . Check to
be sure that the number indica ted 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 .
otice 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
boa rd that is connected to the A2 board.
Check to be sure that the number indicated is correct.

Moment:Hily 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 releasi ng the
black push button eight times . This
opera tion will cause bot h 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. Determine the decimal value of the number,
reco rd ing this value in the ~ppropriate
column of Fig. 84-6. Turn off the experimental chassis.
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clock pulse was applied. the accumulator
should have contained the sum of the
augend and addend . as indicated by the
lamps on the lamp d river board that was
connected to the accumulat or outputs.
Check to be sure tha t you obtained the
correct sum. Since the augend had a
decimal value of 25 and the addend had ~
decimal value of 12 , the sum must be
equal to 37.

Discussion of Step 3: A block diagrJ m
of 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 experimentJI circuit is con tained on the A I and A2
circuit boards. No tice that the switch
register is connec ted to th~ accumulator
so that the input data may be loaded in
parallel form. The lamp driver board
connected to the accumulato r monitors
each binary bit that is stored. Tne B shift
register is also used in the circ uit and each
bit that is stored in this register is
monitored by the other lamp driver
board. The serial outputs from the
accumulator and the B register are connected to the inputs of a full adder. The
sum output of the full addt!r is cunneded
to the serial input of the accumulator. A
carry storage flip-flop is connected be·
tween the Co (inverted carry output) and
the Cj (carry input) of the full adder.
When a carry occurs , this flip-flop will
st ore the carry temporarily and add it to
the next pair of bits to be added.
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 accumulator in serial form one bit at a time. As
the addend is shifted out of the accumulator , the sum is shifted in. After the last

Inst ruc tions for Statement 84: For this
statement you will add two binary numbers using the circu it that you wired in
the last step. You will foll o w 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 your 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
chassi s and answer the statement questi on.
After you an swer the statement
question, proceed to you r next experiment. Do not change any of the wiring
associated with your experimental circuit
until you are instructed to do so in the
next experiment.

BI NA RY CODE
MSB
AUGEND
ADDEND
SU M

LSB

a 1 a a
a a 1 1

1 a 1 1
1 1 a a

Fig. 84·8. Chart for Statement 84.
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DEC .
VALUE

(/) 65
(]) 75

(3) 58
and the addend had a decimal value of
(1) 78.
(2) 70.
(3) 60.

Ex perimental Procedure: Before you
begin this experiment, you must partially
disassemble the circuit that is now wired
on your experimental chassis. First
remove the wire connected between
1C1-4 and IC2-10. Remove the wire between IC2-12 and 13. Leave the +5 volts
and ground connections on both IC
sockets, and the lead connected between
IC2-9 and 10. Remove the 7420 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
drive r 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 experimen t and the necessary wir'ing
changes will be made at that time .

The resulting sum had a binary value of
(I)
(2)
(3)
(4)

7400 leI

r---- -- - - -- -

NRI lessons as you perform these experimen ts , particularly lesson K412_ Ta ke
your time to perform each step according
to the instructions given. This sub traction
experiment and the previous ex periment
on addition are extremely important
ones. You must understand the techniques used to add and subtract binary
numbers before you can consider the
more complex operations of multiplication and divisi on.

Statement No. 84: When I added the
two num bers specified, I fo und that the
augend had a decimal value of

10001000
100001 11
10000000
10001 11

and a decimal value of
(1) 143.
(2) 136.
(3) 135.
(4) 128.

EXPERIMENT 8S

Purpose: To dem onstrate the principles
of binary subtraction and examine several
methods of accomplishing this function.
Introductory Discussion: In the previous experiment you saw how binary
addition was performed . You will now
const ruct several experimen tal circuits
which may be used to perform binary
subtraction . First, you will build a half
subtractor circuit using NAND gates and
dem onstrate its operation . Finally, you
will use the Al and A2 boa rds to demonstrate the prin ciples of serial subtraction.
You may wish to refer to your regular

Step 1: To demonstrate the operation
of a half subtracto r.
Turn on the experimen tal chassis. Set
switches S0 and SI to the down or binary
o position. This will apply a bina ry 0 to
the A and C inputs of the experimental
circuit. Obse rve the indication of lamps
10 and I l. Lamp I I is being used to
monitor the D output of the experi40

-,

I
I
15

6

I

- - ---------~
1400 IC2

r---------i

TO LA MP
DRIVER

aOARO

I

I

L _ _ _ _ _ _ _ _ _ -1I
F ig. 85 -1. Circui t used fo r Step 1.

mental circuit and lamp 10 is being used
to monitor the B outp ut. Keeping this
fact in mind, record the binary output
states of the D and B outputs in the
spaces provided in Fig_ 85-2 _ Use the
switch register to apply the remaining
input combinations as shown in Fig. 85-2 ,
and reco rd the resul ting D and B output
states as indicated by lamps II and 10.
After you complete the table, turn off
the experimental chassis .

INPUTS
A
C

0
0

0

1
1

0

subtracting a binary bit, C, from another
binary bit, A, and producing a difference,
D, as well as a borrow outp ut, B, when
applicable. Basically, the circuit consis ts
of an exclusive OR gate with an additional inverter and an AND gate. The
exclusive OR gate is formed by the four
NAND gates in ICI. 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 ga teo 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 + Xc. 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 0 output in the half
subt ractor circuit. The letter D, however,
represents the difference between the two
binary input bits rather than the sum. In
other words. for various input combinations the D or difference output of the
half subtracto r used in this step will be
identical to the S or sum output of the
half adder circuit that you wired in the
pre vious experiment.

OU TPUTS
0
B

1
1

Fig. 85-2. Chart for Step 1.

Discussion of Step 1: The circuit that
you wired in this step is referred to as a
half subtractor. This circuit is capable of
41

EXCLUSIVE OR',

A-----\

>-_--------- 0

c--_-f

B; ----------------f~~------~

A

C

Bi

0

Bo

0

0

0

0
1
1
0
0
1
1

0
1
0
1
0
1
0
1

0
1
1
0
1
0
0
1

0
1
1
1

0
0
1
1
1
1

Fig_85-3. FuJI Subtractor.

0
0

0
1

You will not construct and demonstrate the operati on of this circuit since it
is not often used in a computer. Subtractio n is usually performed by complemen ting the sub trahend and adding.

Th e B or burruw output of the haif
subt rac tor is taken from an AND gate
which is formed by two of the NAND
gates in IC2. The C input is appiied
directly to this A 0 gate ; however, the A
input is inverted by another NAND ga te
be fo re being applied to the AND gate.
The 8 or borrow output may be expresse d in Boolean terms as 8 = AC.
In this step you applied vari ous input
combin ati ons to the inputs of the experiment al half subtractor circuit using the
switch re gister and observed the outputs
on the lamp driver board .
A full subtrac tor ci rcuit and its associate d truth ta ble is sh own in Fig. 85-3 .
otice that this circuit uses a borrow
input (8) along with the minuend (A)
and subtrahend (C) to generate the difference (D) and bo rrow (8 0 ) ou tputs.
nlike the half subtracto r you just constructed . a nu mber of these circuits ca n
be connected together to fo rm a
multiple-bit sub tr3 cto r.

Step 2: To demonstrate subtraction
using 2's complement addition.
You will be using the Al and A2
circuit boards in this experiment. Disconnect the S0 and Sl switch le ads from
the experiment3l chassis and reconnect
them to the AI0 and All terminals on the
A2 circuit boa rd . Next, remove the LV)
and Ll lamp le ads fro m the experimental
chassis and reconnect them to the A0 and
Al terminals on the A2 circuit board. It
will not be ne cessary to disc onnect the
remaining wires from the ICI and IC2
terminals at this time . Wire your Al and
A2 circuit b03rds as shown in' Fig. 85-4.
Onl y a fe w wirin g changes will be
required since the A I and A2 boards are
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GROUP OF
A6

A5

A4

A3

A2

A1

A0

B7

B6

B5

B4

B3

B2

B1

B0

0

0

0
0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0

0
0
0

0
0
1

1

0

0
1

0
0
0
0
1

0
0

0
0

0
0

0
1
0

1

0

1
1
0
0
0
0
0

0

1
0
1

0
0
0
0
0
0

0
0

0
0
0
0
0
1
0

0
1

0
0

0
0
0
1
0

a

0
0
1
0
1
0

1
0

1

0
0
1
0

1

a

1

a

0
0

a

0

0

0

0

a

1

0

1

0

1

0

B2

B1
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8 ClK PULS ES

A7

START

1
2

3
4
5
6
7
8

a

a
0
0

0
0

1

1

0

0
0
0

"

0
0
0

F ig, 86-3. Results fo r S tep 1. Con tents of the A and B registe.'s after each gro up of eight clock
pulses.

GROUP OF
8 ClK PULSES
START
1
2
3
4
5

A7

A6

A5

A4

A3

A2

Al

A0

87

B6

B5

84

83

0

0

0

a

a

0

0

0

a

0

0

a

0

0

6
7
8

_

L_~

_____ ____ ~ _____ __ _

.___

Fig. 86·2. Table for S tep 1. Contents of the A and [\ reg isters after each gro up of ooight d ock
pulses.
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Fig. 85-4. Circ uit for Step 2.

coimect terminal B0 to temlinal DCA.
Check y our connecti ons against Fig . 85 -<1
to be sure th ey are corre ct.
Turn on the experim ental chassis
Enter the su b trahend into the switch
register as shown in Fig. 85-5 . Push the
parallel load push butto n m omentarily to
transfer the contents of the switch
register to the accumulator. Check the
d is play on the accum ulato r lamp driver

still connected as they were for Experi ment 84. Changes will be made on the Al
circuit board on ly. Disconnect the wire
between te rminals BEQ) and MDA at
terminal BEQ). Connect the e nd of this
lead to terminal SUB. Disconnect the
alligator clip lea d from termin al ASD.
Tack-solder the end of this lead to the
end of the 470-ohm resistor nearest IC41.
Use another piece of hookup wire to

BINA RY CODE
MSB
MINUEND
SUBTRAHEND
01 FFERENCE

0
0

LSB

0 1 1 0 1 1 0
0 0 1 0 1 1 0

Fig. 85-5. Chart for Step :!.
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DEC .
VALUE

54
_22
32

board to be sure th at the number has
bee n entered correctly . Now press the
clock push butto n eight times. Notice
that the number in the accumulator has
been tra nsferred to the B register. Check
the B regis ter dis play to be sure that the
number is still correct.
Enter the minuend into the switch
register. Push the parallel load push
butt on momen tarily . Check t he accumulat o r display t o be sure the minuend
has been correctly entered . Notice that
the! minuend is store d in the accumulator
and the subtrahend is st o red in the shift
re gis ter.
Momentarily to uch the alligato r clip
lead (attached to one end of the 470 -oh m
resistor) to +5C. This will set the carry
f1ip-f1 o p. Again pre ss the cluck push
button eight times . Examine the n umber
sto red in the accumulator. Wri te 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 per fo rms sub-

traction by adding the 2's 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 . Refe r to this diagram as you
study the circuit o perati on. In perfo rming
this experiment the subtrahend is entered
into the switch re gis ter , then transferred
t o the accumula tor. By appling eight
clock pulses to the accumulat or and shi ft
regis te r while hold ing the shi ft right push
but ton d own , the number is transferred
t o the B register. Next, the minuend is
entered in to the switch register and
loaded in to the accumulator. The
minuend :md subtrahend are stored in the
accumulator and B register respectively.
The next applicatio n of eight clock
pulses will cause these nu mbers to be applied serially to the full adder circuit.
The di ffere nce will be stored in the
accumulator.
No tice how the 2's com plement of the
subtrahend is generated. The output of
the B re gister is applied through an
inverter to the input of the full adder.

DIFF ER ENCE
SE T
CONTROL

SUBTRAHEND

PUSH
FOR

PARA LLEL
LOAO

1

CLOCK

~--

BII'JARY CODE
LSB

MSB
MINUEND
SUBTRAHEND
DIFFERENCE

0
1

1 0 0 0 1 0 a
0 0 1 0 0 1 1

Fig. 85-7. Chart for Stateme nt 85.

(3) 0100 111 0.
(4) 101l0000.

This will automatically fo rm the I 's
complement of the num ber. By initially
setting the carry storage flip-flop, a
bina ry one is applied to the carry input o f
the full adde r. This must be done at the
beginning of the subtract operation.
Adding a binary one to the LSB of l's
complement of a number will prod uce 2's
complement of the number. Thus, the
fin al shifting o peration is ac tu ally causing
the minuend and 2'$ complemen t of the
subtrahend to be applied to the full
adder, resulting in the correct difference
being stored in the accumulato r.

The decimal equivalent of the difference is:

(1) 1 77.
(2) -79.
(3) 215.

(4) - 177.
EXPERIMENT 86

Purpose: To build and demonstrate a
binary multiplier.

Instructions for Statement 85 : For th is
statement you will be subtracting a large
numbe r from a smaller num ber. Be sure
to carefully consider the resul t be fore
answering.
No wiring changes will be required.
Enter the minuend and subtrahend as
shown in Fig. 85-7 then perform the
subt raction usi ng the procedures just outlined . Record the result in the space
provided. Turn the experimental chassis
off and answer the statement questions.

Introductory Discussion : Bin:HY multi plication can be accomplished in t wo
basic ways. By using the standard adder
circuit , multiplication can be accomplished by repeated addi tions . The mul ti pli cand is simply added t o itself a number
of tim es indicated by the multiplier. T he
result is the correct product. An o ther
way of producing multiplicatio n of
binary numbers is to use an add and shift
technique. In this scheme. we essentia lly
duplicate the pencil and paper method of
multiplying binary numbers that y ou
studied in an earlier lesson. Partial pro ducts of each of the bits in the multiplier
are ob tained and shifted with respect to
one an othe r, then added . The result is the
correct product.

Statement No . 85 : The binary number
stored in the accumulator after the subtraction was :
________________________

~~

________

Fig. 85·6. Block diagram of circuit used in Step 2.
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DEC.
VALUE

~

( 1) 0100111 I.
(2) 10110001.
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While adder and subtrJct or circuits are
rel:Jtively simple, the circuits for binary
multiplication are of necessity much
more complex. You wil l find this to bt!
true in this experimt!nt JS you construct a
binary multiplier using the add and shi ft
techniq ue. With the ci rcuitry that you
will assemble, you will be able to mul·
tiply two 8-bi t numbers and produce a
l 6-bit p roduct. You will use much of the
circuitry that you have already used
before. Sin ce there will be quite a bit of
wiring in this experim en t , you sho,uld
take care in wiring the circ uit. It takes
only one wiring mistake to cause the
circuit to malfunction. Be extremely careful in your wiring: follow the directions
explicitly. To avoid confusion and to
minimize errors , keep your circuitry neat.
Place the printed circuit boards as cl ose
to one anothe r as possible and keep the
wiring ne at 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 Pro cedure : The circuit
that you will use in this experiment is
shown in Fig. 86-1 . You will use the M2,
AI, and A2 boards. You will also need
the experimental chJSsis and the two
lamp driver boards.
Make the foll owing changes on the A!
board : Rem ove the ground wire from
terminal MDA . Move the lead from terminal DCA to terminal MDA, and remove
the clip le ad from the 470-ohm resistor.
lake these changes on the A2 board:
Con nect a length of hookup wire from
terminal ASD to terminal T7. Connect a
short length of hookup wire from terminal HLT to terminal G2.
Take the 12 board and connect the
red and black power and ground leads to

terminals 53 and 50 respe ctive ly of the
expe rimen tal chass is.
Solder a length of hookup wire from
terminal CLK of M2 to terminal PAUS on
the A2 board.
Solder a len gth of hookup wire from
terminal E0 of M2 to terminal ADD on
the AI board.
Solder a length of hookup wire from
terminal A0N of M2 to terminal A0 on
the A2 board.
Solder a length of hookup wire from
terminal T7 of A2 to terminal ASD on
the AI board.
Take the othe r red push bu tton switch
and solder a length of hookup wire equal
in length to the two leads already in
place to terminal B of the switch. Solder
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 rCI
on the experimental chassis with the
exception of gro und and +5 volts at
terminals ICI-7 and ICI-14 respectively.
Using short lengths of hookup wire,
connect the foll owing terminals :
rCI- ! to ICI-6
ICI-3 to ICI-4.
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Take the black push button you received with this ki t and connect 10"
lengths of hookup wire to terminals A, B,
and C of the switch . Solder the A lead to
terminal rCI-2. Solde r the B lea d to
te rminal IC 1-5 and the C lead to terminal
ICI-7.
Connect a length of hookup wire from
terminal IC 1-6 to terminal ASD on the
Al board. Connect a length of hookup
wire from terminal IC 1-3 to terminal
RClJA on the AI board. Finally , make sure
a 7400 integrated circuit is installe:d in
the IC I socket.
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Fig. 86-1. Binary Multiplier.

add-shift technique . The: circuit consists
of th ree 8-b it shift registe rs and the serial
adder on the Al circuit board. The three
registers involved are the accumulat or
register on the A2 boord, the B register
on the AI board and the E register on the
M2 board. The E register on the C
board will be loaded with the mul ti ·

Carefully check over all the wiring
before you begin Step I.
Step 1: To demonstrate a serial binary
multiplier.
The circuit that y ou have just wired is
a serial binary multiplier that uses the
47

,
multiplicand to be used in the problem.
Since there is no light driver circuitry
connected to the E register , you have no
convenient means of monit oring the number contained there. However, you can
use your tvom to check the de voltage
levels at terminals E0 through E7 on the
M2 board.
You will next load the multiplier into
the B register on the A I board. Set the
switch register to the multiplier value,
which in this case will be the decimal
number 6. Set the switches from left to
right to 0000 aII O. Momentarily depress
the red push button connected to the
MLA terminal on the A2 circui t board.
This will load the accumulator register
with the switch register contents. Observe
the lamp driver to see th at the number 6
has been loaded. Next, depress and hold
the black push button connected to ICI
on the experimental chassis and again
operate the clock push button eight
times. This will shift the number in the
accumulato r into the B register on the Al
circuit board. Release the ICI (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 you 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 to set 00000000 into the
switch register and press the parallel load
push button once more.
To perform the computation you will
need to depress the clock push button T2
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

plic:md. The mUltiplier will be initially
loaded into the B register on the Al
board. At the beginning of the computations. the ac cumulJt or register will be
clear. Once the numbers have been
loaded, you will apply cl ock pulses to the
circuit and generate the product.
The product, which ca n 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 accumulator. The
multiplier, formerly in the B register, is
replaced with the least significan t part of
the product.
The first step is to load the registers
with the appropriate numbers. To load
the various registers, you will use the
switch registe:r and the accumulator as the
basic number source . You will parallel
load the accumulator with the switch
register and transfer the number in the
accumulator to either the Ear B register.
Turn on the experimental chassis and
set your switch register with the binary
number 7 or 0000 0111. Depress the red
push button connected to the MLA terminal of the A2 circuit board. This will
transfer the contents of the switch
register into the accumulator. The lamp
driver connected to the accumulator
sh ould now display the number 7. To
shift this number into the E register, first
press and hold in the red push button
connecte:d to the M2 board . Now use the
black push butt on connected to the
discrete component latch on the experimental chassis to generate the clock
pulses. Depress the black push button
eigh t times, then release the red push
butt on. This will cause the number stored
in the accumulato r to be transferred a bit
at a time in to the E regi ster. This is the
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puls~s occurring for each of the eight
multiplier bits , plus an additi onal clock
pulse for the shift. This makes a to tal of
7~ clock pulse:s to complete the multiplication. This will ensure that all bits of
both the mu ltiplicand and the multiplier
will be 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 ICI
and apply one more clock pulse. Release
the shift push button. Stop and observe
the contents of both th~ B and accumulator 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 dock pulses , again examin~
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 nnd clock
pulse, the multipl ication is complete and
you should record the can ten ts of the A
and B registers in the final position noted.
This is your product.

Discussion of Step 1: In this step you
multiplied the two nu mbers 7 and 6 and
as a result should have obtained the
product of 42. In binary form this is
101010. Tills number should be stored in
the B register after the multiplication.
Fig. 86-3 (centerfold) shows the reo
suits that you should have obtairled for
tills step. At the starting posi tion the ae·
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cumul:ltor is reset, whil~ the B registe .
cont:Iins the multi plier, 6. The E register
of course , contains the multiplicqnd, 7,
which we are not moni ta ring wi th lam p~
at this time. The contents of bo th the A
and B registers after the first eight d ock
pulses and one shift pulse are illustrated
in row I of Fig. 86-3 . The contents of
each of these registers are shown for each
group of eight clock pulses and one sillft
pulse. After the final group of eight d ock
pulses and one shift pulse, the product as
shown will be can tained in the B register.
Check the results you recorded in Fig.
86-2 with the correct results in Fig. 86-3.
If necessary, go back and reload the registers and repeat this step to be sure that
you obtain the correct result.
Fig. 86-4 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. 86-4,
we can more easily explain the operation
of the circui t.
The multiplicand is initially stored in
the: E register and the multiplier is initially stored in the B register. Before the
multiplication begins, the accumubtor is
cleared . When the cl ock pulses are
applied , the ad der will produce the sum
of the two numbers. One of the numbers
is stored in th e accumulator while the
other is obtained from ei ther the E
register or fr om a source of bin:lry zeros.
A 0 gate I loo ks at the least significant
bit position of the B register. If this bit is
a binary 0, then the AND gate will be
inhibited . As cl ock pulses are applied , the
multiplicand st ored in the E regis ter will
be shifted out one bit :I t a time and
applie:d to gate \. It wi ll also be recirculated and resto red in the E registe r. At
the: same time!, the c on t~nt s of the aeu -

"'
appliclti on 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 is shifted into the most
significant bit position of the B register.
At the same time, the least significant bit
of the B register is shifted to the right
and lost.
A binary I now appears at the lower
input to AND gate 1 in Fig. 86-4,
meaning that the gate will be ena bled.
Therefore, for the next eight clock pulses
that occur, the contents of the accumulat or will be added to the con tents 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 0 contents of the accumulator. The
accumulator will contain the number 7 at
the end of the eight clock pulses. However, the shift pulse shifts the con tents of
the accumulator and the B registers one
bit to the right. This results in the
number shown in row 2 of Fig. 86-3.
Again you can see the least significant
bit (Bii') of the B register is a binary 1.
This permits the contents of the E register 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 O's from
here on. For that reason, AND gate 1 will
be inhibited and no further sums will be
created in the Jccumulator. Instead, after
each eight clock pulses the contents of
the accumulator and B registers will
simply be shifted to the right. After a
total of 72 clock pulses has occurred,
the product appears in the correct position in th e B register and the
accum ula tor. The least significant part

ADDER

SUM

Fig. 86-4. Simplified block diagram of the
Serial Multiplier.

mulator will be shifted into the adder.
Since AND gate 1 is inhibited, naturally
the contents of the E register will not
appear at the upper input to the adder.
As a result, binary O's will be added to
the contents of the accumulator.
AND gates 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 gate 2 is disabled, preventing the B re gister from being shifted.
During the shift operation, gate 3 is
disabled and gate 2 is enabled, ailowing
the B register to be shifted and not the E
register. The accumulator receives clock
pulses at ail times.
In the first step of our experiment the
accumulator is initially zero, so zeros are
loaded back into the accumulator fr om
the adJer. We see this condition existing
in row A of Fig. 86-3 . As soon as the first
eight clock pulses are completed, the
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will be in the B regis ter, while the most
signific:m t part will be in the accumulator. For example, if the product is
520 (1000001000) then 00001000 will
be in the B register while 00000010 will
be in the accumula tor.

(3) 252

(4 ) 29--1
which is the number that results when
multiplied che numbers:
(1 ) 6 and 7.
(2) 7 and 7.
(3) 6 and 42.
(4) 7 and 42.

Instructions for Statement 86: You do
not need to make any further changes in
your experimen tal circuit to perform this
statement. At this time the experimental
chassis should still be on and the product
properly displayed on the B regis ter
lamps.
Using the procedure used in the experiment, multiply the number in the B
register by the number in the E register.
Simply generate eight clock pulses, press
the shift push button 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
equivalen t. Now you can answer the
statement question.
Now remove all the circuit wiring made
for this experiment to the AI, A2 and M2
circuit boards. Leave the power and
ground leads connected to the three
circuit boards and also leave the power
and ground leads and the yellow leads
connected to the two lamp driver boards
and the switch register. Remove all wiring
from the IC 1 and IC2 sockets on the
experimental chassis, except the power
and ground connections to IC 1-14,
IC2-14, ICI-7 and IC2-7 .

EXPERIMENT 87

Purpose: To demonstrate the operatio.
of a binary rate multiplier.
Introductory Discussion: A binary rat
multiplier is a circuit that multiplies tw,
digital input numbers and generates aJ
output equal to their product. One of tho
digital input numbers is a unitary puls
train while the other is a parallel bin ar~
input word. The output is a unitary puis,
train. Fig . 87-1 is a simplified bl ocl
diagram 0 f a binary rate multiplier.
i

UNI TA RY PULSE

UNI TAq y PULS
TRA IN OUTP UT

TRAIN I NPU T

.1

aa

1

FO U R·SI T PARALLE L
FR ACTI ON AL INPUT

Fig. 87-1. A Binary Rate Multiplier.

A unitary pulse train is simply a serie ~
of off-on pulses that represents som{
decimal quantity. For example, to repre
sen t the decimal number 15, we woule
generate a sequence of 15 pulses. Te
represen t the de ci mal number 73 5, D
unitary pulse train would be a sequen ce
of 735 individual pulses .

Statement No. 86: When I performed
the multiplication indicated by this statement, I found the product to be:
(I) 42
(2) 49
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The other input to the rate multiplier
is a binary number whose magnitude is
always between zero and one. That is. it
Jlways h:ls a frJcti on:J1 V:ll ue. For this
reason the number ot' output pulses in the
outpu t train will alwJys 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 th e paralle l binary fracti onal input.
For example, if we apply 80 input
pulses to the binary rate multiplier and
the parJll el binary input word is .100 12
(.5625 10 ) , the outp ut will contain 45
pulses (80 X .5625).
Keep in mind two importa nt facts
about the rate multiplier. First, multiplying a number by a fraction is equivalent to dividing that number by a whole
number. There fo re, the binary rate multi·
plier can also be considered as a divider.

Sec ondly , since the output pulse train has
fewer pulses than the input, the binary
rate multiplier could also be considered a
frequency divider. The parailel binary
input word permits the binary rate mu lti·
plier to perform as J program mable fre·
quency divider in man y applications.
[n this expe rimen t you are going to
dem onstrate a basic 4-bit binary rate
multiplier circuit. You will demonstrate
its basic characteristics and several modes
of ope ra tion . By dem onstrating the basic
o perati on of the circuit, you will become
familiar with th is important computational unit.
Experimental Procedure: Fig. 87-2
shows the circuit for this exp eriment.
You will nee d the Ml and C2 circuit
boards and a lamp driver circuit board as
well as the switch regis ter an d the experi -

SWI rCH REGISTER
TO TERM 46
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S0
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Fig. Bi-2. Binary Rate Multiplier used in Step L
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Solder 12k-ohm resist ors between the
following te rminals :

LJ

':,}~ ~ G"4' _C"l_~2. J
.s I
I

IC 1-3 to IC2-2
IC 1-6 to IC24
IC 1-8 to [C2-5
lCI-11 to IC2-1

l0 . . . - - - ,
II

...,

10 12 13

mental chassis. Conne ct the +5 volt an d
ground leads of the Ml, C2 and lamp
driver boards to the Jp propriate +5 volt
and grou nd terminals on the expe rimen tal
ch:Jss is . Also co nnect the ground and +5
volt connections of the switch re giste r.
Next, wire the fou r right-m ost or least
significant bit outputs of the switch
regis te r to te rminals [CI·2, lCI -5, ICl -1O
and ICI-13 . TIl eright·mostor LSB ofthe
switch register is connected to terminal
[C 1-2 JS you can see in Fig. 87 -2.
Connect four lengths of hookup wire
from the A, B, C and D outputs on the
MI circuit board to terminals [C 1-1 2,
IC I -I O, ICI-4 and IC !-I as shown in Fig.
87-2 . The CLK input to the binary
counter on the MI circuit board will , as
usual , be wired to terminal 46 on the
experimental chassis. This will permit yo u
to set the co unter fr om the black push
button buffered by the disc rete component latch .
Solder .001 mfd ca pacito rs between
the following terminals:

IC2-1
IC2-2
IC24
IC2-5

to
to
to
to

ICI-1 4
ICI -14
IC2- 14
IC2-14

Connect a length o f hookup wire fro m
terminal [C2-6 to the CL K terminal on
the ('2 circuit board. Con nect the L0
thro ugh L4 le:lds fr om the lamp driver
board to terminals Llil thruugh L4 on the
C circuit boa rd . Yo u may remove lamps
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L5, L6, and L7 if you wish, or you Cil
disable them by grounding tht! L5, Lt.
an d L7 le:Jds.
Connect the C le:Ju ot one of the re
push buttons to terminal G4 on th e C
circuit board. Connect the B lead [I
terminal CLR on C2 and connect the ,i
leJd to term in JI CLR on the MI cireui
board. Finall y, connect a piece of hookul
wire from terminal 38 to terminal 40 or
the experimental chassis. Carefully ched
your wiring against Fig. 87-2, then in
stall a 7400 IC in the [Cl position and,
7420 IC in the [C2 position . RemOVe
the 7400 IC from socke t IC25 on the C2
circuit boa rd.
The binary rate multiplier tha t YOl
have just constructed co nsis ts of eire ui tr}
on the M I circuit boa rd and that wirec
on the experi mental chassis . [n othel
words, the binary rate multiplier eonsis t~
of a 4-bit binary counter connected to a
group of NAN D gates whose outputs are
differentiated and then OR ed together in
th e 7420 gJte. The switch register provides a 4-bit fractional binary number
that is used to enable the vari ous gates on
the experiment al chassis . This will determine which of the co unter flip-flop out.
puts will be passed through the gates,
differentiated , then ORed toget he r. The
unitary pulse train is applied to the
bin ary rate multiplier by way of the black
push button int o the CLK input of the
bina ry counter. The rate multiplier out.
put is the output of the OR gate at
te rminal IC2-6 .
In order to help you conveniently keep
track of the numbe r of ou tput pulses
that occur without counting them in·
dividually, you have wired the program
counter or 5·bit binary counter on the C2
circuit board to :lccumulate these pulses
and display the count on the lamp driver
PC board. Each time an output pulse

Determine the decimal equivalent of the
binary number in the switch register and
multiply it by 40 to determine jf it equals
the number in the program counter.

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

Discussion of Step 1: This step should
clearly show that the output of the
binary rate multiplier is a number of
pulses equal to the product of the number of input pulses mul tiplied by the
fractional binary number. With your
switch register set to the number .0110,
the binary input fraction becomes .375.
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
coun ted the se IS pulses and the lam p
driver display should have read 01111.
Setting the switch register to the number .1100 produces an input fraction of
.75. Multiplying this by a total of 16
input pulses should have produced an
output of 12 (l100) on the counter
display lights.

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 swi tches in your
switch register represent a 4·bit fractional
bin:.lfY number when the right-most
switch is the LSB position. Set the
switches so that they read 1100 from left
to right (S~ and SI down, S2 and S3 up).
Turn on the experimen tal 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 pressing the red
push button.
As you depress the clock push button
16 times, the binary rate multiplier circuitry will go into action and gene rate a
unitary pulse train output. The number
of ou tput pulses will be cou nted by the
program counter on the C2 circuit boa rd .
The total number of pulses occurring at
the output will appear as a binary number
on the lam p driver, where L0 is the LSB
position . The number of pulses is determined by the product of the number of
input pulses, in this case 16, and the
binary number set in on the switch
re gister. Determine the fractional binary
number on the switch register, multiply
by 16 , the tota l number of input pulses,
and compare it to the binary number
displayed on the lamp driver board.
ow set your swi tch register swi tches
to the number 0 II o. Reset the program
counter on the C2 circuit board and
depress the .clock push button 40 times .

Step 2 : To show how the rate multiplier can be used as a programmable
frequency divider.
For this step you will drive the rate
mul tiplier from the clock oscillator on
the experimental chassis. To do this you
will move the wire coming from the ClK
terminal on the MI circui t board from
terminal 46 on the experimental chassis
and solder it to terminal 39. This will
permit the clock to step the rate multiplier. 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.
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Turn on the experimental chassis. Connect the vertical inpu t lead of your
oscill oscope to termin::I1 39 on the ~xpe ri ·
mental chassis and the ground lead to the
ch:lssis. This will let y ou monitor thl!
clock output. Adjust the vertical gain
control to display the cluck output , then
adjust the horizontal sweep controls to
display eight positive pulses. Use the sync
and horizontal sweep con trols to stabilize
the waveform on the screen.
Next, move the vertical lead of your
oscilloscope to terminal [C2-6. Swi tch S0
to the up position with SI, S2 , and S3
down. With this switch in the up position,
count the number of output pulses that
occur. Do no t change the horizontal
sweep frequency control but use the sync
control to stabilize the waveform if necessary. Record the number of pulses in the
margin of the text.
Set S~ to zero and SI to the up
position, again monitoring the output.
Count the number of pulses that occur
but do not change the horizonta l sweep
frequency setting. .
Turn off the SI and switch S2 to the
up position and monitor the number of
pulses that occur. Repeat this for S3.
Rec ord all your numbers in the margin of
the text.
Set the switches in your swi tch regis ter
to the binary number .1100 that you
used in the previous step . While monitoring 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 con tral to display
twelve pulses on the scope screen. Stabi lize the waveform with the sync control if
necessary. Copy the waveform that you
see.

Discussion of Step 2: In th is ste p yo
dem onstrateJ how the rate multiplier ca,
be l.lsed as a programmable frequenc:
divider. When you turned on the mos
significant bit switch (S0) in yo ur 4-bi
switch register , you aUowed pulses fron
the least signi ficant bit nip-nop of thl
counter on the M I circuit board tu pas:
through gatl! G4 im o the differentiato
and, therefore, appear at the output 0
the NOR gate. The frequt!ncy of thes(
pulses is one-half that of the clock PUlSE
rate. Therefore , with eight cl ock pulse~
initially displayed on the scope screeI'
you should have seen half ihis number of
pulses at the output.
With the next most signifIcant bit
switch on and all others off, you arl!
permitting output pulses from the B
nip-nop in th e binary counter to pass
through the output. The se pul ses are
occurring at a frequency one -fou rth that
of the clock freuC[t!ncy; therefo re, you
should have countt!d only two pulses on
the output scope screen. In other words,
for eight input pulses applied only two
occur, indicating a frequency division of
4.
For the other two switch posi tions you
should have noted frequency decreasing
by a factor of 2 in each case. Here you
show how these switches can be set to
provide division ratios of 2, 4, 8 and 16.
Of course, any normal binary counter can
provide such binary weighted frequency
division output without the need for the
additional circuitry that we used in the
ra te multiplier. However , by setting the
swi tches to other comb ina tions, the fre·
quency divisi on rati o over a wide range
can be obtained . For e..xample , when y ou
set the switch register to .1100 y ou
actually multiplied the input frequenc,
by .75 as y ou dem onstrated in Step 1.
This is equivalent tu dividing the input

frequency by 1/.7 5 or 1.333. Recall that
we said multiplying an input pulse train
by a fra ctional binary numbe r is the same
as diviLlin g it by a whole number eq ual to
the reciprocal of th:lt fraction. This
means that if the input clock frequency is
:2000 Hz, the outpu t of the binary ra te
multiplier when the input is set to .1100
will be 2000/ l.33 3 = l500 Hz. As you
can see, the frequency divisi on ratio is
programmable over a fairly wide range by
simply se tting the switch registe r to the
app ro priate value .
If you looke d at the waveform carefully you should see that th e pulses
appear to be occur ri ng 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 legitima tely call this a
peri odic waveform, it is an irregular
periodiC wave form. For Illany appiicat ions this irre gular output pulse
sequence is of no conse quen ce, particularly if you are going to simply count
the pulses of the binary co un te r and
display the re su lt as a parallel binary
word . However, in frequency division
applications where the output frequency
must be perfectly re gular this could be a
disadvan tage. In any case it is an important characteristic of the binary rate
multiplier that you should understand.
The input and output of the rate
multiplier when used as a programmable
frequency divide r is indicated by the
simple formula F2 = n Ft ·

you to stl!P the counter wi th the black
push button. Disconnect your os cilloscope .
Next, set your switch register so that
the binary number is .10 10 (S I and S3
on, S0 and S4 off). Turn on the experimen tal chassis and pre ss 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 you count accurately . Once
you have applied the 30th pulse , stop and
note the bin ary number displayed on the
lamp drivers. Record the de cimal v:llue of
this binary number in the margi n of the
text and convert the fracti onal binary
number in the swi tch register, .1010 , into
its decimal equivalen t. Using this inforrn a tion, consider the computational
accuracy of the rate mUltiplier. With this
data you can answer the statement
question.
Statement No . 87: In this problem I
am multiplying the input number 30 by a
frac tional 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

Instructions for Statement 87: Turn
off the experimental chassis and remove
the wire connecting the ClK input to the
11 circuit board from terminal 39 and
reconnect it to termina l 46 . Reconnec t
the ground lead to terminal 38 to disab le
the dO(;k oscillato r. This will again permit

( I)
(2)
(3)
(4)
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10
22
18
19

which indicates that the rate multiplier

however, are processed in paralle l. I
o the r words, two BCD numbers to t
added together are added in paralld .
4-b it ad der is required for this operati Ol
We call such an arrangement bit-paran
digi t-seria l BCD arithmetic. In desk ca lc!
lators, however, the arithmetic process
ofte n completely serial. The reason fe
this is that shi ft re gister memories ar
used to store the number in the calCl
la tor. Each BCD digit is stored as a serie
of fo ur bits in the memory in seri2
fashio n. To process these digits as the~
are shifted out of th eir serial memories, ;
completely serial arithmetic ci rcuit i
reqUire d. In this experiment you are gain
.to demonstrate one type of serial BCr
adder.
There are numerous means of accom
plishing BCD addition in serial form
Some of the techniques are quite com
plex, but the one we have chose n here i!
rela tively easy to implement with the
circuitry available on your computer cir·
cuit boards . We will discuss the additi on
of BCD num bers in both the 842 1 and
excess 3 word fo rmat.

(1) did
(2 ) did nut

produce perfectly accurate comput:ltion
for this problem .

EXPERlt"IENT 88

Purpose: To build and demonstrate a
BCD adder circuit.

Introductory Discussion : Most of the
arithmetic oper:ltions that you will
encounter in digital eq uipmen t will be
performed with pure bin ary numbers.
The pure binary number system is more
efficien t and arithmetic circuitry to
handle it is much easie r to implement.
However, you will find numerous applications where spe cial arithmetic circuitry
is used, su ch as those requi ring the
processing of BCD numbers. Some digital
computers process BCD numbe rs as well
as binary numbers. This is particularly
true of busin ess data processing
computers.
One of the most popular, widely used
applications for BCD ari t hmetic circuitry
is in electronic desk calculators. Milli ons
of these calculators have been sold and
are is use today . All of them use BCD
calcula ting circui try.
The most popular fo rm of BCD arithmetic circui try is one that processes the
decimal numbers a di gi t at a time. In
other words , the individual decimal digi ts
in a number are processed seri ally fro m
the least significa nt digit to the most
signific:ln t. The BCD numbe rs themselves,

Experimental Procedure: Fig. 88-1
shows the wiring for this experiment.
You will be using the experimental
chassis, the switch register, a lamp driver
printed circ uit board, and computer
boa rds MI, M2 , and AI.
On the expe rimental chassis you will
wire two 4-bit shift registers using 74 9 5
integrated circuits. These registers will
hold two BCD numbers that will be used
in the arithmetic process. You will load
these registers in para lid from the swikh
register. The outputs of these registers
will be monitored with the lamps on the
lamp driver board.
57

IC2 12

~

5TE

lAMP DRIVER

M2

-

STA

56

55
~ 54

J-

,

57

r--

~

~

...J

...J

....J

~

~

...J

...J

30

(A I)

1

'5 - - ,

I

. 5 ....

52

•
..
«
u; ..
on ::; « .,

N

:;

u

T

«

0

::;

Kf1

J-

1

1
C

J3.!.o

q;

I I-I

I

....
Vl

46

1234567

!

~ B~"I'~

n Sl

. n:I

I I I

RED
(lDADI

f

I

~

~4131 2111
09
IC2

81

" 13 12 " 10 9
IC I
1 234567

~ Ol

-

...J

"L~
'---l

:'-- IC2 I I

EXE C

on

~

':>

lll?r

:.0

Il'I

~

M

N

_

(f]

'"

tI)

VI

V)

(f]

G

on

5WI TCH RE GI5TE R

L., C2. IJ

1

1
A

SUB MDA

ClK

G2

Tii .....

AOR.

L

C

Cl R

L-I--

U

OVFC

>---

EXPERIMENTAL CHASSIS, LAMP DRIVER, AND SWITCH R E G = !

ClR . ~

MA4

MA0

ASD

a..--

ClK

h

ClK

MAl

46

MA 2

L---. MAJ

C2 circuit board. Leave the eight ye ll o\\
. wires connected to the lamp drive r boa rd
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 re gister and expe ri·
men tal chassis are shown in roughly the
proper physical rei:J.ti onshi p to one
an other. To simplify the wiring, you
will first wire up the e xperimen tal chassis,
lam p driver. and switch re gister. Then
you will make interconne ctions on the
M I circuit board and the M2 circuit
board. You will then interc onnect the
three circuit boards and the experimental
chassis. Now make the fo ll owing connections:

~

OVFl f - - l4
AI

l..5.

C

SUM

L. A0

MI

MA4
I......-

8

registers on the experimental chassis is
grea te r than 9.
Begin the assembly of the serial BCD
adder by removing the switch regist er
leads fro m terminals ICI-2, ICI-5, ICI-IO
and ICI-13. Leave the power and grounds
leads connected to the switch regis ter.
Next remove the four .001 mfd capacit·
ors and the four 22 k-o hm resistors from
the IC 1 and IC2 termin als. Disconnect
the A, B, C, and 0 leads from terminals
ICI-1 2, ICI-9, ICI-4 , and ICI-1.
Remove the lead from terminal D of
the MI circuit board, but leave the leads
connected to terminals A, B, C, CLK and
CLR as well as the power and ground
leads. Remove all connections fr om the

.,
~

i'"

T

1s;"
c

B

':'

RED
(CLE AR I

FROM
IC1 - l
IC2-6
IC2-9
IC2-9
red push button (C)
red push button (B)
red push button (A)

TO
ICl-7
ICl-6
ICl -9
46
IC2-6
30
33

FROM
Switch S0
Sl
S2
S3
S4
S5
S6

TO

FROM

IC2-S
IC2·4
IC2·3
IC2·2
IC1·5
ICl -4
IC1 ·3

S7
Lamp L0
L1
L2
L3
LS
L6
L7

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 adde r and its carry fl ip-flop circuit
are all on the Al board.
The MI board will be used for timing
and control purposes. The binary co unter
is connected so that it drives the two
decoders on this board ; the output o f one

of the decoders is used for timing signals.
The MA4 latch flip-flop is used for
control purp oses.
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
in te rc onnected to form a logic network
to detect when the contents of one of the
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Ml CIRCUIT BOARD
FROM

TO

A

MA0
MAl
MA2
GROU ND

B

C
MA3
T0

W4B
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TO
ICl-2
IC2· 10
IC2-11
IC2-12
IC2-13
30
30
30

II

M2 CIRCUIT BOARD
The two free gates are labeled 1 and 2
in Fig. 88-1. You will make connections
to these gates in the following steps.
First , however, connect a 4.7k-ohm resistor from terminal STE to the right·hand
termin al of the .0 I mfd capacitor as
shown. This is +5 volts. Now make the
following connections:

FROM

Output of Gate 1
Input of Gate 1
EXEC
Other Input of
Gate 2
Output of Gate 2
S7
S4

TO

STE
Input of Gate 2
Same Input of Gate 2
MA4
M2
S4
GROUND

FROM

TO

lamp driver l4
SUB (A 1)
A0 (A 1)
MDA(Al)
SUM(Al)
OVFC (Al)
ClR (A 1)
ClR (Al)
ClK (A 1)
A (Ml)
B (Ml)
C (M1)
ADR4 (M1)
MA4 (M1)
STA (M2)
EXEC (M2)
Input of Gate 1

OVFl (A 1)
GROUND
IC2·10
MDA (M2 )
IC2·1
W78 (M1)
ASD (Al)
ClR (Ml)
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A (M2)
B (M2)
C (M2)
STE (M2)
MA4 (M2)
IC2·12
IC2·1 3
IC2·11

This completes the wlflng 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 Ie's from the ICI and
IC2 sockets. In their places inse rt two
7495 IC's (which you must obtain from
the A I circuit board). Temporarily remove the 7475 (lC4) and the 7442 (IC7)
from the MI circuit board. Also remove
the 74 20 (ICI2) from the M2 circuit
board. In its place install a 15844 Ie. You
can use a 15844 from either the Cl or C2
circuit board.

Interconnections. You will complete
the wiring by making interconnections
between the various circuit boards and
the experimen tal chassis. Fast connect
the power and gro und leads of the M2
and A I circuit boards to power and
ground on the experimental chassis. Complete the wiring of the red (clear) push
butt on by connec ting the C lead to a convenient ground point. Solder a length of
hookup wire with an alligator clip on one
end to terminal tA4 of the MI ci rcuit
board . ow make the follOwing connections:

Step 1: To demonstrate the addition of
the 8421 BCD numbers.
The two numbers that are to be added
are loaded in to the two 4·bit registers by
60

the BCD num ber 5, and change switche
through S3 to represent the BCD num
ber 7. Press the re d LOAD push butto!
and then the CLEAR pu sh button. Agair
depress the clock push button eigh
times , then record the states of lamps I ~
through 17 and note the two BCD num·
bers stored in the two registe rs.
Discussion of Step I: The operation OJ
the BCD adder circuit that you just demo
onstrated is best explained by referring te
a simplified block diagram of the circuit
(Fig. 88-2). The switch register is used te
load two BCD numbers into 4-bit reg·
isters. Both of these registers contain the
numbers that will be added in the adder
circui I. 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 il. 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
oul.

the switch register. The outputs of these
twO registers are then fed to the adder ,
which adds ea~h bit of the two BCD numbers as they are shifted into the adder.
The sum is fed 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 lCI
positio n is replaced with zeros .
The switch register switches should be
numbered S0 through S7 from right to
left. Switches S0, S I , S2, and S3 will be
used to enter BCD numbers that will be
loaded into the register in the IC2 position. Switches S4, S5, S6, and S7 are used
to load the other BCD number into the
shift register in the lei 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 butt on and its associated
buffer iaich as a clock signal to shift the
numbers out of the registers .
First let's demonstra te how the BCD
adder can add the decimal numbers 4 and
5. Set the BCD equivalent of the decimal
number 4 i~to switches S0, SI , S2 and S3
of the switch register. Switch S0 is the
LSB position. Set the number 5 in BCD
8421 code in switches S4 through S7
where bit 4 is the LSB position. Turn on
the experimental chJssis. Press the red
LOAD push button. You should immediately notice that the numb er 4 is loaded
into one register as indicated by lights 10
through 13 .
Press the red CLEAR push button and
also momen tarily touch the alligator clip
(MA4) to ground t o cle:H all circuits.
Then press the clock push butt on eight
times and obse rve the BCD numbers displayed by the lamps . 10 through 13
should show a BCD 9 while 14 through 17
should show a BCD z"ero.
Leave switches S4 through S7 set to

S~

A

o
o

E

R

Fig. !l8·~. Simplified block diagram of an 84:! I
BCD erial Adder.
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As you can recall from your study of
BCD arithmetic, whc:n two BCD numbers
are added and their sum is greater than 9,
then a carry is called for to the next digi t
position. In order to avoid the ambiguity
produced by the six invalid binary numbers , 1010 through 11 II, 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 numbers, 4 and 5. When these numbers are
added one bit at a time, their sum 9
(100 I) should appe:H in the accumulator.
It replaces the number 4 stored there
ini tially .
In the next step you added the numbers 5 and 7. The binary adder will, of
course , produce the sum of 12 (I 100) in
the accumulator. This number is an invalid number for 8421 BCD code. The
"de te ct-greater-than-9" circuit monitoring 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 number S and enable a pattern generator cir-

cuit. The pattern generator generates the
serial binarj number 6 (0 I I 0), which is
added to the contents of the accumulator
as a correcti on factor to pr oduce the correct BCD sum in the accumulator.
In the second part of this experiment
when you added 5 and 7, the detectgreater-than-9 logic recognized the 12 and
enabled the seiect logic , causing the number 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 ne:xt
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 posi tion , thereby producing the
appropriate BCD sum 12.
Fig. 88-3 shows how the correction circuits operate. The latch is set for the first
four clock pulses. This conditi on disables
the pattern generator and allows the number stored in the ICI register to pass
through the multiplexer to the adder. If
the reSUlting sum shifted into the accu-

PATTERN
GENERATOR
DETE CT
OVER 9

o
W4B

Fig. 88-3. Select Logic Operation.
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mulator is greJter than nine, the two wire
ORed NAND gates (detect-over-9) output
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 gener:ltor.
During the next four clock pulses, the
binary number appearing at the 54-S7 inputs of the pattern generator will be
added to the number in the accumulat or.
The four inputs (54, S5, 56 and S7) are
set to 0 II O. so a decimal six will be
added as a correc tio n during the second
group of four clock pulse s.
If, after the first four clock pulses the
number in the accumulator is nine or less,
the output of the wire ORed NAND gates
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 patte rn genera tor. Tha t is, the mul tiplexer wiIl continue to send the numbers
from register [CI to the adder. The pattern generator will be disabled. Notice,
however, that during the first four clock
pulses as the number was being shifted
out of [Cl into the · adder, the grounded
in put caused binary O's to be shifted in to
ICI. After the fourth clock pulse , then,
IC 1 contains all zeros. During the next
four clock pulses the zeros in ICI 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 is needed .

ci rcui t boa rd. Also remove the win
can nee ring IC2-12 to the ST A termina
on the M2 circuit board. Remove the win
from terminal 1C2-11 to one o f the input~
on the four-input free gate. Also remove
the wire between the o ther input of the
fou r-input free gate and EXEC . Move the
output of the four-input free gate from
terminal 5TE to terminal EXEC. Rem ove
the 4.7k-ohm resistor betwee n terminal
STE and +5 volts on the Nl2 circuit
board. Removing these wires disJssembles
the detect-greater-than-9 state used in the
8421 BC D adder. You will not need to
detect this condition in the excess 3
adder. Remove the 15844 IC from the
IC 12 positio n on the M2 circtlit board
and reinstall the 7420 IC there as it WJS
previously.
Once you have removed the wiring
indicated , you can proceed with the additions to make y our circuit perform excess
3 BCD addition. Connect OVFL on the
Al circuit board to ADR4 on the Ml
b oard.
Rt!move the wiring connecting MA4 on
the Ml circuit board to MA4 on the M2
circuit board, and connect a piece of
hookup wire between MA4 on M2 and
5TE. Then connect the W4B , W5A, W69 ,
and W78 lines from the MI circuit board
to the four inputs of the free gate on the
M2 circuit board .
Remove the jumper wires from terminals S4 , S5 , S6 and S7 on the M2 circuit board. Connect terminals S4, 56, and
S7 together. Connect the SS line to the
MA4 line on the Ml circuit board, then
solder a short length of hookup wire
between terminal 54 and the MA4 line on
the M1 circuit board. Remove the lead
from W78 (MI) to OVFC (AI) and conne:d OVFC to W3C on ?oIl. Connect It!rmin:il W3C (M 1) to terminal TV) (tv! 1).
Fin:ill y, move the L6 lamp driver lead

Preparing for Step 2. To dem onstrate
the addition of excess 3 BCD numbers
you will need to make several minor
changes in yo ur experimental circuit.
First, remove the wire connec ting terminal IC2-I3 to the EXEC line on the M2
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Fig. 88-4. Excess 3 BCD Serial Adder.

Set your switch register to enter the
decimal numbers 2 and 5 in excess 3
code. Set switches S0, S I, S2 , and S3 to
the binary number equivalent to the
excess 3 code for 5 (1000). Set switches
S4, S5, S6, and S7 to the excess 3 code
for the de cimal number 2 (0101).
Turn on the experimental chassis. Press
the red (clear) push button to clear the

from ground to terminal MA4 on the M 1
circuit board and ground lamp driver lead
L4 afte r 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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basic:llly th ose involving the removal of
the greater·than-9 detection circuit you
used in the 8421 BCD adder . and the
changing of the numbers produce d by the
pattern 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 re gister. By depressing the clock push button
eigh t times you caused the adder to produce the correct excess 3 sum. The following sequence illustrates the operation
c:mied out by the adder.

2

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.

+5

0101
1000
1101

+ correction
[a ctor

~"

CLR

LI K

MAO

U

uv fC

I,. .n

::::¥*
-~

"'U M

counter and then load the two numbe rs
into the shift registers 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 lfi}. Make note of the number
stored there in the margin of the text.
Depress the black push butt on an additional four times to complete the addition, recording the contents of the accumulator register by monitoring lamps 13
through I(i) and the number stored in the
tens BCD position by m oni toring lamps
14 through £1.

7

Set switches S0 , SI , S2, andS3 to the
excess 3 number for the decimal number
9 (1100). Set switches S4, S5, S6, and S7
to the excess 3 code for the decimal number 8 (lOll). Press the red (LOAD) push
button to load the two numbers into the
registers . Depress the other red push button momen tarily to reset the counter.
Then press the cl ock push button four
times. Record the contents of the accumulator register by monitoring lamps 13
through I~ . Press the clock push button
an additional four times, again noting the
contents of the accumulator regis ter on
the I~ through I3 lamps. Also record the
contents of the ten s BCD posi tion by
monitorin g I7 through 14 after four clock
pulses and eight clock pulses.

i 101
1010

Notice the dec imal numbers 2 and 5
are expressed in their excess 3 fo rm . The
first four cl ock pulses cause the two
excess 3 binary numbers to be added with
the ir sum appearing in the accumulator.
You sh ould have recorded a 1101 number
after the first four clock pulses.
The number st ored in the register
(l101) is n ot the corr;:c ! excess 3 value
for the number 7. It sho uld be 10 10. In
order to correct this condition we must
add the correction factor 13 (l 101 ) to
the number in the accumulato r register
after the first four clock pulses . This is
the purpose of the pattern generator.
Since the re is no overf1ow output from
the ad der afte r the fourth or most signi ficant bit uf the two numbers is added ,
then th e D nip-nop (MA4) on the M I circuit board is not set. This causes the MA-l

Discussion of Step 2: In this step you
modified the basic BCD adder circuit to
handle excess 3 numbers. The modifi cations that you made to the I:ircuit were
65

f
output to be high and supplies a high signal to the 5-+ , 56 and 57 inputs of the
eight-input multiplexer that is used as our
pattern ge nerat or. The MA4 line output is
low at this time, keeping the 55 input to
the multiplexer low. By interpreting the
levels of 54 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 number 13 in serial form, L5B first. During
the last four clock pulses, this parallel
number will be passe d on to the multiplexer a bit at a time and will appear as a
serial number at the output that will be
added to the contents of the accumulato r. Notice thJt this unit does not
act like a shift register. The clock pulses
cause the level at 54 to appear at the output first. Then the level at 55 appears at
the output on the next pulse . S6 and S7
follow in similar fashion . Thus the number is re ad out as 1101. After the 8th
clock pulse, then, you should have found
the ac cumulator contents to be 1010.
The 1010 number is the appropriate
excess 3 number equivalent of the sum 7.
In the next part of the experiment you
added the numbers 8 and 9 in excess 3
form. The proper addition is shown as :
8

lOll

9

~

10111
+correction
factor
0011

17

0100

1010

As you can see, whenever you add these
two numbers the sum is greate r than 16.
This indicates that a different correction
fact or must be added to the number to
produce the correct excess 3 sum. During
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the first four cl ock pulses, the two numbers are added as shown and the number
in the accumulator sho uld be 011 i. The
overflow flip-fl op should be set at this
time, causing the MA4 nip-flop on the
Ml circuit board to become set. When
this hJppens it causes the pattern generator to produce the number 0010, the
binary eqUivalent of the decimal number
'2. The correction fact or needed is a decimal 3 however. The added correction (i)
is taken care of by the carry flip-flop in
the adder, which is also set at this time .
55 is high because MA4 is set. MA4 is low
at this time , holding 54 , 56 and 57 low.
This produces a low, low, high , low
combination that becomes 0010 when
interpreted with positive logiC . The number 3 (0010 plus the carry) is added to
the contents of the accumulator on the
last four clock pulses, producing the correct excess 3 sum in the output. The correct sum, of course, is 17 and the excess 3
representation of this is DIDO 1010. The
10 10 is the least significan t digi t (7) in
excess 3 form . The most Significant I 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, W5A,
W69 and W78 outputs of the decoder on
the M1 circuit board are used to form
timing and control circui try for the pattern generator. During the las t fo ur c1oc!~
pulses these four decoder outputs will go
low sequentially. Gate 1 in Fig. 884 is
part of the 7420 (lCI2) on the M2 circuit
board. This gate is used as :10 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 inverter. It will hold the STE output and
MA4 line on the M2 circuit board low for
the last four clock pulses to enable the

pat tern genera tor. At this time it also
inhibits the g:.lte used to feed the number
from the register in the IC I posi tion on
the experimental chassis to the adder.
This means thJt during the first four
clock pulses , the number in the register is
added to the number in the accu mulator
to obtain the initial sum of the two excess 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 produce the correct exc ess 3 sum. The state
of flip-flop MA4 on the M1 circuit board
determines which correction factor num·
ber is to be added.

Disconned the switch regi ster outputs
from the experimental chassis, but leave
the +5 volts :.!nd ground le:.lds connecte d.
Disconnect the lamp driver inputs from
the experiment:.!1 chassis, but do not reo
move the +5 vol ts and ground leads.
Reinstall the 7442 lC at Ie7 and the
7475 IC at lC4 on the MI boa rd. Also reinstall the two 7495 IC's at IC39 and
IC40 on the Al circuit board.

Statement No. 88 : To produce the
appropriate excess 3 BCD sum , a correction factor number is added to the
initial sum of the BCD numbers added . If
the initial sum is less than 16, a correction factor of 13 is added. If the initial
sum is greater than 16, a correction factor
of 3 is added to produce the correct excess 3 sum. In the experimental circuit,
which of the following circuits determines which correction factor is to bt"
added?

Instructions for Statement 88: For this
statement you do not need to make any
further hardware changes to your experimental circuit. You will simply answer
the following questi on based upon your
knowledge of the opera tion of the excess
J adder circuit tha t you just demonstra ted.
After you have answered the statement , disconnect all of the wiring from
the AI, MI and M2 boards. Remove all of
the wiring from the experimen tal chassis
at the IC I and IC2 sockets, excepting +5
and ground at terminals 14 and 7.

(I) decoder outputs W4B, W5.4, W69
and W7B.
(2) the o verflow flip·flop.
(3 ) the pattern generator.
(4) the carry flip-flop .

f,7

Constructing the CI Circuit
Board and Performina
Experiment 89
~

EXPERIMENT 89

the me thod for testing logic circuitry t
determine if it is ope rating properly. T h:
can be done by first knowing h ow the ci ,
cuit operates. Its operati on can be siml
bted by appl ying appropriate input~
dett!rmining if the ou tputs produced COl
respond to those inpu ts.

Purpose: Tv demonstrate (he circuitry
used f or decoding ins tructions in a digital
computer and
To show a method of testing this circuitry to verify its proper o peration.

OP CODE

Before you can begin the next experiment, you will need to construct the Cl
(EC32) circuit board. Use the following
step-by-s tep instructions fo r doing this.
You will need the following parts :
I Printed circuit board (EC32)
54 Tubular tenninals (LU9)
6 14-pin IC sockets (S084)
2 16-pin IC sockets (S086)
I 100 m fd electrolytic capacitor
(eN! 12)
9 .01 mfd disc capacitor (CN 102)
I 7400 IC (IG5)
3 7404 IC (IGI2)
I 7420 IC (IG6)
2 7442 IC (IGIO)
1 74164IC(1GI4)
Install minia ture tub ular terminals in
all of the peripheral holes on the C I circuit 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 each terminal flat on the bottom of the board,
ensuring a firm mechanical mount. Solder
all 54 terminal-to-pad connections on the
botto m side of the board. Then solder the
15 terminals to the connections o n the
to p side of the board.
Install .01 mfd, 50 volt disc ceramic
capacitors in the nine locations designated o n the ci rcuit board . On those
capacito rs m ounted near integrated circuit socket locati ons, 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
sho rt and install them in the holes of the
tubular terminals. Solder all connections.
Install eight integrated circuit sockets
on the CI circuit board . Two of these,
IC2 1 and IC23 , are 16-pin sockets. The
remaining six are 14-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 CI circuit
board . Be careful to position the 14-pin
socket for ICI 8 exactly as shown by the
legend on the board. Press each socket
firmly into place so that it seats completely 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
care fully, being sure that adjacen t terminals do not short and th a t excess solder
does not appear on each connection .
Install the 100 mfd, 10 vo lt capacitor
between the +5C and G I terminals of the
circuit board. Be sure to observe the
polarity of the markings indicated.
Install the Ie's in the sockets according
to the screened designations by each socket. 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 circu its are in the correct socke ts .

Introductory Discussion: The instruction 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
locations. The computer fetches these
instructions one at a time, interprets
them , and then generates the necessa ry
signals to carry out the operation. The
circuitry for interpreting the instruc ti on
is in the con trol section of the computer.
This circuitry is basically a set of decoders for recognizing the various bit patterns in the instruction word and generates the necessary control signals to
cause the specified operation to be carried out. In this experimen t you are going
to learn the instruction fo rmat of the
NRI digital computer and you will demonstrate the logic circuitry used to monitor and interpret these instructions .
While learning the instruction decoding
circuitry , you will also be demonstrating

MNEMONIC
LDA
STA
ADD
SUB
J MP
JOM
JOZ
OPR

< OD RE SS

~,

,

11+1 1+1 ,10/
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Fig. 89-1. Instruction word format memor.
reference instructions.

Fig. 89-1 shows the basic instructi ol
word format for the NRI Model 832 Di
gital Computer. This is the instructiol
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
purer will exec ute . Since there are threl
bits in the op code, then there are 8 p os
sible inst ructions tha t can be performed
as specified in Table 1. Remember that aI
of these instructions (except the last one:
are memory referen ce instructions, whid
means that a word stored in some mem
ory location is used when this instructior
is executed. The address porti on of thE
inst ructi o n consists of bits 0 through 4

INSTRUCTION OPERATION
Load accumulator (A)
Store accumulator
Addition
Subtraction
Unconditio nal jump
Jump if accumulator min us
Jump if accumulator zero
Operate funct ions

Table l. Memory reference instructions.
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MNEMONIC
RAB
CMA
AND
RAE
SHA
SKC
DCA
HLT

FUNCTION OPERATION
Rotate A and B registers
Complement accumulator
AND contents of A and B
registers
Rotate A and E registers
Shift accumulator
Skip on condition
Decrement accumulator
Halt

exp CH

ClK

ClK

·SA
JA
~ ;.

CLR

MI

FTCH

01
C

8

A

Cl

B

A

Table II. Operate instruction functions.
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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 location. Almost all of the instructions involve 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 designated by bit 4 in the operate instruction
format.
In this experiment, you are going to
dcmunstrate how the CI circuit board
you just constructed is used to decode
and recognize the various instruction
codes indicated here . You will apply instruction words to the inputs and monitor the outputs to determine the functioning of the circuit.

r----

1s/s1·IJH I/o!
f

o SHIFT RIGH T

Experimental Procedure: With this kit
you receive an insert diagram sh·owing the
logic circuitry on the CI circuit board.
Find this drawing and keep it handy, as

I SHI FT LEFT

Fig.

89- ~ .

Operate (OPR) instruction word
format.
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c0
LI

ADD

L2

SUB

L3

JMP

l4

JOM

lS

JOZ

l6

;'SO

U

RAB

1.0

CMA

LI

FETC H

C

and designates one of 32 possible memory locations where the data to be
operated on is located .
In Table I noti ce that the last instruction word is the operate instruction
(OPR). When the op code defining this
instruction appears in bits 5 through 7,
the bits f/J through 4 of the memory word
are not use d to specify an address. Since
there is no word in memory referenced
by the OPR instruction, bits (/J through 4
can be used fo r other purposes.
Fig. 89-2 shows the word format when
the OPR instructi on is indicated. Bits 5
through 7, of course, define the operation
instruction. Bits (/) , I and 2 define a func-
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Fig. 89-3. Experimen tal circuit for Steps 1 and

~.

tions, while IC23 interprets the operate
instruction codes. The remainder of the
circuitry consists of inverters used to
ohiain the proper logic levels at the outputs. Several other logic gates are used
for generating special signals that are required in the computer.
Fig. 89-3 is the wiring diagram for the
circuit that you will use in this experimen t. You will need your swi tch register, the MI and M2 circuit boards, the
C I circuit board, and both lamp drivers.
Be sure th:tt all of these units are properly connected to the 5-volt supply on
the experimental chassis, then wire tht!
circuit as shown in Fig. 89-3. Keep the
lead lengths short where possiblt! and

you will be using it in performing this
experiment. The C I circuit board is designated 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 registe r
designated . IC24. The 74164 IC used
here contains an 8-bit shift-right shift
register that is loaded serially from the
MDA input. This register is dt!sign ate d
the instruction register (IR), as it stores
the 8-bit instruction word . The outputs
of this register are designated IR(/J
through IR7 . These outputs feed two
instruction decoders designated IC21
and IC23 . fe21 is the decoder used to
interpret the memory reference instruc71

arrange your boards neatly to provide
ready access to any part of the circ ui t.
For this experiment you are going to
load various 8·bit words in to the instruc·
ti on regjster and then mon it or the re·
suits of the decoder outputs on the
16-iJmp driver lamps. To do this you
will set yo ur switch register to the
appropriate word you wish to load into
the instruction register. By depressing
the red push button, you will au to·
matically start the circu i t which will
cause that number to be loaded into the
instruction register. This is done by the
circuitry on the Ml and M2 circuit
boards. The 8·bit memory multiplexer
on the M2 circuit board is used to ta ke
the 8·bit parallel data fr om the switch
register and convert it into a serial pulse
train . The MOA output of the M2 board
is applied to the serial MDA input on
the CI board. The counter on the Ml
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 instructi on reg·
ister an d stop automatically.

Turn on the experimen tal chassis and
set the switch register so that the three
left·hand bits are set to 000. The other
bits in the switch register c:m also be set
to zer o for this particular step. The five
righ t·hand bits in the instruction woru
specify the audress for this step. We will
not be concerned wi th 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 I. Knowing which lamp is on
helps you to determine which Cl output
line is a binary I by tracing the circuitry
back from the input to the lamp driver
that is on the back of the terminal on
the C I circuit board. Rec ord the
mnemonic designation on the board for
that terminal in the space adjacent to
the op cede in Fig. 894.
OP CODE

000
001

ala
all
lOa

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

101
110
11 1

In this step you 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 circ uit. You will do this by ob·
serving which lamp turns on for each
step. By no ting which lamp is on you
can determine which of the C I output
lines is a binary I , as shown in Fig.
89·3 .

Fig. 89·4. Table for Step L

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
72
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INSTRUCTION

Fig. 894. Do this for all eight op code
conditi ons shown in Fig. 894.
There are two special cases that you
will note in performing this step. Be·
cause the JMP output o n the CI circuit
board is a complementary output signal ,
this will normally be on a t all times
except during the time which the JMP
instruction is decoded. For that reas on,
simply disregJrd the JMP output line
and the condition of lamp [4 , except to
note when that lamp goes out rather
than when it goes on.
Second, the 17 lamp on one of the
lamp driver boards will be monitoring
the ASO output. As you can tell from
Tables I and II , this is not an instruc·
tion. Instead it is a special contr ol signal
generated for a special purpose in the
computer. For each op code input you
are to no te 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 17 lamp to light, make no te of
this fact in the margin of the text. Do
this for all eigh t op code condi tions.
Discussion o f Step I: Fig. 89·5 shows
the correct results that you should have
obtained in this step. The thing that you
should be most aware of in this experi·
ment is that only one of the eight pos·
sible instruction output lines should be a
binary I 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 carried out. All o f the others shouid
be disabled at this time.

OP CODE

000
00 1
010

all
lOa
101
110
11 1

INSTRUCTION
LOA
STA
ADD
SUB
JMP
JOM
JOZ
RAB (OPR)

Fig. 89·5. 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 CI circuit
board, you can see th at the output for
the JMP instruction is a aT signal .
This means that when that instruction is
decoded or selected, the -ou tput line will
be a binary 0 rather than a binary 1.
The dec oders 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 a binary 1 output on
the selected line , inverter packages using
the 7404 IC are used. During your ex·
periment you should have found that
the JMP line , which is connected to the
lamp driver and displayed on lamp [4,
sllo uld be on, indic ating a binary I for
all input conditi ons except for the op
code 100.
Notice in Fig. 89·5 that the aPR
instructi o n is not indicated. The OPR
output of the instructi on decoder , IC21
on the C I board , is used to con trol the
aPR functi on decoder whi ch is IC23.
When the OPR line goes low, it enables
the functi on decoder [C23 and pe rmits
one of the eight possible o perate instruc·
tions to be enabled. The exact operate
73

instruction is selected by setting the
three most signitlcant bits of the instructi on register , IR0 , [RI , 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 instruction, [0 , will be on when the operate
instruction code is in the instruction regis te r.

FUNCTION
CODE

INSTRUCTIOI\I

000
001
010
011
100
101
110
11 1

Step 2: To determine the function
codes for the operate instructions.
Fig. 89-6. Table for Step 2.

For this step you will load the op
code portion of the instruction re gis ter
with the code 111, which designates the
operate instruction. You will then apply
the eight possible function codes and
determine which of the operate instructions are designated for each. You will
set the three right-most bits of your
switch register to the eight codes, 000
through Ill, 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 li ghts are on. By noting the
indicator lamps that are on, you can
trace their input back to the CI 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 addition, continue to monitor the ASD output on L7 as you did before. Note
which of the operate instructions, if
any, also cause the ASD output to become a binary I, as indica ted by the 17
lamp being on. Make note of these in
the margin of the text along with your
notJti ons regarding the ASD signal,
which was determined in the previous
step.

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 register correspond to the operate instruction. Remember that only one of the sixteen possible instructions available should
be selected at any given time, as indicated
by the lights . Keep in mind that all during
this time the lMP output will be high
since this instruction is not selected. This
will keep lamp 14 turned on. However,
you should have remembered that this is
a complement output signal and will
cause this result.
FUNCTION
CODE

000
001
010
all

100
101
110
111

INSTRUCTION
RAB
SHA
AND
DCA
CMA
SKC
RAE
HLT

Fig . 89-7. Correct results for Step 2.
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Instructions for Statement 89: You
will not need to make any further tests to
answer the sta tement question for this
experiment. During Steps 1 and 2 you
have accumula ted the necessary information to answer the statement question,
which is based upon the stJte of the ASD
output signal. During Steps I and 2 you
were told to moni tor ASD ou tpu t line on
L7 and to indicate which instruction is
decoded when this lamp came on. Using
this information, you will answer the
statement question. You may wish to
refer to the separate logic diagram (insert
sheet) of the C I circuit board to further
verify the ope ration of the circuit concerned with the ASD signal.
After you have answered the statement
disassemble your experimental circuit.
Remove the MI, M2, and CI circuit
boards and all of the various interconnections, including those to the
switch register. Remove the jumpers be-

tween lA , KA, and FTCH on the MI
board as well JS the 4.7k-ohm resistor and
switch on +5 A, CLR ant! G I. Remove the
jumper between MA4 :lOd G2 on the M:2
board. Unsolder the power and ground
connections of MI , M"2, Jnd CI at the
experimenta l chassis. Lea ve the power
and ground connections for both lamp
driver boards and unsolder the lamp
driver inputs from the C I board at the C I
terminal.
Statement No. 89: Using the information 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 express the ASD output with a Boole:m
expression . The proper Boolean expression for the ASD signal is:
(I)ASD = SUB +ADD + DCA
(2) ASD = SUB + ADD + DCA
(3) ASD = (SUBNADD) "(DCA).

